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Abstract.  

Accurate modelling of climate change is underpinned by a robust understanding of the sources and sinks of carbon to the 

atmosphere. Currently, net ecosystem exchange over the distinct alpine meadow ecosystems of the Australian Alps has not 

been quantified, with limited understanding of the influence of environmental drivers such as snow, despite their sensitivity to 

climate change. We established an eddy covariance tower on an alpine meadow situated in the headwaters of the Pipers Creek 10 

catchment in the Australian Alps, collecting continuous half-hourly CO2 fluxes from the 10th June 2016 to the 19th  November 

2019. The meadow functioned as a net carbon sink under snow-free conditions, transitioning to a net carbon source under 

snow-cover. This distinction was predominantly driven by the attenuation of photosynthetically active radiation and insulation 

of soil temperatures facilitated by the snowpack, preferentially inhibiting gross primary productivity. The site is found to be a 

stronger net carbon sink compared with other alpine meadow systems, globally, primarily due to a comparatively shorter snow-15 

cover period. With the spatial and temporal extent of snowpacks in the Australian Alps anticipated to decrease under future 

climate scenarios, the sink strength of these alpine meadows is expected to increase. 

1 Introduction 

Net ecosystem exchange (NEE) over terrestrial ecosystems has been extensively researched amid escalating climate change 

concerns. However, the inherent heterogeneity of terrestrial landscapes coupled with the complex and multivariate influence 20 

of environmental drivers has left many ecosystems both under and unstudied, introducing uncertainty to global carbon 

modelling. 

NEE is the net exchange of CO2 between an ecosystem and the overlying atmosphere and represents the balance of ecosystem 

respiration (Reco), driving CO2 efflux, and gross primary production (GPP), driving CO2 influx. The NEE dynamics of an 

ecosystem are governed by the prevailing weather and climate and biophysical properties (Hayek et al., 2018). Direct 25 

measurement of NEE is most accurately made using the eddy covariance (EC) technique, which measures the covariance 

between trace CO2 concentrations and 3D wind velocity components. The EC technique has become the standard method for 

quantifying NEE over terrestrial ecosystems, presenting a non-invasive technique, capable of collecting continuous, in situ 

data over a prolonged period at the ecosystem level (Baldochii, 2003). This has ensured its widespread application, with over 
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1000 current and historic sites worldwide registered as part of the FLUXNET initiative to quantify land-atmosphere exchanges 30 

of carbon, energy, and moisture. Despite this global coverage, there are substantial knowledge gaps. 

1.1 Net ecosystem exchange over alpine meadow communities 

Globally, grasslands are one of the most widespread biomes, covering an estimated 22.8 % of the terrestrial landmass and 

storing an estimated 155.02 Gt of soil carbon (MacDougall et al., 2026). Within this biome, alpine meadows are characterised 

by a high soil carbon content and pronounced sensitivity to alterations in climate, driving concerns of future NEE dynamics 35 

and potential positive feedback loops (Knowles et al., 2019). Consequently, extensive research has been undertaken on these 

systems, though comparable studies on the Australian continent are rare. 

Alpine meadows typically function as net carbon sinks, characterised by high incident solar radiation that enhances 

photosynthetic efficiency and low temperatures that constrain Reco (Siato et al., 2009). This was demonstrated by Ma et al., 

(2023), who reported an annual NEE range between -308.75 ± 21.65 and 5.69 ± 18.24 g C m2 yr-1 across eleven alpine meadow 40 

systems on the Qinghai-Tibet Plateau, with only one site functioning as a weak net carbon source. Similar results were reported 

by Marcolla et al. (2011) (Italian Alps), Koch et al. (2008) (Austria), and Sun et al. (2019) (Tibetan Plateau), though exhibiting 

varying sink strength. The distinct characteristics of individual systems, coupled with limited long-term records, hinder 

consensus on the NEE of alpine meadows. For instance, Knowles et al. (2019) (Colorado), Carrillo-Rojas et al. (2019) 

(Equatorian Andes), and Zhao et al. (2010) (Tibet) all reported alpine meadows as net carbon sources, some of which were 45 

associated with permafrost melt and the subsequent liberation of previously inaccessible carbon. Likewise, interannual 

variability complicates the determination of systems as net carbon sinks or sources (Marcolla et al., 2011). These unequivocal 

findings reiterate the necessity for site-specific quantifications of NEE over distinct ecosystems. This is especially the case for 

alpine meadows in the Australian Alps, where comparatively mild and short winters have created highly distinct systems.  

Typically, NEE of alpine meadows exhibits seasonality, functioning as net carbon sinks under snow-free conditions and weak 50 

net carbon sources under snow-covered conditions (Zhao et al., 2010; Knowles et al., Koch et al., 2008). This is predominantly 

driven by seasonal variations in photosynthetically active radiation (PAR: 400-700 nm) and soil temperatures and their 

respective influences on GPP and Reco, which is largely modulated by snow cover. However, there is substantial spatiotemporal 

variation in the dominant drivers, with leaf area index and soil water content remaining key predictors, both of which are 

influenced by snow cover (Saito et al., 2009; Koch et al., 2008; Wang et al., 2025).  55 

1.2 Influence of snow on gross primary productivity 

Gross primary productivity represents the carbon uptake driven by autotrophic photosynthesis. In photosynthesis, the 

photochemical component is governed by the availability of solar radiation, whereas the biochemical component is governed 

by concentrations of CO2, temperature, as well as the supply of water and mineral nutrients (Saito et al., 2009; Schulze and 

Caldwell, 1995). Under snow-covered conditions, low temperatures and reduced PAR substantially dampen photosynthetic 60 

activity. Temperatures below zero lower the efficiency of biochemical processes, with vascular plants typically operating at 
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20-30 % of their maximum capacity at 0℃, decreasing further with subsequent temperature drops (Körner, 2021). These rates 

are further dampened by the reduced availability of PAR under snow-covered conditions, an effect that becomes more 

substantial as snow depth increases, constraining photochemical processes. 

