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Abstract 23 

A soil-plant-atmosphere model was used to estimate gross primary productivity (GPP) and 24 

evapotranspiration (ET) of a tropical savanna in Australia. This paper describes model 25 

modifications required to simulate the substantial C4 grass understory together with C3 trees. 26 

The model was further improved to include a seasonal distribution of leaf area and foliar 27 

nitrogen through ten canopy layers. Model outputs were compared to a five year eddy 28 

covariance dataset. Adding the C4 photosynthesis component improved the model efficiency 29 

and root-mean-squared error (RMSE) for total ecosystem GPP by better emulating annual 30 

peaks and troughs in GPP across wet and dry seasons. The C4 photosynthesis component had 31 

minimal impact on modelled values of ET. Outputs of GPP from the modified model agreed 32 

well with measured values, explaining between 79–90% of the variance and having a low 33 

RMSE (0.003-0.281 g C m
-2

 d
-1

). Approximately 40% of total annual GPP was contributed 34 

by C4 grasses. Total (trees and grasses) wet season GPP was approximately 75-80% of total 35 

annual GPP. Light-use-efficiency (LUE) was largest for the wet season and smallest in the 36 

dry season and C4 LUE was larger than that of the trees. A sensitivity analysis of GPP 37 

revealed that daily GPP was most sensitive to changes in leaf area index (LAI) and foliar 38 

nitrogen (Nf) and relatively insensitive to changes in maximum carboxylation rate (Vcmax), 39 

maximum electron transport rate (Jmax) and minimum leaf water potential (ψmin). The 40 

modified model was also able to represent daily and seasonal patterns in ET, (explaining 68–41 

81% of variance) with a low RMSE (0.038-0.19 mm d
-1

). Current values of Nf, LAI and other 42 

parameters appear to be co-limiting for maximising GPP. By manipulating LAI and soil 43 

moisture content inputs, we show that modelled GPP is limited by light interception rather 44 

than water availability at this site. 45 
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 46 

Introduction 47 

Globally, savannas cover an area larger than that of wet tropical rainforest and contribute 48 

approximately 30% of the gross primary productivity of all terrestrial ecosystems (Kanniah et 49 

al. 2009). They are continentally and globally important to the C cycle, are major 50 

determinants of regional water budgets and have high conservation, social, cultural and 51 

economic value (Eamus and Prior, 2001). Savannas have a discontinuous tree canopy above a 52 

continuous herbaceous layer, predominantly comprised of C4 grasses. 53 

 54 

Savannas cover approximately 25% of the Australian continent (Hutley et al. 2000) and 55 

consequently make a significant contribution to Australia’s carbon budget. Savannas of 56 

northern Australia experience a monsoonal climate with a distinct wet season (accounting for 57 

approximately 95% of the rainfall) and a dry season when grasses are absent. Despite this, C4 58 

grasses make a significant contribution to the annual carbon cycle of savannas and 59 

approximately three quarters of the annual carbon flux of north Australian savannas occurs 60 

during the wet season (Chen et al. 2003) when the grasses often account for more than half of 61 

the total leaf area index (Eamus et al. 2001, Hutley et al. 2005). Similarly, stable isotope 62 

analysis suggests that approximately 40% of the annual net primary productivity of a savanna 63 

in Brazil may have originated from C4 grasses, even though the LAI of grasses was only 0.4 64 

and 0.2 for the wet and dry seasons respectively (Miranda et al. 1997). 65 

 66 

While there have been many studies using the eddy covariance method to quantify carbon 67 

and water fluxes at savanna sites (Hutley et al. 2000, Eamus et al. 2001, Hutley et al. 2005), 68 
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there is no widely available detailed mechanistic model currently available to accurately 69 

describe diurnal, seasonal and annual variation in gross primary productivity of ecosystems 70 

comprised of mixed C3 (trees and shrubs) and C4 (grasses) species. Indeed there is an urgent 71 

need to examine the patterns and drivers of savanna productivity because such information is 72 

central to understanding and predicting the response of savannas to climate change; to 73 

improve land and water management practices; and to inform policy initiatives in relation to 74 

