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A B S T R A C T   

Study Region: The mountainous catchments in the Australian Alps are one of the highest water- 
yielding regions within a generally dry continent. Peatlands are critical water-regulating com-
ponents of these catchments, and their response to a changing climate will impact all downstream 
environments and water availability for human uses. 
Study Focus: Mountain peatland ecohydrology, and in particular the role of evapotranspiration, 
remains incompletely understood. This study focused on evapotranspiration and biogeochemical 
regulation of “Alpine Sphagnum Bogs”, with a case study at Watchbed Creek peatland. Eddy 
covariance was used to quantify evapotranspiration and combined with Penman-Monteith-based 
evapotranspiration to calculate an ‘ecosystem vegetation coefficient’ (KESV). Base-flow evapo-
transpiration and analyses of Cl− , Na+, Ca2+ and Mg2+ in peatland stream water were used to 
assess biogeochemical processes. 
New Hydrological Insights for the Region: This work demonstrates that evapotranspiration is a major 
component of the water budget, 26% of annual precipitation. Further, we show how KESV 
calculated from direct measurements at one site may enable evapotranspiration to be modelled 
for other mountain catchments. The seasonally dependent nature of the biogeochemical regula-
tion processes observed in this mountain peatland can be used as a reference to evaluate the 
condition of peatlands under similar synoptic weather conditions. In practice, this means that 
mountain ecosystem restoration can now be informed by a better understanding of the ecohy-
drology of these critical high mountain catchments.   

1. Introduction 

Peatlands are a type of wetland that is estimated to cover 2.84% of the earth’s terrestrial surface, with a modelled total area of 
4.23 million km2 (Xu et al., 2018a). Peatlands occur where near-continuous waterlogging causes anaerobic conditions, limiting the 
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decomposition of plant material. Ongoing peatland survival and characteristics depend upon the chemical composition and seasonal 
periodicity of the water supply (Labadz et al., 2010, Gorham, 1957). Previous studies have shown that hydrological conditions are a 
fundamental determinant of the carbon budget and critical in peatland development and decay (Berger et al., 2019, Holden, 2005). 
Modelling suggests that hydrology, in particular evapotranspiration, influences temperature and hence biogeochemical cycling in 
peatlands (Weiss et al., 2006). However, peatland hydrology is still poorly understood, with a lack of long-term hydrological moni-
toring data and challenges in scaling up from plot to catchment scale, even in areas with extensive peatlands (Labadz et al., 2010, 
Swindles et al., 2019, Pemberton, 2005). 

Evapotranspiration (ET) involves the exchange of water and energy between soil, land surface, and atmosphere by the processes of 
transpiration and evaporation (Liu et al., 2019). ET is a significant part of the water cycle in terrestrial systems, accounting for 60 – 
65% of all precipitation that falls on the terrestrial surface of the earth (Liu et al., 2019, Wang and Dickinson, 2012). Accurate and 
long-term information on ET from direct measurements is critical to gaining a better understanding of the interactions between 
terrestrial ecosystems and atmosphere as well as understanding the underlying ecohydrological processes and addressing climate 
change questions (Brubaker and Entekhabi, 1996). However, ET is considered the most problematic term in the hydrological budget 
due to its heterogeneity across the landscape and the range of factors influencing ET processes (Fleischer et al., 2015). 

ET can be measured by numerous methods and at various scales. Continuous estimation of ET can be achieved by six different 
methods, namely eddy covariance (EC), Bowen ratio, weighable lysimeters, scintillometer, surface water balance, and atmosphere 
water balance methods (Wang and Dickinson, 2012). EC is a commonly adopted technique to measure ecosystem-scale surface energy 
fluxes and ET, involving the determination of turbulent fluxes of energy and water from the covariance of their respective eddies 
(Wilson and Baldocchi, 2000, Lund et al., 2017). It is widely recognized that EC is the most defensible approach to measure fluxes of 
trace gas and energy between the biosphere and atmosphere (Baldocchi, 2014). EC calculations are premised upon ideal conditions, 
which comprise a flat, homogeneous land surface with no obstacles distorting the airflow across the surface of interest to the tower 
(Gerling et al., 2019). These ideal conditions are rarely encountered in actual ecosystems, and there are very few EC measurements in 
montane peatlands, where it is challenging to quantify evapotranspiration fluxes due to constraints of surface slope, limited fetch, and 
frequent dew formation on open-path sensors (Gerling et al., 2019). EC has been successfully used to explore meteorological and 
hydrological controls on the energy, water, and carbon soil-atmosphere exchanges in a great number of peatlands in the Northern 
Hemisphere, especially in the boreal region, some tropical peatlands and a few New Zealand peatlands (Runkle et al., 2014, Gerling 
et al., 2019, Kellner, 2001, Goodbrand et al., 2019, Alberto et al., 2011, Goodrich et al., 2017). Hammerle et al. (2007) assessed the 
validity of EC measurements in steeply sloping mountainous terrain and found that, with appropriate and rigorous quality control, EC 
can be used to quantify carbon, water and energy fluxes over montane grassland. 

Actual evapotranspiration (ET) is influenced by both local climate and land surface conditions, including the gradient of water 
potential and the prevailing aerodynamic and surface resistances (Xueqin et al., 2009, Duffková, 2013). Potential evapotranspiration 
(ETP) is the maximum theoretical ET of a well shaded and actively growing vegetation and assumes a continuous supply of sufficient 
water (Pereira et al., 1999, Pereira et al., 2015). The Food and Agricultural Organization (FAO) Penman-Monteith method is rec-
ommended as the standard method for calculating reference evapotranspiration (ETO), which explains the evaporating power of the 
atmosphere at a specific location and time and does not consider the crop (vegetation) characteristics or soil factors (Allen et al., 1998). 
The crop coefficient (KC) is the ratio of ETP and ETO, which is used to parameterize the physiological differences between an eco-
system’s plant cover in comparison to the reference vegetation (Allen et al., 1998). As recommended by the FAO, plant water con-
sumption can be estimated based on ETO and quantification of actual ET in most ecosystems or cropping systems (Gerling et al., 2019, 
Allen et al., 1998). KC can vary with the season due to differences in aerodynamic roughness, leaf area and albedo (Pereira et al., 1999). 
KC values have been reported for various crops (Marsal et al., 2013, Piccinni et al., 2009, Zhao et al., 2018) and a few naturally 
vegetated surfaces (Hou et al., 2010, Monteiro et al., 2016), including quantification of a modified KC for an ombrotrophic peat bog in 
Germany (Gerling et al., 2019). It is valuable to determine local KC values for more precise modelling, for example, in regional soil 
hydrological modelling (Gerling et al., 2019). 

Peatlands are important sites of nutrient cycling and productivity (Mitsch and Gosselink, 2007). In the Australian context, alpine 
peatlands are located at the top of the nation’s highest yielding water catchments and have long been recognised as important as 
nutrient ‘filters’ and hydraulic ‘sponges’ (Costin, 1957a). More recent work has shown that nutrient uptake is seasonally variable in 
these systems and that their role in hydraulic buffering is largely limited to short-term storage (Karis et al., 2016, Silvester, 2009). 
Additionally, rather than being rain-dependent, groundwater is a significant component in headwater catchment (and therefore 
peatland) water budgets (Western et al., 2008), that is likely critical in sustaining these ecosystems during extended low rainfall 
periods. The regulation of stream water composition by these peatlands is likely a critical function in the context of downstream 
aquatic ecosystems, maintaining a water quality environment that is within tolerance ranges of aquatic biota (Shackleton et al., 2019). 
Determining ET in these ecosystems is essential for quantifying chemical transformation fluxes and developing robust hydrochemical 
models for biogeochemical processes within these peatlands. Moreover, our understanding of the interaction between ET and peat soil 
saturation (i.e. water table depth) provides critical information on the seasonal variations in aerobic and anaerobic microbial processes 
within the peat profile (Reddy and Delaune, 2008, Hamilton, 2010). 