 65 

Snowpacks attenuate PAR by reflection at the surface (albedo) and extinction through the snowpack (Körner, 2021; Robson 

and Aphalo, 2019). Characterised by high surface albedo, snowpacks reflect between 60 and 90% of incident shortwave 

radiation. The reflectiveness of snowpacks is governed by characteristics including grain size, shape, liquid water content, 

surface roughness, and presence of impurities, as well as prevailing environmental factors including solar zenith angle, cloud 

conditions, and the underlying surface characteristics of thin snowpacks (Zhang, 2005). 70 

The minimal irradiance absorbed by the snowpack diminishes precipitously with depth through backscattering and absorption 

processes (Robson and Aphalo, 2019), with an estimated <10 % of incident PAR penetrating to a depth of 10 cm, reducing to 

2-3 % at 20 cm and negligible at a depth greater than 30cm (Körner, 2003; Robson and Aphalo, 2019). Additionally, snowpacks 

disrupt the incident spectral composition of PAR by preferentially adsorbing longer wavelengths, associated with red light, 

over shorter wavelengths, associated with blue and green light. This further inhibits photochemical processes, as red light 75 

wavelengths are most efficiently utilised during photosynthesis, particularly under low light conditions (McCree, 1972; Liu 

and van Lersel, 2021).  

1.3 Influence of snow on ecosystem respiration 

Ecosystem respiration is the combined sum of autotrophic and heterotrophic respiration in an ecosystem and is dominated by 

soil respiration (Knowles et al., 2015). Consequently, Reco is largely determined by soil temperature, which governs the 80 

metabolic rate of soil microbes (Skinner, 2007; Saito et al., 2009; Warren and Taranto, 2011). Snow has a low thermal 

conductivity that insulates the underlying ground. In doing so, it reduces diurnal fluctuations in soil temperature, maintaining 

a threshold that facilitates both plant and soil respiration (Körner, 2021; Warren and Taranto, 2011; Merbold, Rogiers and 

Eugster, 2012; Zhang, 2005). Similarly, it lowers the frequency and depth of soil freezing events, preventing associated drops 

in soil microbial biomass, diversity, and activity (Warren and Taranto, 2011; Sorensen et al., 2018). This enables Reco to 85 

continue under snow-covered conditions, often transitioning ecosystems to net carbon sources, with the snow preferentially 

inhibiting GPP (Hubbard et al., 2005; Monson et al., 2006; Reverter et al., 2010; Pullen et al., 2016; Euskirchen et al., 2012). 

 

The insulating potential of snowpacks is proportionate to depth (Merbold, Rogiers, and Eugster, 2012; Zhang, 2005). As snow 

depth increases, soil temperatures and Reco stabilise, typically plateauing at a snow depth of 40 to 60 cm, at which depth the 90 

insulating potential of the snowpack is maximised (Smith, 1975; Merbold, Rogiers, and Eugster, 2012; Zhang, 2005). To this 

end, thinner snowpacks typically exhibit lower Reco, reflecting the diminished insulation potential of the overlying snowpack 

(Monson et al., 2006). The snowpacks of the Australian Alps are characterised as marginal and shallow relative to those 

situated in higher latitudes and altitudes, where most research has been undertaken on the influence of snow on NEE (Warren 
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and Taranto, 2010). The Australian snowpacks likely permit lower rates of Reco under snow-covered conditions relative to 95 

those cited in the current literature (Sect. 1.3). Likewise, shallow snowpacks attenuate less PAR, facilitating higher rates of 

GPP. Thus, it is also probable that the marginal snowpacks of the Australian Alps permit higher rates of GPP under snow-

covered conditions, with alpine meadows potentially functioning as net carbon sinks year-round. 

 

Here we present the first observations of NEE over an alpine meadow ecosystem in the Australian Alps using the EC method. 100 

We analyse the individual and combined influences of meteorological variables on NEE, GPP and Reco, over diurnal and 

seasonal timescales, under snow-free and snow-covered conditions, to evaluate the influence of snow on CO2 fluxes in the 

Australian Alps. 

2 Physical setting 

2.1 Regional context 105 

The Australian Alps span approximately 1.6 million hectares in the southern extent of the Great Dividing Range and include 

the tallest peak on the Australian continent, Mt. Kosciuszko (2228 m a.s.l.) (Department of Climate Change, Energy, the 

Environment and Water, 2023). The prevailing temperate climate is characterised by cool to mild summers with no distinct 

dry season and a cold and wet winter season (Stern, de Hoedt, and Ernst, 2000; Sahukar et al., 2003). The region is unique in 

Australia, being the only mainland area that regularly receives rainfall year-round (Gunawardhana et al., 2025). Precipitation 110 

primarily falls as snow between June and September, coinciding with the northward movement of the subtropical ridge, 

enabling cold fronts to pass over the region (Chubb et al., 2011; Theobold et al., 2016; Schwartz et al., 2021). This precipitation 

ensures a valuable ecosystem service, accounting for 29 % of the inflow yield into the 1.06 km2 Murray-Darling Basin. This 

generates economic activity estimated at around $9.6 billion annually, facilitating downstream agricultural and industrial 

activities, and simultaneously producing hydroelectric power (Worboys and Good, 2011). 115 

In the Australian Alps, snowpacks exhibit substantial intra- and inter-annual variability, typically forming in late May to June, 

before ablating in mid-September to October (Bilish et al., 2019; Snowy Hydro Ltd, 2023). The snowpack is classified as 

marginal with the relatively mild air and soil temperatures combining with high incident solar radiation to create a dense, 

isothermal snowpack that exhibits basal melt and relatively constant ablation (Bilish et al., 2018; Bilish et al., 2019; Schwartz 

et al., 2020a; Schwartz et al., 2020b). 120 

The region is within the Australian Alps bioregion (Sahukar et al., 2003), with the majority classified as sub-alpine, and only 

250 km2 considered truly alpine, 100 km2 of which is centred on Mt Kosciuszko above approximately 1830 m (Costin et al., 

2000). 
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2.2 Study site 

The study site is located in the headwaters of the Pipers Creek catchment within the Australian Alps (36.418° S, 148.422° E, 125 

1847 m a.s.l; Fig. 1e) (Schwartz, 2021) and within an ecotone between alpine and sub-alpine zones, featuring vegetation 

communities characteristic of both (Ecology Australia Pty Ltd, 2003; Sahukar et al., 2003). These vegetation communities 

have been described as upper sub-alpine (Eucalytpus pauciflora) woodland, tall alpine heathlands, sod tussock grassland, 

upland and valley bogs (Ecology Australia Pty Ltd, 2003; Connell Wagner Pty Ltd, 2000) with sod tussock grassland 

representative of the target alpine meadow ecosystem. Grassland species associated with the study site include Poa hiemata, 130 

Poa costiniana, Rytidosperma nudiflorumi (Ecology Australia Pty Ltd).  