C sequestration, woody thickening (Kanniah et al. 2009; Macinnis-Ng et al. 2010) and fire 75 

management (Beringer et al. 2007). The soil-plant atmosphere (SPA) model of Williams et 76 

al. (1996) is one of the most widely and successfully applied land surface exchange models 77 

and has been tested and validated across a range of diverse ecosystems, including Arctic 78 

tundra (Williams et al. 2001), Brazilian tropical rainforests (Williams et al. 1998; Fisher et 79 

al. 2007) and a temperate Australian woodland (Zeppel et al. 2008). The SPA model is a 80 

mechanistic model that predicts, amongst other parameters, carbon and water fluxes, leaf 81 

water relations and changes in soil moisture. However, it has not been applied to savannas 82 

because the productivity sub-model uses only the C3-photosynthesis model of Farquhar et al. 83 

(1980) and therefore cannot account for the behaviour of the C4 grass layer. In this paper we 84 

describe the changes required to incorporate C4 metabolism into the SPA model. This 85 

modified SPA model allows us to quantify ecosystem dynamics and to investigate the 86 

physiological mechanisms underlying observed behaviour.   87 

 88 

Seasonality is a significant factor influencing productivity and water use of tropical 89 

ecosystems. For instance, an increase in the soil-root hydraulic resistance during the dry 90 

season caused seasonal reductions in carbon and water fluxes in a Brazillian rain forest 91 

(Williams et al. 1998). Wet season productivity in savannas creates a carbon sink of between 92 
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0.1 and 0.2 mol C m
-2

 day
-1

, but photosynthetic activity declines during the dry season and 93 

the ecosystem may become a net source of C at this time (Chen et al. 2003). Seasonality in 94 

productivity is often attributed to stomatal closure and leaf loss during the dry season (Eamus 95 

and Prior, 2001) but gas exchange is limited by reduced gs in the afternoon in both seasons at 96 

the Howard Springs site used in this study (Eamus et al. 1999; 2000). Soil water content and 97 

root access to moisture must be accurately modelled for successful prediction of annual C 98 

fluxes and evapotranspiration because soil water availability and atmospheric water content 99 

interact with gs (Thomas and Eamus 1999; Thomas et al. 2000; Ju et al. 2006). Coupling 100 

between seasonal rainfall patterns (and therefore soil water content) and productivity has 101 

been observed at the leaf (Eamus et al. 1999), canopy (Eamus et al. 2001) and ecosystem 102 

scales (Chen et al. 2003; Eamus 2003). The test of the modified SPA model, therefore, will 103 

be its ability to reflect observed trends in water and carbon flux across seasons. We chose to 104 

model GPP and evapotranspiration because changes in these fluxes in a savanna are strongly 105 

affected by (a) seasonal changes in total site LAI arising (principally) from changes in the 106 

grass understorey; (b) daily changes in soil and atmospheric water content; and (c) hourly 107 

changes in ambient conditions. Consequently modelling these fluxes provides an assessment 108 

of the behaviour of the model across a wide temporal scale.  109 

 110 

The aims of this study were to first, modify the SPA model to incorporate both C3 and C4 111 

photosynthesis; second, validate the modified model with five years of ecosystem GPP and 112 

ET field-data for a savanna site; third investigate intra- and inter-annual variation in GPP of a 113 

savanna; fourth, evaluate the sensitivity of GPP to a number of abiotic and biotic factors, with 114 

particular reference to the question: are the parameter values displayed by this vegetation 115 

optimised for maximising GPP; fifth, present an annual carbon and water budget for the 116 
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savanna that is disaggregated amongst seasons and C3 and C4 vegetation; and sixth, 117 

determine whether GPP is limited by water availability or energy capture at this site. 118 