The aims of this study were: 1) to quantify and describe the diurnal and seasonal changes in and drivers of the energy balance in a 
Sphagnum-dominated peatland in the Australian Alps using the EC technique; 2) to analyse the temporal dynamics of the ET time series 
at different timescales; 3) to model the Penman-Monteith reference evapotranspiration ETO and apply the FAO crop coefficient 
approach to calculate a peatland-specific ‘ecosystem-soil-vegetation coefficient’ (KESV) using measured ET data; 4) to identify the key 
factors controlling evapotranspiration; and 5) combined with ionic analyses of groundwater and peatland drainage, to apply the 
measured ET to further understand peatland biogeochemical regulation processes and the potential uptake or production of ionic 
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Fig. 1. a) Flux tower location in Australia; b) wind direction distribution at the tower; c) percentage coverage of peatland (green transparent overlay) within the EC source area (contours from 10 to 80% 
at 10% intervals); d) satellite image of the peatland showing the tower location, the main groundwater spring as well as the five piezometers (P1, P2, P3, P4, P5) and the gauging weir placement with a 
contour map of the of Heathy Spur-1 peatland, (map image created with Google Earth); e) eddy-covariance flux tower environment. 
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components that leads to regulation of stream water quality over seasonal timescales. 

2. Materials and Methods 

2.1. Study area 

The study was conducted at a peatland (Heathy Spur-1; HS-1) in the Watchbed Creek catchment (S36◦ 51.882’ E147◦ 19.0810’) on 
the Bogong High Plains near Falls Creek in the Victorian Alpine National Park (Fig. 1). This peatland is a valley bog at an elevation of 
the site is 1680 – 1740 m and has been the subject of previous hydrologic and water quality studies (Silvester et al., 2021, Silvester, 
2009). This region has a sub-polar oceanic climate (Cfc) with cool summers and cold, snowy winters in accordance with the Köppen 
Climate Classification (Beck et al., 2018). The vegetation community of the peatlands in this region is dominated by Sphagnum moss 
(Sphagnum cristatum) in addition to candle heath (Richea continentis), alpine baeckea (Baeckea gunniana) and rope rush (Empodisma 
minus) (Camac et al., 2017). The underlying soil is peaty organosol (Grover, 2001), with peat soils greater than 1 m deep in the lower 
depressions and shallower peat depths on the valley sides (less than 0.3 m). This ecosystem type is classified as an endangered 
ecological community (Alpine Sphagnum Bogs and Associated Fens ecological community) as listed by the Environmental Protection 
and Biodiversity Conservation (EPBC) Act 1999 (Beeton, 1999). The particular peatland studied in this work is considered to be in very 
good ‘condition’, as assessed by a range of floristic and peat soil metrics (Whinam et al., 2003) and therefore serves as a reference 
system for peatland rehabilitation actions. 

The Heathy Spur-1 peatland is part of a relatively small headwater catchment (25.8 ha), and a particular feature of this site is the 
accessibility of both groundwater feed into the peatland (via one major source and several minor sources or seepages) and a gauged 
outflow at the peatland drainage point. The main streamline forms near the middle of the peatland, and the gauging point is located 
within the peatland area, with no direct terrestrial run-off (Fig. 1d). Long-term monitoring of water quality of the groundwater feed 
reveals that the composition of this water is essentially constant over decadal time scales (year range: 2006 – 2021; pH range: 5.25 – 
5.40; electrical conductivity range: 6 – 10 μS/cm). The relatively low pH of this groundwater is largely due to CO2 oversaturation, 
while the low electrical conductivity is a result of the highly weathered regolith of the Bogong High Plains (Silvester, 2009). The pH in 
the outflow waters varies annually over a wider range (pH range: 5.5 – 6.4), as controlled by biogeochemical processes and CO2 
evasion; electrical conductivity varies over a similar range to groundwater without a clear annual pattern (electrical conductivity 
range: 3.7 – 8.5). The composition of groundwater and stream water outflow is dominated by the major cations (Na+, K+, Ca2+, Mg2+) 
and anions (Cl− , NO3

− , SO4
2− , HCO3

− ). Nitrate and sulphate are present at relatively low levels in the groundwater (NO3
− range: 0 – 60 

μg-N/L; SO4
2− range: 55 – 100 μg-S/L) and are largely removed within the peatland through plant uptake and microbial processes (Karis 

et al., 2016, Silvester, 2009). 

2.2. Eddy covariance systems and meteorological sensors 

An eddy covariance flux tower was installed at this site in April 2017 (location: − 36 ◦ 51’ 44 S “, 147 ◦ 19’ 15 “E; AU-APL; www. 
ozflux.org.au”; Fig. 1) to continuously measure fluxes of CO2, water vapour, and energy. Fluxes analysed in this study were measured 
over the period from June 2017 to May 2019, which represents two complete annual cycles, starting from (southern hemisphere) 
winter. A combined sonic anemometer and an open-path infrared gas analyser (IRGASON, Campbell Scientific, USA) sampled the 
turbulent environment at 2.4 m above the land surface and frequency of 10 Hz, with the raw measurements stored in a data logger 
(CR3000, Campbell Scientific, USA). The tower was also equipped with a series of meteorological instruments to collect low-frequency 
environmental data. Air temperature (Ta) and relative humidity were measured using an HMP60 (Vaisala, Vantaa, Finland) sensor. 
Atmospheric pressure was measured with PTB110 sensor (Vaisala, Vantaa, Finland). Wind dynamics were measured with cup 
anemometer and wind vane (WAA151, Vaisala, Vantaa, Finland and W200P, Vector Instruments, UK). Incoming and outgoing 
shortwave and longwave radiation were measured using a CNR1 radiometer (Kipp & Zonen, Delft, Netherlands). Ancillary data were 
logged on the CR3000 datalogger at 30 min intervals. Two soil heat flux plates (HFP01-L, Campbell Scientific, USA) were installed at 
10 cm depth in hummock and hollow micro-topographies with two averaging soil thermocouples (TCAV-L, Campbell Scientific, USA) 
at 2 and 6 cm below the ground. 

2.3. Pre-processing, post-processing and footprint analysis 

Surface turbulent fluxes of water vapour were collected at a frequency of 10 Hz, and 30 min averages were calculated via the 
EddyPro™ 6.2.0 open-source software (LI-COR, Lincoln, NE, USA). The standard verification measures were applied, including linear 
detrending, correction of low-pass (Moncrieff et al., 1997) and high-pass (Moncrieff et al., 2004) filtering effects, covariance maxi-
mization and WPL correction for density fluctuation (Webb et al., 1980). Coordinate rotation of wind speed was performed using a 
sector-wise planar fit approach (Wilczak et al., 2001) and removed spikes in the high-frequency data (Vickers and Mahrt, 1997). Fluxes 
were quality flagged using the EddyPro flags method according to the steady-state test as well as the test for developed turbulent 
conditions and combined into a 0–1–2 quality system (Mauder and Foken, 2004). 