To provide context on the prevailing bioclimatic properties of the study site, climate data was obtained from the Australian 

Bureau of Meteorology Perisher Valley AWS weather station #071075, located approximately 1.25 km northwest of the study 

site (36.41° S, 148.41° E, 1738 m a.s.l) . The site receives 2138.16 mm precipitation annually, exhibiting substantial interannual 

variability, recording a range of 1300 mm between 2010 and 2025 (Bureau of Meteorology, 2026). Maximum and minimum 135 

temperatures during summer are 18.26℃ and 6.24℃, and 3.70℃ and -3.46℃ during winter, respectively. 
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Fig. 1. Study area: (a) location of study region within Australian continent, (b) location of study site within regional digital elevation model 

(DEM) of the Australian Alps (site indicated by ‘+’), (c) two-dimensional flux footprint prediction (FFP) model output from 10 June 2025 

to 31 December 2017 (red contours denote 10 % isopleths; base image © 2025 google), (d) eddy covariance instrumentation set up at study 140 
site under snow-covered conditions (26 July 2018), (e) FFP overlaid with unsupervised land classification map, derived from red-green-blue 

spectrum analysis of google satellite imagery. 

3.0 Methods 

3.1 Data collection 

Direct measurement of CO2 fluxes was undertaken from the 10th June 2016 to the 19th November 2019 using an EC tower 145 

(Figure 1e). The EC system comprised a Campbell Scientific CSAT3 sonic anemometer paired with an EC150 infrared open-

path gas analyser mounted at a height of 3 m above the ground surface, sampling at 10 Hz. Ambient air temperature and 
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relative humidity were measured using a Vaisala HMP155 probe installed at approximately 3.1 m. Incoming and outgoing 

shortwave radiation were measured using a Kipp and Zonen CNR4 radiometer installed at 3 m. Soil temperature was measured 

using a Campbell Scientific CS650 installed at a depth of 5 cm. PAR, snow depth, and barometric pressure were measured 150 

using a LICOR LI-190SB Quantum sensor, a Sommer USH-8 ultrasonic snow depth sensor, and a Vaisala PTB110 sensor, 

respectively. CO2 fluxes and accompanying meteorological data were aggregated into 30-minute average blocks using a 

Campbell Scientific CR3000 micrologger running the EasyFlux DL software. Instrument specifications are presented in 

Table 1. 

 155 

Table 1. Study site instrumentation. 

Instrument and  

manufacturer 
Manufacturer Variables measured Accuracy/resolution 

CSAT3A Campbell Scientific (USA) 

3-D wind components, wind 

speed and direction, and 

sonic temperature 

± 5 cm s-1 

EC150 Campbell Scientific (USA) CO2 gas density 2 % 

HMP155 Vaisala (Finland) 
Air temperature, relative 

humidity 

< 0.3 ℃ 

<1.8 % RH 

CNR4 
Kipp and Zonen 

(The Netherlands) 

Incoming and outgoing 

shortwave radiation 
< 5 % Daily Total 

CS650 Campbell Scientific (USA) 
Soil water content, soil 

temperature 

± 3 % SWC 

± 5℃ 

LI-190SB LICOR (USA) 
Photosynthetically active 

radiation (PAR) 
< 1% 

USH-8 
Sommer (Austria) 

(Austria) 
Snow depth 0.1 % of range 0 – 8 m 

PTB110 
Vaisala 

(Findland) 
Barometric pressure ± 0.15 kPa 

3.2 Flux footprint prediction model 

To ensure CO2 flux data was representative of the target ecosystem, a flux footprint prediction model (FFP), adapted from 

Kljun et al. (2015), was developed to determine the spatial origins of CO2 fluxes. The resulting FFP showed most fluxes 

originated northwest of the EC tower, with the 90th percentile extending approximately 400 m. When overlayed with an 160 

unsupervised land classification (Figure 1e) and surface vegetation map, the FFP primarily captured the target sod-tussock 
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grassland community, with some marginal upper sub-alpine (Eucalyptus pauciflora) woodland and tall alpine heathlands 

communities featuring within the 80th to 90th isopleths. Fluxes within these isopleths have not been excluded from the final 

flux dataset, due to the marginal nature of non-target ecosystem patches and their subsequent marginal influence on the overall 

NEE. 165 

3.3 Data processing and corrections 

The raw 10 Hz EC data were corrected using a double rotation method adapted from Stiperski and Rotach (2016) to correct 

for potential errors caused by imprecise instrument levelling, as well as to remove larger-scale signals associated with thermally 

driven anabatic and katabatic flows. Fluxes were corrected for both sensor response delays and the spatial separation between 

the sonic anemometer and gas analyser. Air density corrections adapted from Webb et al. (1980) were applied to consider 170 

vertical velocities derived from changes in water vapor and heat content. Flux data was despiked following a three-step process. 

First, implausible values were removed upon visual inspection. Second, flux records associated with a water vapour signal 

strength of < 0.7 were removed to minimise errors associated with precipitation on the sensor lenses (Gray et al., 2018), and 

finally, a 6-point moving average filter was applied to the flux dataset over three iterations, removing values exceeding three 

standard deviations from the average moving window (Vickers and Mahrt, 1997). Data gaps less than 90 minutes were filled 175 

using linear interpolation (Falge et al., 2001a, Falge et al., 2001b). 

3.4 Data post-processing 

To alleviate bias associated with underestimation of nighttime fluxes, fluxes recorded during periods of low turbulence were 

removed with a site- and season-specific u* threshold that was applied using a moving point method adapted from Papale et 

al. (2006). The u* filtering excluded 37 % of half-hourly flux observations, requiring 59.5 % of the original dataset to be gap-180 

filled following the previous data processing and correction methods. Gap-filling was undertaken using a marginal distribution 

sampling (MDS) method adapted from Reichstein et al. (2005a). This method first integrated a look-up table method, 

identifying fluxes recorded under similar meteorological conditions - specifically incident shortwave radiation, ambient air 

temperature, and vapour pressure deficit - within a defined moving time window of seven days. During periods of insufficient 

meteorological data, a mean diurnal cycle (MDC) method was adopted, averaging fluxes recorded at the same time of day in 185 

the adjacent time windows.  