 119 

Materials and methods 120 

Study site 121 

Eddy covariance (EC) data spanning five years (2001-2005) were collected near Howard 122 

Springs (131°5’E, 12°30’S), approximately 35 km southeast of Darwin, Northern Territory, 123 

Australia. A full description of the site, species and EC methodologies are contained in 124 

Hutley et al. (2000) and Eamus et al. (2001). In summary, vegetation at the site is 125 

representative of a mesic open forest savanna with an overstorey dominated by Eucalyptus 126 

tetrodonta (F.Muell.) and E. miniata (Cunn. ex Schauer), forming a discontinuous canopy of 127 

about 50% cover. These two species account for approximately 90% of the tree basal area of 128 

8-10 m
2
 ha

-1
. Overstorey LAI varies seasonally because of the presence of brevi- semi- and 129 

fully deciduous species, while the dominant evergreen species maintain canopy fullness 130 

throughout the dry season (Williams et al. 1996). The understorey includes semi-deciduous 131 

and deciduous small trees and shrubs but is dominated by C4 grasses such as annual Sorghum 132 

spp. and Sarga spp. and the perennial grass Heteropogon triticeus. Climate is characterised as 133 

wet-dry-tropical with highly seasonal rainfall and distinct wet (November to April inclusive) 134 

and dry (May to October inclusive) seasons. The wet season accounts for approximately 95% 135 

of the average annual rainfall of 1750 mm. Mean daily maximum temperatures remain above 136 

30°C throughout the year, irrespective of season. 137 

 138 

 139 
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Eddy covariance data 140 

The eddy covariance technique (Baldocchi et al. 1988) was used to calculate flux variables at 141 

30 min time intervals. The instruments were mounted on a 23 m flux tower within a plot of 142 

open-forest savanna approximately 340 ha in size. The slope was less than 1° and the fetch 143 

was homogenous in all directions (>1 km). Wind speed and direction was measured with a 3-144 

D sonic anemometer (Campbell Scientific Inc. model CSAT3, Logan Utah, USA) and CO2 145 

and H2O fluxes were measured at 10 Hz with an LI-7500 open-path CO2/H20 analyser (Licor 146 

Inc., Lincoln NE, USA). CO2 fluxes were corrected for fluctuations in air density due to 147 

sensible and latent heat fluxes (Webb et al. 1980). Half-hourly values of rainfall, air 148 

temperature, relative humidity, and net radiation were measured at the same height as the flux 149 

data. Soil moisture at 10 cm depth was measured on a daily time-step. Soil moisture at this 150 

depth is strongly correlated with deeper soil moisture during the wet season and reflects the 151 

decline in soil moisture as the dry season progresses. Soil moisture values are a strong 152 

determinant of canopy gas fluxes in savannas of the Northern Territory (Eamus and Prior 153 

2001). Missing or invalid flux data were gap-filled using either linear interpolation (for gaps 154 

shorter than 3 hrs), or an artificial neural network (ANN) (for extended gaps; Beringer et al. 155 

2007). 156 

Gross primary production (GPP) was calculated as the sum of net CO2 flux (Fc) and 157 

ecosystem respiration (Re). Re was assumed to be equivalent to night-time Fc under adequate 158 

wind speed conditions (where friction velocity values were greater than 0.15 m s
-1

). Values of 159 

Fc collected under low wind speed conditions were excluded to avoid underestimation of Re 160 

due to inadequate turbulent mixing (Baldocchi et al. 2000, Mäkelä et al. 2006, Beringer et al. 161 

2007). Using the ANN, daytime values of Re were calculated from values of temperature and 162 

soil moisture.  163 
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The Soil-Plant-Atmosphere model 164 