The resultant 30 min fluxes of energy and H2O were subject to post-processing using Tovi software (LI-COR, Lincoln, NE, USA). 
Biometeorological data merge and gap-filling were done on a monthly basis with measured meteorological data and external data 
(BOM, 2021). Soil heat flux storage correction was done to improve the energy balance closure and compute the storage of energy 
between the soil surface and the soil heat flux plate (Tanner and Fuchs, 1968). Failure to account and correct for heat storage in the soil 
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above the plate can result in large errors that would lead to a subsequent underestimate of the latent heat (LE) and sensible heats (H) 
(Ochsner et al., 2006). The EC results were subject to further filtering under conditions of stable stratification and low turbulent mixing 
(primarily during the night), and a routine criterion for the friction velocity (u*) was applied on a seasonal basis for two years via the 
moving-point test (Papale et al., 2006). The threshold values for friction velocity were: 0.238 (SD 0.046) winter, 0.177 (SD 0.037) 
spring, 0.221 (SD 0.04) summer and 0.332 (SD 0.068) autumn. 

The footprint or area sampled by the flux tower was determined using the Kljun et al. (2015) footprint model. This estimates the 
degree to which measured fluxes represent the peatland surface and to what extent they are affected by fluxes from the upwind 
grassland or other surfaces for each 30 min period. The assessment showed that the average contribution distance, accounting for 80% 
of flux, was 107 m (Fig. 1b). The site evaluation approach described by Göckede et al. (2008) was adopted to assess the spatial 
representativeness of the flux measurements using a four-group classification. This analysis showed that 67% of data exceeded an 80% 
threshold contribution from the peatland and were therefore categorized as “acceptable measurements”. This approach was also 
applied to each season, wherein we found “acceptable measurements “occurred 71% of the time in spring, 69% summer, 75% autumn 
and 65% of the time in winter. Fluxes from adjacent non-target land covers (grassland and woodland) were filtered from the data set. 
The marginal distribution sampling (MDS) method was used for gap-filling to prevent underestimation of EC based evapotranspiration 
(ETEC) in the subsequent calculation of daily averages and monthly and seasonal sums of evapotranspiration (Reichstein et al., 2005). 
This method is a moving window average method and considers both the co-variation of fluxes with meteorological variables and the 
temporal auto-correlation of the fluxes. 

2.4. Fluxes and energy balance calculations 

The 30 min mean fluxes and energy balance calculations are described in Supplementary Material. We follow the Euroflux 
methodology of Aubinet et al. (1999). 

2.5. Reference evapotranspiration and ecosystem-soil-vegetation coefficient 

The ETEC was used to calculate an ecosystem-soil-vegetation coefficient (KESV), using an application of the FAO crop coefficient 
model, whereby we modified the initial model such that KESV is the ratio between ETEC (mm h− 1) and ETO (mm h− 1). Under envi-
ronmental conditions, peatland vegetation may be stressed due to a lack of soil moisture, and thus ETEC can be lower than ETP, and this 
would influence the KC. Hence we use KESV as a combined coefficient that parameterizes evapotranspiration not simply from a single 
crop species, as in the original KC, but from the whole ecosystem, including soil and multiple species of vegetation in the peatland 
ecosystem. The ETO was computed following the Penman-Monteith reference evapotranspiration approach outlined by Allen et al. 
(1998). 

Satellite data for the leaf area index (LAI) of the peatland was acquired from the Oak Ridge National Laboratory Distributed Active 
Archive Centre (https://daac.ornl.gov/). LAI is a dimensionless parameter defined as the one-sided photosynthetically active area in 
the canopy per unit ground area. LAI data is available for flux tower sites around the world as the product of MODIS fixed sites 
subsetting and visualization tool (ORNLDAAC, 2018). 

2.6. Peatland hydrology and ionic ratios 

Stream water discharge was measured at 30-minute intervals at a gauging weir (90◦ v-notch; 300 mm) at the peatland drainage 
point (peatland ‘exit’) with water height recorded using a Trutrack water height logger (WT-HR 500; TruTrack Ltd, Christchurch, New 
Zealand). The water table depth (WTD) in the peatland was monitored with 5 piezometers installed into the underlying substrate. 
These piezometers were installed in a transect running between the major groundwater source for this peatland and the gauging weir 
and spaced at 50 m intervals (see: Karis et al., 2016). Piezometers comprised perforated 32 mm PVC tubing protecting 1-metre Trutrack 
water height loggers (WT-HR 1000). All loggers were configured to read at 30 min intervals, and data transfer was carried out using 
Omni7 software (Trutrack Ltd, Christchurch, New Zealand). Manual readings of weir stage heights were taken for calibration of logger 
heights. 

Water sampling was conducted at 2 – 4 monthly intervals over the 2-year study period as part of a long-term monitoring program. 
All sampling was conducted under base-flow conditions, the criteria for which were: more than seven days after an event of greater 
than 25 mm, as informed by previous long-term patterns and event studies at this site (Silvester, 2009; Karis et al., 2016). Water 
samples were collected from both the major groundwater source (feed) and weir overflow (exit) for quantification of physical pa-
rameters as well as a range of dissolved components (see: Silvester, 2009 for analytical details). Included in the long-term monitoring 
program analytes are major cations (Na+, K+, Ca2+, Mg2+) and major anions (Cl− , NO3

− , SO4
2− ) as well as buffering components (HCO3

− , 
dissolved organic carbon). In this work, we use only a subset of the major ions (Cl− , Na+, Ca2+, Mg2+) collected for the long-term 
program. The rationale for this selection was: (i) ions that are more commonly used for ET measurement (e.g. Cl− ) (Cook and 
Herczeg, 2012) and ions that exhibit seasonal patterns in this systems that are consistent with ET control (Ca2+ and Mg2+) (Silvester, 
2009). 

The following equation can describe the water balance in this peatland:  

ΔV = Pn + Gi − ET − So − Go                                                                                                                                                  (1) 
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Fig. 2. Selected environmental variables at AU APL: (a) incoming and outgoing radiation; (b) maximum and minimum air temperature; (c) daily precipitation (BOM) and winter snow depth (Falls Creek 
Resort); (d) daily mean wind speed; (e) vapour pressure deficit (VPD). Shaded areas in (d) and (e) represent the daily minimum and maximum variations in these variables. 
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where ΔV is the change in water storage in the peatland, Pn is the net precipitation, Gi is groundwater inflow, ET is evapotranspiration, 
So is the surface outflow (peatland drainage) and Go is groundwater outflow. Under the base flow conditions used here for water 
sampling, both ΔV and Pn are negligible, allowing groundwater inflows (Qfeed (≈Gi)) to be calculated from peatland drainage (Qexit 
(≈So)) and ET using the aerial extent of the peatland (5.2 ha.), provided that the groundwater outflow (Go) is negligible; this is a 
reasonable assumption as permeability is very low in the deeply humified peat zone. 

In this work, 5-day running averages for both ETEC and Qexit were used, consistent with the base-flow criteria. For an ionic species 
controlled by water loss through evapotranspiration (i.e. conservative), the composition of peatland drainage water relative to 
groundwater feed is then given by equation 9. 