A persistent data gap from 27 March 2018 to 20 June 2018 due to instrument failure remained too large to accurately fill and, 

therefore, remains unfilled in the resulting dataset, which contains 56,257 half-hourly measurements of CO2 flux. The resulting 

quality-controlled, gap-filled half-hourly NEE dataset was partitioned into its primary components - GPP and Reco - using the 

standardized methods established in Reichstein et al. (2005b, c). This approach modelled nighttime NEE, which is equivalent 190 

to Reco in the absence of photosynthetic activity, as a function of temperature in accordance with the Lloyd and Taylor (1994), 

model. This association was then extrapolated to daytime conditions to estimate daytime Reco. GPP values were calculated as 

the difference between modelled Reco and observed NEE. The REddy Proc R-package (version 1.3.3, Wultzer et al., 2024) was 
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utilised for u* filtering, gap filling, and flux partitioning post-processing steps (Wultzer et al., 2018), and was selected due to 

its application in comparable studies (Carrillo-Rojas et al., 2019; Michael and Seneviratne, 2022). 195 

3.5 Summary statistics and analysis 

To investigate the influence of prevailing meteorological conditions on CO2 fluxes during snow-free and snow-covered 

conditions, a series of statistical analyses was undertaken. Firstly, the Pearson correlation method was used to establish linear 

associations between individual meteorological variables and CO2 fluxes. Secondly, a random forest machine learning 

algorithm (RF) was used to determine the combined influence of meteorological variables on CO2 fluxes using the 200 

“randomForest” R-package (version 4.7-1.2, Liaw and Wiener, 2002; Brieman, 2001). The RF variable importance scores for 

meteorological variables – indicating the relative importance of predictors in determining response variables were calculated 

as the percent increase in mean squared error resulting from random permutation of each meteorological variable. 

Thirdly, a generalised additive model (GAM) was developed to model the combined influence of meteorological variables on 

NEE during snow-free and snow-covered conditions using the ‘mgcv’ R-package (version 1.9-4; Wood, 2011).  205 

A GAM explains the non-linear relationship between a series of predictors and a single response variable by modelling the 

response variable as an additive sum of a smooth function in accordance with Eq. (1). 

𝑌 =  𝑐 + 𝑓1(𝑥1) + 𝑓2(𝑥2) … + 𝑓𝑛(𝑥𝑛) + 𝜀  ,         (1) 

where Y is the response variable, x is the predictor, f is the smooth function, c is the baseline value, and ε is the error term. 

Thin-plate splines are then utilised to construct smooth functions of each explanatory variable (Hastie and Tibshirani, 1986; 210 

Wood, 2017). The fitness and smoothness of these smooth functions are optimised using a smoothing parameter selected by 

the restricted marginal likelihood (REML) method. This is a form of maximum likelihood estimation that derives a likelihood 

function from a transformed dataset to render nuisance parameters redundant (Pal and Chakravarty, 2020). 

Meteorological variables were selected for the GAM with consideration of RF variable importance scores and concurvity, 

where the influence of one explanatory variable can be explained by another, introducing model redundancy.  215 

Snow-covered conditions were defined by a snow depth greater than 30 cm, based on the mean height of grassland vegetation 

at the study site. As snow depth was not recorded during 2016, the winter months of 2016 were excluded from the subset 

datasets. Snow-free and snow-covered datasets were established between the 19th of November 2016 and the 19th of 

November 2019, providing three complete years of CO2 flux and snow-depth data, excluding a data gap from 27 March 2018 

to 20 June 2018. Snow-free and snow-covered datasets included 864 and 232 days, respectively. 220 

To establish ecosystem CO2 flux characteristics at varying temporal scales, both diurnal and seasonal trends were analysed. 

Diurnal trends were analysed using mean half-hourly CO2 fluxes (μmol CO2 m-2 s-1) and corresponding meteorological 

variables, whilst seasonal trends were analysed using daily CO2 fluxes (g C m-2 day-1) and daily averaged meteorological 

variables. Precipitation data, obtained from the Perisher Valley AWS weather station #071075, were confined to daily totals 
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and therefore have only been used for seasonal analysis. Negative NEE values correspond to net carbon influx whilst positive 225 

NEE values correspond to net carbon efflux. 

4.0 Results 

4.1 Prevailing meteorological conditions 

The prevailing meteorological conditions of ambient air temperature (Tair), soil temperature (Tsoil), PAR, vapour pressure 

deficit (VPD), wind speed (WS), relative humidity (RH), precipitation (PPT), and snow depth (SD) during the measurement 230 

period from the 10th June 2016 to the 19th November 2019 are presented in Fig. 2. Air temperature (Tair), soil temperature 

(Tsoil), PAR, and to a lesser extent vapour pressure deficit (VPD), all exhibited a similar seasonal trend of peaking during 

summer before subsiding during winter. Tsoil plateaued around 0 ℃ during winter, coinciding with the formation of the 

snowpack. Conversely, wind speed (WS) peaks during winter, reflecting the seasonal impact of cold fronts on the Australian 

Alps. Relative humidity (RH) and precipitation (PPT) exhibited no seasonal trend, with both remaining random throughout 235 

the study period. 

The snow depth (SD) exhibited substantial interannual variability in both duration and maximum depth. In 2017, the snowpack 

began to form in July, reaching a maximum depth of 120 cm and prevailing for 68 days. In 2018, the snowpack commenced 

in June, reaching a maximum depth of only 76 cm, but prevailing for 20 days longer at 88 days. In 2019, the snowpack began 

to accumulate in May, reaching a maximum depth of 105 cm and prevailing for 90 days. The study site returned to snow-free 240 

conditions in late September for all years. 
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Fig. 2. Prevailing meteorological conditions: (a) daily average ambient air temperature (Tair), (b) daily average soil temperature (Tsoil), (c) 

daily average photosynthetically active radiation (PAR), (d) daily average vapour pressure deficit (VPD), (e) daily average wind speed (WS), 

(f) daily average relative humidity (RH), (g) daily total precipitation (PPT), (h) daily average snow-depth (SD) 245 

4.2 Seasonal variations in CO2 fluxes 

A half-hourly fingerprint plot of NEE fluxes is presented in Fig. 3a, alongside daily and cumulative values of NEE, GPP, and 

Reco in Fig. 3b and 3c, respectively. In line with prevailing conditions of Tair, Tsoil, and PAR, CO2 fluxes exhibited clear 

seasonality throughout the study period. Under snow-free conditions, NEE remained consistently negative, with a mean daily 

influx of -1.13 g C m-2 day-1. This was driven by higher GPP compared to Reco, with mean daily flux of 4.43 g C m-2 day-1 and 250 

3.21 g C m-2 day-1, respectively. Conversely, under snow-covered conditions, NEE remained consistently positive, with a mean 

daily efflux of 1.44 g C m-2 day-1. Similarly, this was driven by lower GPP compared to Reco, with mean daily flux of 0.50 g C 

m-2 day-1 and 1.95 g C m-2 day-1, respectively. GPP exhibited greater seasonality with a seasonal flux range of 12.21 g C m-2 

day-1 relative to 8.13 g C m-2 day-1 for Reco. 