The SPA model simulates canopy exchanges of carbon and water at 30 minute resolution for 165 

multiple (up to 10) foliage layers. Model inputs include meteorological data, biophysical 166 

parameters for vegetation and soil characteristics, and are described in Table 1. The model 167 

was used in the form as described by Zeppel et al. (2008), and further explanation on the sub-168 

routines of SPA may be found in Williams et al. (1996, 1998, 2001). Modifications have 169 

been made to the calculation of assimilation to include a C4 photosynthesis model, to 170 

describe understorey grass layers. In previous SPA applications a single phenology has been 171 

applied to all canopy layers. In the present study, the seasonal dying and regeneration of 172 

understorey grasses and the largely evergreen overstory leaf area are dynamic and 173 

independent, as is the allocation of foliar nitrogen to each canopy layer. Both of these 174 

modifications to SPA are described below. 175 

 176 

C4 photosynthesis model 177 

The simplified C4 photosynthesis model as described by Collatz et al. (1992) was used to 178 

determine the C4 net assimilation rate (



An
C4 , μmol m

-2
 s

-1
). Gross photosynthesis is given as a 179 

function of the incident quantum flux density and CO2 intercellular partial pressure, in the 180 

form of two nested quadratic equations. The first quadratic equation describes the flux 181 

determined by Rubisco activity and RuP2 regeneration, and is given as: 182 



cj M
2  Vcmax +rfQp M +VcmaxrfQp = 0  [1] 

 183 

where, θcj is a parameter describing the transition between light-limited and Rubisco limited 184 

CO2 flux, αrf (μmol mol
-1

) is a combined constant describing the intrinsic quantum yield, and 185 
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fraction of absorbed photons used by the reaction process, Vcmax (μmol m
-2

 s
-1

) is the 186 

maximum C4 Rubisco carboxylation rate and M (μmol m
-2

 s
-1

) is the CO2 flux determined by 187 

both Rubisco and light-limited photosynthetic capacities and Qp is incident quantum flux 188 

density. Equation 1 is therefore solved for M as follows: 189 



M =
Vcmax +rfQp  Vcmax +rf Qp 

2

 4cjVcmaxrf Qp

2cj

 [2] 

 190 

Overall net C4 assimilation rate is similarly determined through a quadratic expression, 191 

which includes the Rubisco and light-limited capacities described above as well as the CO2 192 

limited flux rate, and is expressed as:     193 



Ag

2  M +CikT Ag +MCikT = 0  [3] 

 194 

where β is a parameter describing the co-limitation between light, Rubisco and CO2 limited 195 

flux, Ci (μmol mol
-1

) is the intercellular CO2 concentration of the mesophyll cells, kT=kp-L/Ci 196 

(mol m
-2

 s
-1

) and describes the interactions of kp, a first-order rate constant for PEP 197 

carboxylase with respect to the ratio between Ci and L; the amount of CO2 leakage from the 198 

bundle sheath to the intercellular air spaces of the mesophyll. Ag is the gross C4 199 

photosynthetic rate, and is found by solving Equation 3 for Ag, given as: 200 



Ag =
M +CikT  M +CikT 

2
 4MCikT

2
 [4] 

 201 



An

C4 = Ag Rd  [5] 

 202 
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Additionally parameters Vcmax, kT and Rd are all affected by variation in leaf temperature, and 203 

so Q10 temperature functions were used to modify these values accordingly (Collatz et al. 204 

1992). 205 

 206 

LAI and foliar nitrogen matrix 207 

The model contains 10 canopy layers. Given the significant contribution of the grass to total 208 

LAI (slightly larger than that of the overstorey LAI during the wet season), we define five of 209 

the layers as grass (C4) and five of the layers as shrubs and trees (C3). Each grass layer was 210 