[Ion]exit

[Ion]feed
=

Qfeed

Qexit
(2) 

The key assumptions of this model are: (i) no ion loss through evapotranspiration and (ii) that the groundwater composition from 
the major groundwater source is representative of all groundwater inputs into this peatland. Deviations from conservative behaviour 
can be attributed to peatland biogeochemical processes (e.g. dry deposition, mineral dissolution, plant uptake or microbial nutrient 
cycling). Ion ratios above that expected from ET water loss indicate net export from the peatland, while ion ratios less than that ex-
pected from ET water loss indicate biogeochemical retention or sequestering mechanisms. 

2.7. Statistical analysis 

Univariate ANOVA was used to analyse the significance of the temporal changes in measured and calculated parameters. The 
degree to which environmental variables controlled evapotranspiration was analysed by stepwise multiple linear regression (MLR). 
The parameters of MLR equations were estimated assuming that ETEC was the dependent variable and the environmental variables 
were independent variables. The two-year study period was divided into seasonal blocks to allow inter-seasonal comparisons. All the 
statistical analyses were performed on the 24-h average values or daily ET values using the SPSS 25.0 program for Windows (SPSS Inc., 
Illinois, USA). Hydrologic and ionic data were manipulated in R and plotted using ggplot2 (RStudio Team, 2015). 

Fig. 3. Energy balance closure for the EC system in winter, spring, summer and autumn, as represented by the regression slope between the 
available energy (Rn − Gf) and the turbulent fluxes (H + LE). 
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Fig. 4. The seasonal variations of energy fluxes for 24-h ensembles for winter, spring, summer and autumn. Fluxes shown are net radiation (Rn), sensible heat flux (H), latent heat flux (LE) and ground 
heat flux (Gf). 
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3. Results 

3.1. Environmental variables impacting upon ET 

Primary meteorological variables were collected from June 2017 to May 2019, providing two years of continuous measurements 
(Fig. 2). Incoming solar radiation was generally consistent year-round, with the mid-day average (10.00 – 14.00) higher in summer 
(1426 wm− 2) and lower in winter (773 wm− 2) (Fig. 2a). The annual pattern of incoming and outgoing radiation showed seasonal 
dynamics, with the outgoing solar radiation nearly two times higher in winter than in other seasons due to the high albedo of the snow 
cover. Air temperature followed the pattern of incoming solar radiation, and the mean annual maximum temperature was 9.5 ◦C, while 
the mean annual minimum temperature was 2.7 ◦C (Fig. 2b). Total rainfall for the two study years was 1976 mm and 2244 mm, 
respectively (BOM, 2021). The majority of precipitation in the Australian Alps falls as snow, and the major snowfalls occur between 
June and October (Fig. 2c) (Williams, 1987). During the measurement period, low wind speeds prevailed with a mean wind speed of 
3.53 m s− 1 and the maximum wind speed of 13.42 m s− 1 (Fig. 2d). The highest wind speeds were recorded in winter as a consequence 
of reduced surface friction due to snow cover. The vapour pressure deficit (VPD) was generally low during winter (less than 5 hPa), 
indicating near-saturation of the air with water vapour, while higher average daily VPDs were observed in spring and summer periods. 
Summer, in particular, was characterized by extremely low humidity with several days having very high VPDs. 

3.2. Energy fluxes and balances 

3.2.1. Energy balance closure (EBC) 
Seasonal assessment of the energy balance closure (EBC) was used in this study to investigate potential uncertainties in the EC 

measurements and to understand how these may vary through the year. The surface energy balance is fundamental for all atmospheric 
interactions, and balance is a theoretical requirement of the first law of thermodynamics. EBC is tested by statistically regressing the 
sensible and latent heat fluxes against the available surface energy, and the ideal EBC would be achieved when the slope of the linear 
regression is unity (Li et al., 2005). The linear regression relationship between the turbulent fluxes (H + LE) and available energy (Rn – 
Gf) resulted in an EBC (slope) of 0.72, 0.88, 0.83 and 0.56, with the coefficient of determination (R2) of 0.91, 0.96, 0.93 and 0.76, for 
spring, summer, autumn and winter (Fig. 3). The most complete EBC was observed in the summer season, corresponding to the highest 
flux period of the year, decreasing into spring, autumn and winter. During low flux times of the year, EBC is more variable, unpre-
dictable, and tends to be smaller. Our results were within the typical closure achieved for EC, which ranges from 70 to 90% for most 
ecosystems (Poyda et al., 2017), except in winter when snow cover and low flux decreased the EBC to 0.56. 

3.2.2. Seasonal changes in energy fluxes 
The mean hourly energy fluxes for 24-h periods in each season (averaged across both years) are commensurate with the site’s alpine 

location within the sub-polar oceanic Köppen (Cfc) climate zone (Fig. 4). Day length is notably longer in summer (14.7 hrs) compared 
to winter (10.1 hrs). Comparatively, the daily global solar exposure has its highest monthly mean in January (25.2 MJ m− 2) and lowest 
monthly mean in July (5.4 MJ m− 2) (BOM, 2021). There is also a much greater range in the incoming solar radiation (Rn) in summer 
than in winter (summer: − 60 Wm− 2 to 630 Wm− 2; winter: − 30 Wm− 2 to 100 Wm− 2). This incoming solar energy drives changes in 
latent heat (LE), sensible heat (H) and ground surface temperatures (Gf), the partitioning of which varies by season. 

In summer, LE > H (Fig. 4) and this is reflected in a Bowen ratio (β = H/LE) <1 and evapotranspiration fraction (EF = LE / (LE+H)) 
> 0.5 (Table 1), indicating a large fraction of available energy was used for evapotranspiration. In spring and autumn, this pattern is 
reversed, with H > LE (Fig. 4), β of > 1 and EF < 0.5. All energy flux components were low and variable in the winter (Fig. 4), and so β 
and EF for this season should be interpreted with caution. Diurnal variations in Gf are very low, albeit 10-fold greater in summer 
compared to winter (Fig. 4), but at all times, Gf is a minor component of the overall energy balance. 

3.3. Evapotranspiration and ecosystem-soil-vegetation coefficient 

Evapotranspiration (ETEC and ETO) show clear seasonal patterns (Fig. 5a). The overlap between measured and estimated values is 
excellent except in spring (Sept-Oct) when ETO is often greater than ETEC and a few days in summer when ETEC is greater than ETO. 
Seasonal daily average values of ETEC were: 0.38, 1.37, 3.29 and 1.32 mm day− 1 for winter, spring, summer and autumn, respectively. 

Table 1 
Average daytime (10.00 – 14:00) flux ratios for each of the seasons (for each of the two year periods from June 2017 to May 2019). Listed are the 
partitioning of nett radiation towards sensible heat (H/Rn) and latent heat (LE/Rn), the Bowen ratio (β) and the evapotranspiration fraction (EF). (Rn 
= net radiation, LE = latent heat, H = sensible heat).  

Season H/Rn LE/Rn β = H/LE EF = LE/(LE+H)  

2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 

Winter 0.22 0.23 0.30 0.32 0.41 0.45 0.72 0.75 
Spring 0.5 0.48 0.21 0.23 2.1 2.2 0.32 0.33 
Summer 0.35 0.36 0.51 0.54 0.71 0.73 0.57 0.61 
Autumn 0.53 0.55 0.28 0.29 1.89 1.83 0.34 0.35  
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The mean ecosystem-soil-vegetation coefficient (KESV) for the peatland, which is the ratio between ETEC and ETO, was 0.78 with an R2 

value of 0.84 (Fig. 5b); this strong correlation deviates considerably from 1 at low ETEC values. Cumulative ET curves (Fig. 5c) show 
that both ETEC and ETO in 2017/18 were lower than in 2018/19 and also confirms the close agreement between measured (ETEC) and 
estimated values. 