Accordingly, the site functioned as a net carbon sink under snow-free conditions, transitioning to a net carbon source under 255 

snow-covered conditions. This mirrored cumulative plots of NEE, with negative inclines of carbon influx corresponding with 

snow-free conditions and positive inclines of carbon efflux corresponding with snow-covered conditions, driven by differential 

gradients in GPP and Reco.  
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Interannually, the study site exhibited substantial variability. The site functioned as a net carbon sink for all complete survey 

years (July to June), though varying in sink strength. In 2016/17, cumulative NEE was -246.64 g C m2 yr-1, with the site 260 

functioning as a net carbon sink for 61 % of the year. In 2017/18, cumulative NEE rose to -309.99 g C m2 yr-1 and functioned 

as a net carbon sink for 59 % of the year, though a data gap between 27 March 2018 and 20 June 2018 skewed summary 

statistics to reflect a stronger relative carbon sink. In 2018/19, cumulative NEE dropped to a low of -93.98 g C m2 yr-1 and 

functioned as a net carbon sink for 56 % of the year. 

 265 

Fig. 3. (a) half-hourly NEE fingerprint, (b) daily fluxes of CO2 fluxes, (c) annual cumulative CO2 fluxes, from 01-July to 31-June. Positive 

slopes denote carbon efflux and negative slopes denote carbon influx. 

4.3 Diurnal variations of CO2 fluxes 

Diurnal plots of NEE, GPP, and Reco during snow-free and snow-covered conditions are presented in Fig. 4a, 4b, and 4c, 

respectively. Under snow-free conditions, NEE exhibited a pronounced diurnal trend. During nighttime hours from 19:30 270 

AEST to 05:00 AEST,  NEE was stable and positive, plateauing at approximately 2.78 μmol CO2 m-2 s-1. This is reminiscent 
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of NEE being equivalent to Reco in the absence of PAR and subsequent photosynthetic activity. During daylight hours from 

05:30 AEST to 19:00 AEST, NEE exhibited a pronounced U-shaped trend, becoming negative between 07:00 AEST and 17:30 

AEST and reaching a minimum of -7.67 μmol CO2 m-2 s-1 at 11:30 AEST. This is reflective of GPP becoming the dominant 

influence on NEE, as photosynthetic activity resumes with the influx of PAR. Ultimately, daytime NEE influx exceeded 275 

nighttime NEE efflux, rendering the site a net carbon sink under snow-free conditions.  

Under snow-covered conditions, diurnal trends in NEE were substantially dampened, with a diel range of 1.61 μmol CO2 m-2 

s-1 relative to 10.52 μmol CO2 m-2 s-1, under snow-free conditions. During nighttime hours from 18:00 AEST to 07:00 AEST, 

NEE was stable and positive, plateauing at 1.85 μmol CO2 m-2 s-1. Akin to snow-free conditions, this is indicative of NEE 

being equivalent to Reco, with nighttime Reco remaining slightly lower under snow-covered conditions. During daytime hours 280 

from 07:30 AEST to 17:30 AEST, NEE exhibited a slight U-shaped trend, reaching a minimum of 0.41 μmol CO2 m-2 s-1 

around midday. Under snow-covered conditions, NEE remained positive, rendering the site a net carbon source.  

Whilst both GPP and Reco were constrained under snow-covered conditions, GPP was disproportionately inhibited. 

Additionally, GPP was the dominant component of NEE, indicated by the close mirroring in diurnal trends between NEE and 

GPP. 285 
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Fig. 4. Diurnal CO2 fluxes under snow-free and snow-covered conditions, (a) NEE (b) GPP (c) Reco. 

4.4 Meteorological influences on CO2 fluxes 

A Pearson correlation matrix between meteorological predictors and CO2 fluxes under snow-free and snow-covered conditions 

at half-hourly and daily timescales is presented in Fig. 5. Under snow-free conditions, half-hourly NEE exhibited a strong 290 

negative linear association with PAR, which mirrored a comparatively strong positive linear association between GPP and 

PAR. This close association largely explains the symmetrical U-shaped diurnal trend for NEE and GPP, which closely mirrored 

that of PAR. Conversely, Reco exhibited a strong positive association with Tair and Tsoil, which, similarly, governed the 

asymmetrical U-shaped diurnal trend for Reco, which closely mirrors that of Tair and, to a lesser extent, Tsoil. 

At the daily timescale, the negative association between NEE fluxes and PAR weakened, offset by a stronger negative 295 

association with Tsoil. This mirrored GPP, which also exhibited a strong association with Tair. Daily Reco remained largely 

consistent with half-hourly associations. Under snow-free conditions, VPD shared a moderate linear association with all CO2 
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fluxes at both half-hourly and daily timescales. Conversely, WS, RH, and PPT exhibited indistinguishable linear associations 

with CO2 fluxes. Under snow-covered conditions, the strength of linear associations between meteorological predictors and 

CO2 fluxes substantially weakened, signifying a diminished influence of meteorological variables under snow-covered 300 

conditions. 

 

Fig. 5. Pearson correlation matrix between meteorological predictors of CO2 fluxes under snow-free conditions at (a) half-hourly and (b) 

daily timescales, and under snow-covered conditions at (c) half-hourly and (d) daily timescales. 

Fig. 6 presents the RF variable importance scores of meteorological predictors of CO2 fluxes under snow-free and snow-305 

covered conditions at half-hourly and daily timescales.  