0.3 m deep (a total height of 1.5 m) and the tree layers were each 2.5 m deep, taking the total 211 

canopy height to 14 m. Seasonal variations in leaf area of each canopy layer were 212 

incorporated into the phenology input file of the model. LAI of the overstorey was measured 213 

each month for a year using the Adelaide technique (O’Grady et al. 2000). Understorey LAI 214 

was also measured monthly using a direct harvest method of 21 x 1m
2
 quadrats at three 215 

locations at Howard Springs with all grasses and woody saplings sampled. Allometric 216 

relationships were developed for each species of grass and woody sampling describing the 217 

relationship between plant biomass and leaf area to derive LAI (Hutley and Williams, unpub. 218 

data). The understorey leaf area values ranged from 1.1 to 0.05 during the wet and dry 219 

seasons respectively and the overstorey values were between 1.2 and 0.6 (Fig. 1). Measured 220 

ground data were compared to monthly MODIS LAI values for the whole canopy for each of 221 

the sample years. There were some small differences between years in total (overstorey and 222 

understorey) LAI detected in the remote sensing but preliminary analysis showed that the 223 

small changes in LAI caused a less than 2% difference in annual carbon and water fluxes in 224 

the model. For this reason, we used the same LAI matrix for each year and focused on 225 

capturing the seasonal changes in the leaf phenology file, rather than the inter-annual 226 
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changes. This approach allowed for a realistic distribution of leaf area between the C4 and C3 227 

components of the canopy throughout the year. 228 

The majority of the reduction in LAI occurred in the understorey, during the onset of the dry 229 

season (from March onwards). Before rains arrive, the overstorey begins flushing with new 230 

leaves in October and then the grasses return from November (Palmer et al. 2008). The 231 

overstorey layers reflect the seasonal patterns of the four phenological types described by 232 

Williams et al. (1997). We assigned an evergreen phenology to the top two canopy layers (9 233 

to 11.5 m and 11.5 to 14 m canopy height) because the two dominant tree species are 234 

evergreen. Consequently the LAI of these layers remains reasonably constant throughout the 235 

year, while the bottom three canopy layers of the overstorey (1.5 to 4 m, 4 to 6.5 m and 6.5 to 236 

9 m) incorporated components of the brevi-deciduous, semi-deciduous and fully deciduous 237 

species and the LAI values declined slightly during the dry season, as shown in Williams et 238 

al. (1997).  239 

 240 

Foliar nitrogen concentrations were determined from the literature for similar sites and 241 

species. Myrtaceous species may typically have a leaf N concentration of 1.7 g m
-2

 leaf area 242 

(Prior et al. 2004) and the C4 grass Sorgham bicolor typically may have a leaf N 243 

concentration of 1.6 g m
-2

 leaf area (Ghannoum et al. 2005). Based on maximum LAI of 2.35 244 

and assuming the overstorey and understorey values were 1.2 and 1.15 respectively, the 245 

maximum total foliar N concentration was 3.88 g m
-2

 ground area. The minimum total foliar 246 

N concentration in the dry season was approximately 0.7 g m
-2

 ground area. We incorporated 247 

some seasonal reductions in foliar N on a leaf area basis consistent with Prior et al. (2004). 248 

The foliar N matrix for the 10 canopy layers was based on the LAI matrix (Fig. 1b,c).  249 

 250 
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Model performance 251 

For this study we also include several statistical tests in order to analyse the performance of 252 

the SPA model estimates against the measured EC data. In addition to using the coefficient of 253 

determination (R
2
) and root-mean-square error (RMSE) we have also used model efficiency 254 

(ME), given as: 255 



ME 1
(yi  ˆ y i)

2
(yi  y i)

2
 [6] 

 256 

which estimates the proportion of variance of the EC data explained by the 1:1 line (Medlyn 257 

et al. 2005). The ME can range between - and 1, where a ME = 1 corresponds to a ‘perfect’ 258 

match between modelled and measured data, a ME = 0 indicates that the model predictions 259 

are as accurate as the mean of the measured data, and a ME < 0 dictates that the measured 260 

mean is a better predictor than the model. 261 

Results 262 

Meteorology  263 

Darwin and its environs are characterised by a distinct bi-modal wet season. Ninety five 264 

percent of the annual rainfall occurs between the start of November and the end of March 265 