3.4. Seasonal changes in the ecosystem-soil-vegetation coefficient and LAI 

The KESV showed apparent seasonal variation, which mirrors the changes in the leaf area index (LAI) of the ecosystem (Fig. 6). KESV 
values ranged between 0.5 in early spring directly after snowmelt up to a maximum of 1.1 in mid-summer. Similarly, LAI varied 
between 2 in early spring and 3.75 in mid-summer. Given that this is a highly seasonal ecosystem with winter snow cover, we define 
three stages of vegetation growth: October – November (early growth season), December - February (peak growth season) and March- 
May (senescence). These growth stages are clearly evident in the LAI profiles, with distinctly higher values during the peak growth 
season (~3.5) compared to either early growth or senescence (~2.0 – 2.5). Both KESV and LAI were lower in 2017/18 compared to 
2018/19. 

3.5. Water table depth and evapotranspiration 

The water table depth (WTD) in the peatland showed a clear annual cycle over the two-year study period (Fig. 7), with maximum 
WTD occurring during spring and soon after snowmelt. The yearly range in WTD was ~400 mm in 2017/18 and ~300 mm in 2018/19. 
During non-snow cover periods (Oct-May), short-term spikes in WTD of up to 300 mm were observed corresponding to rain events. 
These increases in WTD represent the hydraulic buffering provided by the peatland and decayed to pre-event levels over less than one 
week. WTD and ETEC were effectively out-of-phase with each other, with maximum ETEC occurring in mid to late-summer and cor-
responding to the period of declining WTD. An exceptionally dry period occurred during summer 2017/18, leading to very low WTD 
(see: highlighted region Feb-Mar 2018) and corresponding with particularly low values of ETEC (average value 0.6 mm d− 1 was 

Fig. 5. (a) Daily total evapotranspiration for the two years June 2017 to May 2019; (b) correlation of actual evapotranspiration (ETEC, mm d− 1; 
measured via eddy covariance) against reference evapotranspiration (ETO, mm d− 1) yielding the ecosystem-soil-vegetation coefficient (KESV); (c) 
cumulative measured (ETEC) and reference evapotranspiration for full-year periods: 2017/18 and 2018/19. 
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Fig. 6. The mean monthly ecosystem-soil-vegetation coefficient (KESV dashed lines) and MODIS LAI (solid lines) for the snow-free periods of 2017/ 
18 and 2018/19. 

Fig. 7. Mountain peatland ecohydrology: (a) evapotranspiration (ETEC); (b) water table depth (WTD, referenced to peatland surface) and pre-
cipitation (P). Arrows in (b) are water sampling occasions for the ionic composition of groundwater and peatland discharge (stream) water. 
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recorded for two weeks). Importantly, the estimated fraction of precipitation lost from the peatland through evapotranspiration (ETEC/ 
P) is 0.25 in 2017/18 and 0.28 in 2018/19 and suggests an exceptionally high transfer of precipitation to run-off. 

3.6. Relationship between ETEC and environmental drivers 

Potential relationships between ETEC and measured environmental variables were explored by single parameter linear regression 
and multiple linear regression (MLR). Variables considered in this analysis were: net radiation (Rn), air temperature (Ta), vapour 
pressure deficit (VPD) and water table depth (WTD). Rn was the environmental variable with the highest single-parameter correlation 
to evapotranspiration (R2 = 0.86 and 0.92 for 2017/18 and 2018/19, respectively) (Figure S1a). Ta and VPD were also strongly 
predictive of ETEC (Ta: R2 = 0.8 and 0.91 for 2017/18 and 2018/19, respectively; VPD: R2 = 0.80 and 0.77 for 2017/18 and 2018/19, 
respectively) (Figure S1b, S1c). 

Consistent with single parameter regressions, MLR identified Rn, Ta and VPD as strong and significant predictors of ETEC over the 
entire two-year period (Table S1; R2 = 0.8; p < 0.01 (Rn and Ta); p < 0.1 (VPD)). MLR for individual seasons similarly identified these 
three environmental variables as the best predictors of ETEC in spring and summer (Table S1). For the winter periods, none of the 
environmental variables showed a strong correlation with ETEC, likely due to snow cover over the peatland. During autumn, VPD was 
not significantly correlated with ETEC, but instead, WTD, Rn and Ta were identified as significant driving variables. The predictive 
power of these variables, however, varied between years and was substantially less in autumn 2018 (R2 = 0.34) compared to autumn 

Fig. 8. Ion ratios for peatland exit and groundwater feed ([Ion]exit/[Ion]feed) plotted against Qfeed/Qexit for samples collected under base-flow 
conditions over the two-year study period; Qfeed calculated from 5-day averaged values of ETEC and Qexit. Shown are: (a) chloride, (b) sodium, 
(c) calcium and (d) magnesium. The solid line represents the expected response for a conservative ion controlled by water loss through evapo-
transpiration. Error bars for ion ratios are ±2SE, while error bars for discharge ratios are based on height error of 2 – 5 mm in weir readings. 
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2019 (R2 = 0.76). WTD was a strong and significant predictor of ETEC only in spring (p < 0.001). 

3.7. Ion ratio comparison with ETEC 

The major ion composition of groundwater (peatland feed) and stream water (peatland exit) was measured on a 2 – 4 monthly 
frequency over the two years of the study (sampling occasions are shown in Fig. 7). This sampling was always conducted under base- 
flow conditions, under which the ratio of ion concentrations in peatland exit water to peatland feed ([Ion]exit/[Ion]feed) should be equal 
to the inflow and outflow ratio (Qfeed/Qexit) for ions that behave conservatively (solid line in Fig. 8). Here we have used the Qexit values 
from 5-day averaged weir plate logger data which were very similar to manual readings recorded at the time of water sampling, 
consistent with base-flow conditions (Figure S2). 

Both Cl− and Na+ behaved in similar ways to each other across the two years with a net export of ions during spring and retention 
during summer and autumn (Fig. 8a, b); this ion retention was somewhat stronger for Cl− than Na+. For both ions, the winter ion ratio 
was approximately one as expected for this snow-covered period when ET is low and is consistent with the assumption that the 
groundwater source sampled for this work is representative of all groundwater inputs; under this condition, there are effectively no 
water loss or peatland regulation processes operating, so the ionic compositions of feed and exit waters converge. Overall the patterns 
observed for Cl− and Na+ suggest a post-snow melt release of these ions followed by a more extended period of ion retention and 
generally mirror seasonal behaviours previously observed for these ions in this system (Silvester, 2009). Ion ratios for Ca2+ and Mg2+

were also similar to each other and distinctly different to Cl− and Na+. For both Ca2+ and Mg2+, net export was observed in all seasons, 
approaching that predicted for a conservative ion at both low and high values of Qfeed/Qexit (Fig. 8c, d). At low Qfeed/Qexit, this could be 
due to reduced biogeochemical reaction rates during winter snow cover months, similar to Cl− and Na+. The net export of these ions 
outside of winter months suggests a source of these ions within the peatland, such as a mineral dissolution or ion exchange process. The 
similar behaviour of Ca2+ and Mg2+ in peatland exit water is consistent with the constant Ca: Mg ratio (~1:2 molar ratio) previously 
observed across both seasonal and event timescales (Silvester 2009; Karis et al., 2016). 