Under snow-free conditions, half-hourly NEE and GPP fluxes were most strongly predicted by PAR, followed by Tsoil, with 

RH, Tair, WS, and VPD returning comparatively low scores. Conversely, half-hourly Reco was more equally predicted across 

all predictors, with RH exhibiting the highest score, followed by WS, Tsoil, PAR, Tair, and VPD.  

https://doi.org/10.5194/egusphere-2026-4164
Preprint. Discussion started: 28 August 2026
c© Author(s) 2026. CC BY 4.0 License.



16 

 

Under snow-free conditions, daily NEE remained most strongly predicted by PAR, followed by Tsoil and Tair. GPP was most 310 

strongly predicted by Tsoil, followed by PAR and Tair, while Reco was primarily predicted by Tsoil and Tair. 

Under snow-covered conditions, the RF models for half-hourly NEE and GPP, as well as all daily CO2 fluxes, returned 

comparatively low importance scores relative to snow-free conditions. This aligned with the percentage of variance in CO2 

fluxes explained by each RF model (Supplementary material). Under snow-free conditions, RF models explained substantial 

variance in half-hourly CO2 fluxes, and to a lesser extent, daily CO2 fluxes. This suggests the meteorological predictors PAR, 315 

Tsoil, RH, Tair, WS, VPD, and PPT were key predictors of diurnal and seasonal variances in CO2 fluxes under snow-free 

conditions. Conversely, under snow-covered conditions, RF models explained minimal variance for both half-hourly and daily 

CO2 fluxes, with the exclusion of half-hourly Reco. This suggests that these meteorological predictors have diminished influence 

on the diurnal and seasonal variances of CO2 fluxes under snow-covered conditions, aligning with the results of the Pearson 

correlation matrix.  320 

Interestingly, the RF model for half-hourly Reco explained substantial variance under snow-covered conditions, with variable 

rankings largely consistent with snow-free conditions, excluding PAR, which transitioned from the fourth to the least important 

variable. 
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Fig. 6. Bar plots of RF variable importance for meteorological predictors on CO2 fluxes under snow-free conditions at (a) half-hourly and 325 

(b) daily timescales, and under snow-covered conditions at (c) half-hourly and (d) daily timescales. 

The partial dependence plots derived from the GAMs, depicting the relationships between meteorological variables  PAR, 

Tsoil, and RH  and NEE at half-hourly and daily timescales under snow-free and snow-covered conditions, are presented in 

Fig. 7. Under snow-free conditions, half-hourly NEE exhibited a strong, slightly exponential, negative relationship with PAR. 

This relationship is indicative of a typical photosynthetic light-response curve, where NEE decreases rapidly with the initial 330 

influx of PAR before gradually reaching a saturation point, where additional PAR yields diminishing NEE. At the daily 
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timescale, this relationship became more linear, with a smaller PAR range inhibiting the formation of a complete saturation 

trend. This relationship is consistent with the RF variable importance scores, with the negative relationship confirming the 

dominant influence of PAR on GPP relative to Reco, driving net carbon influx. 

Alternatively, Tsoil exhibited an asymmetrical U-shaped relationship with NEE across both half-hourly and daily timescales. 335 

This association is analogous to a thermal performance curve, wherein NEE declines exponentially from 0 ℃ to approximately 

12-13 ℃, before rising with subsequent temperature rises. Thus, 0 ℃ to 12-13 ℃ corresponds to a temperature range where 

increases in Tsoil correspond to a rise of net carbon influx, whilst subsequent temperature increase drives net carbon efflux. 

Half-hourly RH shared an asymmetrical, inverted U-shaped relationship with NEE. Comparable to Tsoil, this relationship 

somewhat resembles a thermal performance curve, where NEE rapidly increases with RH between 0 % and approximately 340 

25 %, gradually declines between 25 % and 75 %, before reverting to a gradual incline with additional increases. Similar to 

PAR, this is consistent with the RF variable importance scores, with a mostly positive relationship between NEE and RH 

confirming the dominant influence of RH on Reco driving carbon efflux. At the daily timescale, there is no distinguishable 

relationship between NEE and RH evidenced by the underfitted partial dependence plot, which is consistent with the RF model. 

Under snow-covered conditions, the relationships between NEE and PAR, Tsoil, and RH weakened with underfitted plots for 345 

daily PAR and RH and overfitted plots for half-hourly and daily Tsoil plots, signifying a weaker underlying signal-to-noise 

ratio. Half-hourly PAR, whilst exhibiting some overfitting, demonstrated a weaker negative relationship between NEE and 

PAR under snow-covered conditions, aligning with the results of the Pearson correlation and RF model. RH and NEE appear 

to maintain a relationship under snow-covered conditions, though varying from that exhibited under snow-free conditions. 

Between 0 % and approximately 35 %, NEE was negatively associated with RH, transitioning to a positive relationship 350 

between approximately 35 % and 60 %, before reverting to a negative association with higher RH. 
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Fig. 7. Partial dependence plots derived from GAMs depicting the influence of meteorological variables on NEE under snow-free conditions 

at (a) half-hourly and (b) daily timescales, and under snow-covered conditions at (c) half-hourly and (d) daily timescales. Blue shaded areas 

correspond to a 95 % confidence interval. 355 
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5.0 Discussion 

5.1 Influence of snow on GPP  

The suppression of GPP under snow-covered conditions is primarily driven by the attenuation of PAR due to increased surface 

albedo and extinction within the snowpack. Statistical analysis of meteorological predictors of CO2 fluxes demonstrated that 

PAR principally governed NEE and GPP under snow-free conditions. Under snow-covered conditions, the strength of these 360 

associations substantially diminished. This is consistent with observations made by Zhao et al (2010), over an alpine meadow 

in the Tibetan Plateau, where the dominant influence of PAR on daily variations in NEE was confined to the growing season. 

The heightened surface albedo associated with the snowpack at the study site is depicted in Fig. 8, where steep declines in net 

shortwave radiation (K*) coincide with the formation of the snowpack. Under snow-free conditions, mean K* was 314.87 

Wm-2, decreasing to 80.12 Wm-2 under snow-covered conditions. Of this, Körner (2021) notes the remaining irradiance would 365 

be adsorbed or backscattered within the first 30 cm of the snowpack, leaving marginal PAR to sustain photosynthetic activity. 