(Fig. 2). However, there were significant rainfall events in July, 2001, May, 2004, and 266 

October (2001, 2004 and 2005), as is commonly observed in long-term records. There was 267 

also significant inter-annual variability in annual total rainfall for the years 2001 – 2005, with 268 

2003 receiving the most (2467 mm) and 2005 receiving the least (1219 mm). The long-term 269 

average annual rainfall for the site is 1750 mm. 270 

 271 
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Maximum solar radiation levels showed little variation between the wet season (typically 900 272 

– 1100 W m
-2

) and dry season (typically about 800 W m
-2

), reflecting the high latitude of the 273 

site and the absence of cloud during the dry season (Fig. 2). Mean daily vapour pressure 274 

deficit peaked in the dry season and was typically between 3.0 and 4.5 kPa at this time (Fig. 275 

2). In the wet season, VPD was generally lower and was predominantly within the range 1 – 276 

2.5 kPa in the absence of rain.  277 

 278 

Seasonal and annual patterns in GPP and ET 279 

 280 

Values of ecosystem GPP derived from eddy covariance measurements were largest in the 281 

wet season, typically within the range 4.0 – 8.0 gC m
-2

 d
-1

 (Fig. 3). Only rarely did GPP 282 

decline below 3.0 gC m
-2

 d
-1 

in the wet season. Day-to-day variation in GPP in the wet season 283 

closely reflected patterns in rainfall and solar radiation. From approximately mid-March 284 

through to September, ecosystem GPP declined approximately exponentially to a minimum 285 

of 1 – 2.0 gC m
-2

 d
-1

. The start of the increase in GPP following the dry season minima 286 

generally began between mid-October and the early November (Fig. 3).  287 

 288 

The SPA model was able to replicate the seasonal trends in GPP (Fig. 3). Including C4 289 

photosynthesis greatly improved SPA’s ability to simulate wet season GPP (Fig. 3a-b). While 290 

the model underestimated GPP for October to April each year when C3 photosynthesis was 291 

used for all canopy layers (Fig. 3a), incorporating the C4 subroutine for the grass layers 292 

improved congruity between EC and model values (Fig. 3b). This is supported by improved 293 

ME and RMSE values for GPP outputs when the C4 subroutine was active (Table 2). As was 294 

observed in EC derived estimates, maximum GPP occurred in the wet season and ranged 295 
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between 4 and 8 gC m
-2

 d
-1

 whilst minimum values of calculated GPP occurred in September. 296 

The SPA model estimated the minimum value of GPP to be approximately 2 gC m
-2

 d
-1

.  297 

 298 

Across all five years of study, there was a significant positive relationship between modelled 299 

and observed GPP (Fig. 4, Table 2). The R
2
 for the regression ranged from 0.79 (2004) to 300 

0.90 (2002), whilst the model efficiency (ME) ranged from 0.44 (2004) to 0.80 (2002) (Table 301 

2). For large values of GPP (> 6 gC m
-2

 d
-1

) modelled values of GPP were over-estimated by 302 

up to 17 % of observed values. In contrast, for small values of GPP (< 3 gC m
-2

 d
-1

) the 303 

model tended to underestimate the values derived from EC measurements by up to 20% (Fig. 304 

4). When data for all years were pooled, the regression of SPA versus observed GPP yielded 305 

an R
2
 of 0.86, a model efficiency of 0.70 and a slope of 0.83 (Fig. 4, Table 2). 306 

 307 

Seasonal and annual patterns of evapotranspiration (ET) closely matched those observed in 308 

GPP (Fig. 3). However, the C4 subroutine made very little difference to congruity between 309 