4. Discussion 

Very few EC flux measurements exist for peatlands in mountainous regions due to a range of challenges in measuring surface- 
atmosphere exchanges under these conditions (Xu et al., 2018b, Gerling et al., 2019). In particular, landscape heterogeneity has a 
substantial influence on the measurement and interpretation of atmospheric data (Schmid and Lloyd, 1999, Schmid, 1997), and 
peatlands in mountainous regions are typically heterogeneous landscapes. Since for most tower sites, the extent of horizontal variation 
is 1 km or less, the scale of horizontal homogeneity will be exceeded by the fetch of the flux measurements (Jegede and Foken, 1999, 
Göckede et al., 2008). It is therefore critical that a footprint analysis is performed to test whether the ‘spatial representativeness’ 
assumptions in the EC method are valid (Schuepp et al., 1990, Horst and Weil, 1992, Schmid, 2002, Leclerc et al., 1997, Rannik et al., 
2000, Kljun et al., 2004, Kljun et al., 2015). This study demonstrates that it is feasible to acquire ecosystem-level ET measurements 
with the EC approach at this mountainous peatland site, even with a restricted fetch and heterogeneous surface characteristics. This 
has been achieved by careful consideration of tower placement, including prior knowledge of wind direction, low installation height, 
adopting a rigorous footprint analysis, performing adequate corrections, and following standard filtering. The flux tower at this 
peatland site (AU-APL) produced a valid data set for 72% of the two years study period after rigorous QA/QC, suitable for further 
investigation of ET. We demonstrate that in small alpine mountainous peatlands, the EC technique provides well-validated datasets for 
further ecohydrological analyses. 

4.1. Seasonality and energy balance 

A number of individual sites within the FLUXNET network use energy balance closure (EBC) as a standard procedure to assess flux 
data quality (Li et al., 2005). Our study results suggest that the closure of the energy balance was strongly connected with seasonal 
variations. While the energy fluxes measured by the EC system were not completely closed, the mean EBC (0.78) of the EC mea-
surements was acceptable. Spring, summer, and autumn EBCs (72% – 88%) were consistent with previously reported results, ranging 
from 53% to 99% for FLUXNET sites (Li et al., 2015). Lower EBC during winter has also been reported in other long-term studies using 
eddy covariance (Li et al., 2015) and seasonal evaluation of ET and energy budgets (Deb Burman et al., 2019). The low EBC during 
winter is likely caused by a low signal to noise ratio in flux measurements (Stannard et al., 2013) combined with the effects of melting 
and freezing, which were not considered in energy balance evaluation (Li et al., 2005). However, in this study, the winter season is 
considered a non-growing season, and the winter season energy budget makes a relatively small contribution to the yearly energy 
balance (Wu et al., 2010). Across all seasons, EBC values less than one suggests an underestimation of the sensible heat (H) and/or 
latent heat (LE) fluxes. Applying the energy balance closure adjustment of De Roo et al. (2018) (Section 2.3) corrects the 
eddy-covariance measurements of H and LE and improves the overall EC-derived ET estimation. 

Sensible heat flux dominated the energy partitioning during the spring and autumn seasons, with less energy directed towards LE. 
During summer, LE was larger than H, corresponding with high incoming solar radiation, as illustrated by Fig. 2. Consistent with the 
seasonal variations in energy partitioning between H and LE, β values varied over a wide range (0.42 to 2.2) over the two-year study 
period. A similar seasonal pattern was observed in marshland areas in the Central United States (Lenters et al., 2011) and in 
multi-season measurements in wetlands in north-eastern China (Zhou and Zhou, 2009). Gerling et al. (2019) showed that the seasonal 
variation of β is inversely related to the variation in VPD. VPD increases exponentially with atmospheric temperature, leading to lower 
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β values during summer (Hirano et al., 2016, Shimoyama et al., 2003, Majozi et al., 2016). The concurrence in the above studies, 
including this one, is that vegetation dynamics play a crucial role in energy partitioning and that in summer, with during l vegetation 
cover, LE flux is the dominant portion of net radiation. 

4.2. Evapotranspiration and run-off 

Our observations over two complete years contribute significantly to the understanding of mountain peatland evapotranspiration 
characteristics and their response to hydro-meteorological changes. A hydrological modelling study of the 335 ha Watchbed Creek 
catchment (that this peatland forms part of) suggested that the estimated annual potential ET was 558 mm, averaged over the years 
1940 – 1986, with the highest values during summer (January PET = 145 mm) and lowest in winter (June PET = 35 mm) (Western 
et al., 2008). Our average annual ETEC of 556 mm for a peatland in this catchment appears reasonable when compared with other 
Sphagnum dominant peatland ecosystems under similar synoptic weather conditions. For example, Cao et al. (2020) observed that the 
annual ET in an alpine wetland ecosystem in Qinghai on the Tibetan Plateau was 644 mm/year; Petrone et al. (2001) showed a growing 
season average ET in restored peatlands in Quebec of 354 mm; Wu et al. (2010) found the ET of boreal peatlands in eastern Finland to 
be 321 mm, and Hirano et al. (2016) measured the ET of Sarobetsu Mire (Japan) to be 372 mm. Similarly, Gerling et al. (2019) reported 
a maximum ET of 5.6 mm d− 1 for an ombrotrophic peat bog in Central Germany and Lafleur et al. (2005) recorded maximum ET rates 
at a peatland in Ontario, Canada ranging over 4 – 5 mm d− 1, similar to the summer ETEC of this study. 

Synoptic weather conditions (i.e. air temperature, vapour pressure deficit and incoming solar radiation) could explain differences 
in ETEC among the seasons and between study years (Table S1 and Figure S1). Consistent with this, our study shows that evapo-
transpiration is a function of Rn, Ta and VPD, while it is inversely proportional and weakly correlated with WTD (Figure S1). However, 
differences were observed between seasons, with spring, summer and autumn showing the strongest correlations with these envi-
ronmental factors. Cumulative ET data (Fig. 5c) show that annual ET in 2018/19 was higher than in 2017/18, which we attribute to a 
low rainfall period during February- March in 2017/18, resulting in an exceptionally low water table. This result is different to that 
observed by Moore et al. (2013), where short-term water table variation did not control ET in a peatland ecosystem. Very few other 
studies have characterised interannual variability of ET in relation to changes in moisture availability (Lafleur et al., 2005, Liljedahl 
et al., 2011). The reduced ET at extremely low water table depths may be due to the absence of any mechanism for the transportation of 
water from deeper in the peat profile; the dominant Sphagnum moss has no stomata, roots, or water-conducting tissues, so vertical 
water transport may be limited (Shimoyama et al., 2003). 