Despite this, autotrophs at our site continued photosynthesising under shallow snow-covered conditions, indicated by a slight 

decrease in NEE during daytime hours in Fig. 4. Ultimately, the attenuation of PAR by the deeper snowpack largely inhibited 

photosynthesis, transitioning the site to a net carbon source, aided by the subsequent insulating of the underlying ground. 

 370 

Fig. 8. Prevailing net shortwave radiation (K*) overlaid with snow depth. 
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5.2 Influence of snow on Reco 

Persistent Reco under snow-covered conditions can be largely attributed to the insulation of the underlying soil by the snowpack, 

modulating Tsoil. A timeseries of meteorological variables presented in Fig. 4 depicts Tsoil closely mirroring seasonal 

variations in Tair, except during periods of snow cover, where it plateaus between 0℃ and 2℃. This is reinforced in Fig. 9, 375 

where the close positive linear association between Tair and Tsoil under snow-free conditions dissociates under snow-covered 

conditions. It has been widely established in literature that the low thermal conductivity of snowpacks insulates the underlying 

ground, maintaining a soil temperature threshold that facilitates both plant and soil respiration (Körner 2021, Warren and 

Taranto 2011, Zhang 2005). This phenomenon has been observed at the study site where the plateauing of Tsoil coincides with 

the persistence of Reco under snow-covered conditions depicted in Figs. 3 and 4. Additionally, the insulating influence of the 380 

snowpack likely prevented freeze-thaw events and associated drops in respiration (Warren and Taranto, 2011; Sorensen et al., 

2018).  

Notably, the RF model of half-hourly Reco indicated all meteorological variables, excluding PAR, similarly influenced Reco 

under snow-free and snow-covered conditions, suggesting the influence of these meteorological variables on the diurnal 

variations of Reco was not perturbed by the snowpack. This seems unlikely given that the snowpack would likely shield the 385 

underlying ground from diurnal oscillations in RH, WS, Tair, and VPD. Thus, the insulation of ground temperatures facilitated 

by the snowpacks remains the dominant mechanism driving persistent Reco under snow-covered conditions, transitioning the 

site from a net carbon sink to a source under snow-covered conditions.  

 

Analysis on the influence of snow on both GPP and Reco was limited by the exclusion of important meteorological and 390 

biological parameters, which were not observed as part of this study. These include, but are not limited to, soil water content, 

leaf area index, and substrate availability, all of which have been observed as key predictors of NEE fluxes in snow-covered 

ecosystems (Koch et al., 2008; Zhao et al., 2010). In excluding such predictors, the strength of associations between the selected 

predictors and CO2 fluxes is likely inflated, overestimating their relative importance in determining diurnal and seasonal 

variances of CO2 fluxes. 395 
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Fig. 9. Tsoil and Tair (a) under snow-free conditions and (b) under snow-covered conditions; the red line denotes the 1:1 line. 

5.3 Comparison of NEE over other alpine meadow communities 

The seasonality of CO2 fluxes at the study site saw the site function as a net carbon sink under snow-free conditions and a net 

carbon source under snow-covered conditions. This is consistent with NEE over most alpine meadow systems, with 400 

comparable CO2 flux timeseries and cumulative plots presented in Zhao et al (2010) and Knowles et al (2019). Likewise, 

seasonality in NEE has been observed in other alpine communities. Reverter et al (2010) noted the dominance of Reco during 

snow-covered conditions over an alpine shrubland community, which changed the system from a net carbon sink. Similarly, 

Gunawardhana et al (2025) observed the transition of a peatland community in the Australian Alps from a net carbon sink 

under snow-free conditions to a net carbon source under snow-covered conditions. Table 2 presents the annual CO2 fluxes 405 

recorded at the study site alongside those observed in other alpine meadow communities globally. 

The study site functioned as a strong net carbon sink relative to other alpine meadow communities, with considerably higher 

GPP and Reco fluxes. More broadly, the ecosystem functioned as a strong net carbon sink relative to other ecosystems, with 

Baldocchii (2014) reporting the mean of -156 +- 284 gC m-2 yr-1 across approximately 1400 sites, with the most negative 

values associated with evergreen plantations and positive values associated with disturbed sites (Baldocchi, 2014). The strength 410 

of the net carbon sink corresponds with the prevailing climate, which facilitates a comparatively short snow-covered period 

that enables the site to function as a net carbon sink for longer. This is consistent with Gunawardhana et al. (2025), who 

observed a comparatively strong net carbon sink over peatland systems of the Australian Alps, relative to those in the Northern 

Hemisphere. Likewise, Warren and Taranto (2011) noted that below-snow Reco contributed little to annual Reco in a sub-alpine 
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grassland ecosystem in the Australian Alps due to the comparatively short snow season. They observed below snow Reco 415 

contributed 4.1-4.3 % of annual Reco, which is lower than the 13.08 % recorded at the study sites. Regardless, both systems 

recorded values lower than those of comparable ecosystems in the Northern Hemisphere, with longer snow seasons (10-50 %) 

(Warren and Taranto, 2011). Thus, the comparatively long snow-free period enables alpine meadow ecosystems in the 

Australian Alps to sequester comparatively higher levels of carbon, relative to their Northern Hemisphere counterparts. In 

doing so, it reinforces the value of these systems in offsetting carbon emitted to the atmosphere from anthropogenic sources 420 

as well as the urgency of conserving and managing these areas accordingly. 
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Table 2. Annual CO2 fluxes of other alpine meadow communities. 