EC and model values (Fig. 3c-d, Table 2). Maximum rates of ET were observed in the wet 310 

season and ranged from 3 – 7 mm d
-1

, followed by an approximately exponential decline to a 311 

dry season minima of 1- 2 mm d
-1

. SPA was able to replicate these patterns closely; the R
2
 for 312 

the regression ranged from 0.67 (2005) to 0.81 (2002), whilst the model efficiency (ME) 313 

ranged from 0.44 (2005) to 0.65 (2002) (Fig. 4, Table 2). When all years were pooled the 314 

regression of SPA versus observed ET yielded an R
2
 of 0.75, a model efficiency of 0.53 and a 315 

slope of 0.83 (Fig. 4, Table 2). 316 

 317 

 318 

 319 

 320 
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Intra-daily variation in GPP and ET across wet and dry seasons 321 

 322 

To examine diel patterns of ET and GPP across the year, observed or modelled values of ET 323 

and GPP were binned across all 5 years for each hourly value across each day of the month to 324 

produce a composite 12 month plot (Fig. 5). Clearly apparent are the daily patterns in ET and 325 

GPP, with peak values occurring around midday, and the seasonal decline in maximum 326 

values of ET and GPP as the dry season progresses from April through October. Similar 327 

patterns in hourly ET and GPP were observed for EC and modelled data with modelled 328 

values generally falling within the 95% confidence range of observed data. 329 

 330 

  331 

Partitioning total ET and GPP into C3 and C4 components 332 

 333 

Using SPA model outputs it was possible to partition landscape carbon and water fluxes 334 

between the C3 overstorey and C4 understorey components. During the wet season total GPP 335 

ranged between 2 – 8 gC m
-2

 d
-1

 and the C3 tree and C4 grass understorey each accounted for 336 

approximately 50% of the total flux (Fig 6; SPA simulation). In contrast, the rate of water use 337 

of the C4 understorey only accounted for approximately 23 – 35% of the total water flux in 338 

the wet season, which exhibited peak values of approximately 5 – 6 mm d
-1

. During the dry 339 

season, when the grasses were absent, all C and water fluxes were accounted for by the C3 340 

component of the vegetation as there was no leaf area or biomass to support any fluxes from 341 

the C4 grasses (Fig 6). 342 

 343 

 344 

 345 
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Annual sums of GPP and ET across seasons and across years 346 

 347 

Annual total GPP and water use values were calculated for the EC data and the SPA outputs 348 

for each year (Fig 7a, b). Total GPP for the EC observations and SPA outputs ranged from 349 

1409 to 1560 gC m
-2

 y
-1

 and 1440 to 1501 gC m
-2

 y
-1

 respectively across the 5 years (Fig. 7a). 350 

Wet season GPP accounted for between 74 and 81% (EC data) or 80 to 83% (SPA outputs) of 351 

the annual total. Total annual water use ranged from 1052 mm to 1213 mm (EC data) or 1181 352 

mm to 1352 mm (SPA output) (Fig. 7b). Wet season water use accounted for 73 to 80% (EC 353 

data) or 71 to 76% (SPA) of the annual total.   354 

 355 

It is not possible to partition the carbon and water fluxes between the C3 and C4 components 356 

of the vegetation using EC data. However, our modified SPA is able to generate outputs for 357 

the two vegetation types independently (Fig 7c, d). During the wet season, the proportion of 358 

the total GPP that was accounted for by the C3 component was about 43% across the five 359 

years and about 18% of GPP was contributed by the overstorey in the dry season (Fig. 7c). 360 

During the dry season, there was no active C4 vegetation present therefore the contribution of 361 

C4 grasses to total annual GPP was approximately 38%. Proportions of transpiration for wet 362 

season overstorey, wet season understorey and dry season over storey were 54, 17 and 29% 363 

respectively (Fig. 7d). Therefore, 83% of total annual transpiration was used by overstorey 364 

trees but only 62% of total ecosystem GPP was accounted for by C3 trees (Fig. 7c, d). 365 

 366 

The relative contribution of changes in soil moisture and LAI to patterns in ET and GPP 367 