The ecosystem-soil-vegetation coefficient (KESV) approach applied in this study provides evidence of a strong relationship between 
ETEC and ETO, and this coefficient, as determined separately for each season, can effectively be used in ecohydrological studies of other 
mountain peatlands with similar vegetation. KESV values determined for each season were: 0.68 spring (early growing season), 1.12 
summer (peak growing season) and 0.88 autumn (senescence). The KESV obtained for this peatland were in a similar range to that 
reported for ombrotrophic peat bog Odersprungmoor in the Harz Mountains, Central Germany (KC in the range: 0.82 - 0.86) (Gerling 
et al., 2019). In the Australian mountains, the spring season is potentially the most sensitive to the difference between ETEC and ETO 
because some of the available energy in the peatland is likely used to heat the standing water. Once the standing water in the peatland 
has heated, more of the net radiation (Rn) is directed towards H and LE (Drexler et al., 2008). Seasonal variation in the effective leaf 
area coverage and photosynthetic capacity of the vegetation, described by LAI and which are only relevant outside the snow cover 
season, display a similar trend to the KESV. In the early growing season, the reduced leaf development after snowmelt coincided with 
lower KESV, while both parameters were highest in mid-summer, corresponding to the peak growing season. The strong seasonal 
variability in KESV values obtained in this work suggests that the use of a single KESV is not appropriate in mountain peatlands. 

This region experiences high precipitation, and our work suggests that the average net evapotranspiration is 26.5% of the pre-
cipitation. The remaining portion of precipitation is presumably contributing to catchment run-off. Consistent with this, Western et al. 
(2008) showed through hydrological modelling analysis that the average run-off coefficient for the entire Watchbed Creek catchment 
(335 ha), including this study area, was 0.77. Further, Lawrence (1995) proposed that for the Watchbed Creek catchment, 67% of 
effective precipitation appeared in streams as quick-flow, for effective precipitation values between 0.9 and 4.5 mm, while 40% of 
effective precipitation appeared in streams as quick-flow for effective precipitation values greater than 4.5 mm. Importantly, this 
suggests that the run-off potential is very high in the study area compared to elsewhere in the Australian landscape (Lawrence, 1995). 
Precipitation (and therefore run-off) is generally lowest at the end of summer (February/March), which leads to the lowering of the 
peatland water table. During this low rain period, the only significant inflows are from groundwater aquifers that provide sustained 
flow to these alpine aquatic ecosystems (McCartney et al., 2014). Climate change projections for the Australian Alps forecast 
decreasing snowpack (extent and depth) (Laurance et al., 2011, Pickering et al., 2004) which will likely impact groundwater recharge 
and affect the future viability of these peatland ecosystems. 

4.3. Evapotranspiration and ion ratios 

Seasonal patterns in nutrient and ion concentrations in peatland drainage water for this peatland have been described previously 
(Silvester, 2009). This previous work has shown strong uptake of nitrate and sulphate during warmer months and an atypical 
behaviour for Na+ and Cl− with apparent uptake of these ions during warmer high productivity periods. Among the major ions, only 
Ca2+ and Mg2+ show annual patterns in-stream concentrations consistent with water loss through ET. Here we confirm that strong ion 
retention (uptake) and export (release) mechanisms operate for Na+ and Cl− . While the net export of these ions could be due to a 
snowmelt flush, this effect continues well after snowmelt and does not explain the peatland uptake of these ions. Other possible 
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explanations are uptake and release associated with biological processes such as plant growth during high productivity periods fol-
lowed by senescence or microbial uptake (e.g. organochlorine compounds (Bastviken et al., 2007)) and release. A key issue with both 
of these mechanisms is that the export of these ions occurs into late spring, whereas senescence (or microbial die-off) is more likely an 
autumn process. While we are unaware of similar seasonal uptake-release mechanisms for these ions in other wetlands, these processes 
may be more evident in this peatland due to the extremely low salt concentrations in the groundwater (Silvester, 2009). A significant 
result from the behaviour of Na+ and Cl− is that the ion ratio approaches a value of one (1) under low ET conditions. This is consistent 
with a key assumption of the model that the groundwater composition of the major source is representative of all groundwater sources 
into this peatland. 

Ca2+ and Mg2+ concentrations approach that expected for a conservative ion at both high and low Qfeed/Qexit but are always higher, 
indicating net export under all conditions. The approach to conservative behaviour at high Qfeed/Qexit is consistent with previous 
observations for this system that ET calculated from Ca2+ and Mg2+ concentrations yield physically reasonable values under high ET 
conditions (1.7–2.5 mm d− 1) (Silvester, 2009; Silvester, 2009; Karis et al., 2016). The differences between observed and ET-predicted 
concentrations indicate additional sources of these ions from the peatland. Broadly these sources could include (dry) atmospheric 
deposition, the net loss of stored peat or mineral dissolution/exchange processes within the peatland. The pronounced seasonality of 
stream water Ca2+ and Mg2+ concentrations is a strong argument against dry deposition, the timing and loads of which are unlikely to 
be annually reproducible. The more compelling result is from storm response studies at this site (Karis et al., 2016) which show that 
both Ca2+ and Mg2+ concentrations are unaffected by high-intensity rainfall events; a significant dilution would be expected if these 
ions were controlled by dry deposition or peat soil decay. A mineral exchange or dissolution mechanism appears the most likely 
explanation of the observed behaviour where peatland drainage concentrations are controlled by a physical property of the peatland 
that is seasonally variable (e.g. temperature, water table, redox potential). 

Overall, the observed seasonal patterns in uptake and release of ionic components confirm the strong controls on stream water 
composition (water quality) provided by these headwater peatlands. Given that both groundwater and rainfall contribute to the overall 
water budget, the seasonally reproducible regulation of peatland drainage water is likely a key function of these systems in the 
landscape. 

4.4. Implications for mountain peatland protection and rehabilitation 

Heathy Spur 1 (HS-1) is an intact Alpine Sphagnum peatland in the Bogong High Plains, Victoria, Australia, that serves as a reference 
ecosystem for understanding hydrological and biogeochemical functions of peatlands more broadly in this mountain landscape. 
Peatlands in the Australian Alps are highly restricted ecosystems, forming in hillside valley floors in close association with ground-
water sources (McCartney et al., 2014). These ecosystems are highly likely to be stressed by future changes in precipitation regime 
from climate change. Understanding the water budget of these systems will be critical in predicting future trajectories for these systems 
and impacts on water yields from the Australian Alps. Quantifying the ET flux from this peatland and the climate factors that drive ET is 
an important component in developing a more complete water budget and separating the relative contributions of precipitation, 
snowmelt and groundwater in driving these ecosystems. Consistent with the high water yields from the Australian Alps, our data shows 
a low evaporation factor for this peatland, reflecting an environment with a substantial excess water yield to downstream catchments. 
Importantly, our results suggest that under extended low rainfall periods, ET may decrease due to disconnection between the water 
table and vegetation layer. 

This study provides the first application of EC techniques to measure ETEC and KESV in Australia’s mountainous peatland eco-
systems. Peatland restoration requires precise evapotranspiration estimates in order to successfully manage site hydrology (Holden, 
2005). However, assessing actual evapotranspiration at each site is complex, costly and maybe impossible depending on the location, 
budget and time frame (Howes et al., 2015). For example, Australian alpine Sphagnum peatlands occur as a mosaic of many small 
peatlands within the wider landscape, and thus, direct measurement of evapotranspiration using EC at many sites is not possible due to 
landscape heterogeneity and slope. This study has determined KESV as a critical element of hydrological function, which has the 
possibility of wider applicability. The KESV values calculated in this study can provide a more accurate estimate of ET than traditional 
climate data-based approaches for other Australian alpine Sphagnum peatlands as well as peatlands in other areas with similar climatic 
conditions. Furthermore, the use of season-specific KESV values could contribute to improved accuracy in hydrological models from 
catchment to regional scales. 