Ecosystem Location 
Elevation 

(m) 

Longitude/ 

Latitude 

Survey 

period 
NEE GPP Reco Reference 

Alpine 

meadow 

Australian 

Alps 
1847 

36.42° S / 

148.42° E 

2016-

2019 
-216.9 1183.5 966.6 Present study 

Tropical 

alpine 

grassland 

Northern 

Andean 

Páramo 

3765 
3.06 S / 

79.24 W 

2016-

2018 
98.8 1170.8 1269.5 

Carrillo-Rojas et 

al., 2019 

Alpine tundra 
Rocky 

Mountains 
3050 

40.05 N / 

105.59 W 

2008-

2012 
232.4 108.6 341.0 

Knowles et al., 

2019 

Alpine wet 

meadow 

Qinghai-

Tibetan 

Plateau 

3250 
37.58 N / 

101.33 E 

2004-

2006 
106.1 629.9 737.3 Zhao et al., 2010 

Alpine 

meadow 
Italian Alps 1550 

46.01 N / 

11.04 E 

2003- 

2009 
-9.1 - - 

Marcolla et al., 

2011 

Alpine 

meadow 

Tibetan 

Plateau 
3033 

38.05 N / 

100.46 E 

2015-

2016 
-198.9 818.3 619.6 Sun et al., 2019 

Alpine 

meadow 

Tibetan 

Plateau 
3739 

38.84 N / 

98.94 E 

2015-

2016 
-258.9 467.5 208.6 Sun et al., 2019 

Alpine 

meadow 

Tibetan 

Plateau 
4148 

38.01 N / 

100.24 E 

2015-

2016 
-105.3 228.6 123.3 Sun et al., 2019 

Alpine 

peatland 
Italian Alps 1563 

46.02 N / 

11.04 E 

2012-

2014 
180.7 1191 1307.7 

Pullen et al., 

2016 

Sub-alpine 

peatland 

Australian 

Alps 

1670-

1750 

36.86° S / 

147.32° E 

2017-

2019 
-320.6 1198.3 877.7 

Gunawardhana et 

al. 2025 
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5.3 CO2 flux and climate change 425 

Literature on NEE over alpine meadows under future climate regimes is univocal. Alpine grasslands on the Tibetan Plateau 

have exhibited a stronger net carbon sink of 1.14 tg C year-1 between 1982 and 2018, largely derived from an increased 

temperature environment (Wang et al., 2023). Conversely, alpine tundra communities on the Niwot Ridge in Colorado have 

shown a stronger net carbon source resulting from permafrost thawing under warmer soil temperatures (Knowles et al., 2019).  

Warmer temperatures, reduced winter precipitation, and higher rates of snowmelt are anticipated to reduce the temporal and 430 

spatial extent of snowpacks in the Australian Alps by 15 % by 2030 and 60% by 2070 (Di Luca et al., 2018). This will increase 

the snow-free period and, therefore, the period during which the system functions as a net carbon sink, assuming ecosystem 

dynamics remain constant. Similar conclusions have been considered by Pullens et al. (2016) and Humphreys and Lafleur 

(2011), both acknowledging the fragility of such conclusions given the complex interactions between environmental drivers. 

The GAM between NEE and Tsoil presented in Fig. 7 for both half-hourly and daily timescales depicted a positive relationship 435 

between NEE and Tsoil beyond approximately 12-13 ℃, signifying a threshold where additional increases in soil temperature 

promote carbon efflux. This suggests that warmer soil temperatures under future climate regimes may accelerate Reco, 

particularly if not offset by proportionate increases in PAR to sustain comparable increases in GPP, which is unlikely. Thus, 

there is potential that the additional carbon sequestered under longer snow-free periods could be subsequently lost by increased 

Reco under warmer soil temperatures, particularly under high temperature extremes experienced during summer months. This 440 

aligns with Saito et al. (2009), who noted that the sink strength of an alpine meadow community on the Tibetan Plateau would 

decrease under warmer conditions, without comparable increases in PAR under future climate regimes.  

6.0 Conclusion 

As climate change continues unabated, it is pivotal to understand the NEE of vulnerable ecosystems. Here we have presented 

results from the first direct measurement of CO2 fluxes over a distinct alpine meadow ecosystem in the Australian Alps using 445 

EC. CO2 fluxes for the site exhibited strong seasonality, functioning as a net carbon sink under snow-free conditions, before 

transitioning to a net carbon source under snow-covered conditions. This seasonal variation was predominantly driven by the 

attenuation of PAR inhibiting GPP and insulation of Tsoil sustaining Reco under snow-covered conditions. Despite the marginal 

nature of the Australian snowpack, NEE under snow-covered conditions was consistent with that of other alpine meadow 

ecosystems associated with deeper snowpacks. The system functioned as a strong net carbon sink, sequestering an average of 450 

216.9 g C m2 yr-1 annually, across the three-year study period. CO2 fluxes were greater relative to other alpine meadow systems, 

globally, largely resulting from a comparatively shorter snow-covered period. As the spatial and temporal extent of snowpacks 

in the Australian Alps is anticipated to decrease under future climate regimes, it is anticipated that the sink strength of alpine 

meadow communities in the Australian Alps will increase. However, associated soil temperature increases may accelerate Reco, 

which could offset additional carbon sequestration from a longer snow-free period. Additional long-term EC data from 455 
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representative alpine meadow ecosystems is required to establish long-term relationships between environmental drivers and 

CO2 fluxes, thereby guaranteeing more accurate NEE modelling to inform improved management practices and policy 

decisions. Additionally, it is recommended that alpine meadow communities and comparable ecosystems in the Australian 

Alps be conserved and managed effectively to preserve their value in offsetting carbon emitted to the atmosphere from 

anthropogenic sources460 
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Appendix A. Diurnal CO2 fluxes  

 

Fig. A1. Diurnal CO2 fluxes for summer, autumn, winter, spring, and snow-covered conditions, (a) NEE, (b) GPP, (C) Reco. 

 

 465 
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Appendix B. Predictive performance of statistical models 470 

Table B1. Percentage of variance explained by random forest and generalised additive models. 

Code and data availability 

Data pertaining to this study is available at: 

Scott, Samuel and McGowan, Hamish.: Pipers Creek alpine CO2 flux and meteorological data, Snowy Mountains, Australia, 

The University of Queensland, Data Collection, https://doi.org/10.48610/26bb8f3, 2026. 475 

Flux Timescale Condition  
 Percentage explained 

(%) 

Random Forest Model 

NEE Half-hourly Snow-free 84.77 

GPP Half-hourly Snow-free 86.67 

Reco Half-hourly Snow-free  83.28 

NEE Daily Snow-free 76.20 

GPP Daily Snow-free 88.20 

Reco Daily Snow-free 74.78 

NEE Half-hourly Snow-covered 17.22 

GPP Half-hourly Snow-covered 30.20 

Reco Half-hourly Snow-covered 75.63 

NEE Daily Snow-covered 34.43 

GPP Daily Snow-covered 21.61 

Reco Daily Snow-covered 39.88 

Generalised Additive Model 

NEE Half-hourly Snow-free 81.9 

NEE Daily Snow-free 66.9 

NEE Half-hourly Snow-covered 17.2 

NEE Daily Snow-covered 27.9 
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