The delivery of large volumes of high-quality water is a key ecosystem service provided by the Australian Alps (Worboys and Good, 
2011). Understanding the chemical regulation processes that occur in all hydrologic components, including those processes that occur 
at the top of catchments in peatland systems, is key to the long-term protection of this water quality. Previous work has demonstrated 
that drainage (stream) water quality is highly regulated in these peatland systems, both on seasonal as well as event timescales 
(Silvester, 2009, Karis et al., 2016). Since ET is a major component in the peatland water balance and a major driver of seasonal 
variations in drainage water concentration, the measurement of ET is a critical step in identifying peatland uptake and release pro-
cesses. Our results show that these peatland biogeochemical processes show a strong seasonal patterning, most likely linked to 
peatland productivity and the generation of fixed carbon for microbial processes. We suggest these seasonal patterns are applicable 
across the Australian Alps for intact peatlands under similar synoptic weather conditions and could be used as part of a set of metrics to 
assess peatland condition and rehabilitation. 

This study will be an effective tool for understanding the response of peatlands to changing climate and land management practices. 
Peatlands in this landscape are already in a range of conditions due to past land management practices (e.g. cattle grazing) and more 
recent disturbances (e.g. feral animal, weeds) that will likely impact resilience to future stressors. Understanding the hydrology and 

M. Gunawardhana et al.                                                                                                                                                                                             



Journal of Hydrology: Regional Studies 36 (2021) 100851

16

linked biogeochemistry of these peatlands is integral to establishing favourable conditions for rehabilitation actions (Petrone et al., 
2001). 

5. Conclusions 

Four main conclusions are drawn from this study:  

1. Annual evapotranspiration from this peatland was 494 mm in 2017/18 and 618 mm in 2018/19, representing 26.5% of annual 
precipitation. ETEC increased rapidly after snowmelt and reached maximum values in early summer. Winter ETEC was 6.2% of the 
annual ET due to snow cover.  

2. The KESV varied seasonally between 0.5 (spring and autumn) and 1.1 (summer). This study identified three distinct phenological 
stages in peatland productivity and suggested that the application of a single year-round KESV value is not appropriate in mountain 
peatland ecosystems.  

3. This study revealed that evapotranspiration dynamics of the peatland are primarily influenced by net radiation, air temperature, 
VPD, and weakly influenced by water table depth (WTD). The exception is during severe drought periods when very low water table 
depth did correspond with reduced ET.  

4. The measurement of ET reveals that for Cl− and Na+, the observed annual cycle is due to ion release and uptake, with net export in 
spring and net uptake in summer-autumn. For Ca2+ and Mg2+ net export occurs at all times of the year and indicates a seasonally 
dependent mechanism. 
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comparison between measurements by a weighing lysimeter and prediction by CropSyst. Irrig. Sci. 31, 455–463. 

Mauder, M., Foken, T., 2004. Documentation and instruction manual of the eddy covariance software package TK2. Print, ISSN 1614-8916.  
Mccartney, V.A., Silvester, E., Morgan, J.W., Suter, P.J., 2014. Physical and chemical drivers of vegetation in groundwater-source pools on the Bogong High Plains, 

Victoria. Aust. J. Bot. 61, 566–573. 
Mitsch, W.J., Gosselink, J.G., 2007. Wetlands, Hoboken. John Wiley and Sons, New Jersey, USA, 582 pp.  
Moncrieff, J., Clement, R., Finnigan, J., Meyers, T., 2004. Averaging, detrending, and filtering of eddy covariance time series. In: Lee, X., Massman, W., Law, B., A, L, 

Hamilton, K. (Eds.), Handbook of Micrometeorology. Springer. 
Moncrieff, J.B., Massheder, J.M., De Bruin, H., Elbers, J., Friborg, T., Heusinkveld, B., Kabat, P., Scott, S., Soegaard, H., Verhoef, A., 1997. A system to measure surface 

fluxes of momentum, sensible heat, water vapour and carbon dioxide. J. Hydrol. 188, 589–611. 
Monson, R., Baldocchi, D., 2014. Terrestrial Biosphere-Atmosphere Fluxes. Cambridge University Press, Cambridge.  
Monteiro, E.B., Silva, A.C.D., Souza, A.P., Tanaka, A.A., Ferneda, B.G., Martim, C.C., 2016. Water requirements and crop coefficients of tropical forest seedlings in 

different shading conditions. Rev. Bras. Eng. Agríc. Ambient 20, 709–715. 
Moore, P.A., Pypker, T.G., Waddington, J.M., 2013. Effect of long-term water table manipulation on peatland evapotranspiration. Agric. Forest Meteorol. 178-179, 

106–119. 
Ochsner, T.E., Sauer, T.J., Horton, R., 2006. Field Tests of the Soil Heat Flux Plate Method and Some Alternatives. Agronomy J. 98, 1005–1014. 
Ornldaac, 2018. Fixed Sites Subsetting and Visualization Tool. ORNL DAAC, Oak Ridge. The Oak Ridge National Laboratory Distributed Active Archive Center, 

Tennessee, USA.  
Papale, D., Reichstein, M., Aubinet, M., Canfora, E., Bernhofer, C., Kutsch, W., Longdoz, B., Rambal, S., Valentini, R., Vesala, T., Yakir, D., 2006. Towards a 

standardized processing of Net Ecosystem Exchange measured with eddy covariance technique: algorithms and uncertainty estimation. Biogeosciences 3, 
571–583. 

Pemberton, M., 2005. Australian peatlands: A brief consideration of their origin, distribution, natural values and threats. J. R. Soc. West. Australia 88, 81–89. 
Pereira, L., Perrier, A., Allen, R., Alves, I., 1999. Evapotranspiration: Concepts and Future Trends. J. Irrig. Drain. Eng.-ASCE 125. 
Pereira, L.S., Allen, R.G., Smith, M., Raes, D., 2015. Crop evapotranspiration estimation with FAO56: Past and future. Agric. Water Manage. 147, 4–20. 
Petrone, R.M., Waddington, J.M., Price, J.S., 2001. Ecosystem scale evapotranspiration and net CO2 exchange from a restored peatland. Hydrological Process. 15, 

2839–2845. 
Piccinni, G., Ko, J., Marek, T., Howell, T., 2009. Determination of growth-stage-specific crop coefficients (K C) of maize and sorghum. Agric. Water Manage. 96, 

1698–1704. 
Pickering, C., Good, R., Green, K., 2004. Potential Effects of Global Warming on the Biota of the Australian Alps. Australian Greenhouse Office, Canberra.  
Poyda, A., Reinsch, T., Skinner, R.H., Kluß, C., Loges, R., Taube, F., 2017. Comparing chamber and eddy covariance based net ecosystem CO2 exchange of fen soils. 

J. Plant Nutr. Soil Sci. 180, 252–266. 
Rannik, Ü., Aubinet, M., Kurbanmuradov, O., Sabelfeld, K.K., Markkanen, T., Vesala, T., 2000. Footprint Analysis For Measurements Over A Heterogeneous Forest. 

Boundary-Layer Meteorol. 97, 137–166. 
Reddy, K., Delaune, R., 2008. Biogeochemistry of Wetlands: Science and Applications, USA. CRC Press, Boca Raton, FL, USA, 2008.  
Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., Bernhofer, C., Buchmann, N., Gilmanov, T., Granier, A., Grünwald, T., Havránková, K., 
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