 368 

In order to assess the relative importance of seasonal changes in either LAI or soil moisture 369 

content on carbon and water fluxes, two simulations were used. In the first, LAI was kept 370 
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constant at the peak wet season value for the entire year and soil moisture fluctuations 371 

occurred as normal in this simulation. In the second, soil moisture content was kept high at 372 

wet season values for the entire year but LAI showed normal seasonal cycles.  373 

 374 

When LAI was kept constant all year both GPP and ET remained high all year, showing no 375 

significant decline in the dry season, despite significant declines in the water content of the 376 

upper soil profile during the dry season (Fig 8a). In contrast, when soil moisture content was 377 

kept artificially high all year and LAI declined as normal in the dry season, the normal dry 378 

season declines in ET and GPP were observed (Fig 8b). There were only very small 379 

differences in the patterns of GPP and ET for the control simulation (normal pattern of 380 

seasonal change in LAI and soil moisture content) and this second simulation.  381 

 382 

 383 

Sensitivity analyses of factors affecting GPP and ET 384 

 385 

GPP and ET are sensitive to many biotic factors, including foliar N concentration, LAI and 386 

many others. Using SPA we doubled and halved the value of many factors and compared 387 

average daily GPP and ET for one representative year (2003; Fig. 9). Of all the factors 388 

examined, seven are presented here. Doubling the foliar N concentration of all layers resulted 389 

in a small increase (about 15%) in GPP and this was apparent for only a small part of the year 390 

(April to July). In contrast, halving the foliar N concentration caused a larger decline (10 – 25 391 

%) for most, but not all, of the year (Fig. 9b). A similar response of GPP was observed when 392 

LAI was halved or doubled, although the magnitude of the decline when LAI was halved was 393 

larger (up to 50% decline) than that when foliar N was reduced (Fig. 9c). When LAI and 394 

foliar N were doubled or halved in tandem (Fig. 9a) GPP increased by between 30% and 395 
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100% (when doubling the values) or declined by 5% to 30% when foliar N and LAI were 396 

halved. In contrast to these significant responses in GPP to changes in LAI and foliar N, 397 

significant increases in whole plant hydraulic conductance (Gplant), minimum leaf water 398 

potential, Vcmax and Jmax had a very small impact on GPP (Fig. 9d, e, f, g). Halving the value 399 

of these 4 parameter values had a much larger impact on GPP than doubling their values (Fig 400 

9d, e, f, g). ET was less sensitive to variation in these factors than GPP (Fig. 9). Halving or 401 

doubling of foliar N and LAI had no impact on ET (Figs. 9b, a), although ET did decline or 402 

increase when foliar N and LAI values were altered in tandem (Fig. 9a). ET was sensitive to 403 

changes in Gplant and minimum leaf water potential (Fig. 9d, e) but insensitive to changes in 404 

Vcmax and Jmax (Fig. 9f, g). 405 

 406 

Micro-meteorological drivers of GPP and ET 407 

 408 

A comparison of the responses of hourly assimilation (An) and transpiration (Et) to solar 409 

radiation (Rs), vapour pressure deficit (VPD), soil moisture content and LAI in 2003 is 410 

presented in Fig. 10. Data are separated by season and canopy layer for clear interpretation of 411 

the patterns. An increased curvi-linearly with increasing Rs but there was a significant decline 412 

in maximum values of An in the dry season (Fig 10a, b). Maximum Et vales were similar for 413 

wet and dry seasons for C3 canopy layers (Fig. 10c, d). C3 and C4 responses of An to Rs were 414 

similar in the wet season (Fig. 10a) while C4 canopy layers had a much lower rate of Et 415 

during the wet season compared to C3 canopy layers (Fig. 10c). Small increases in VPD from 416 

very low levels of VPD resulted in increases in An in the wet season but when VPD exceeded 417 

1 – 2 kPa, any further increase reduced An in both C3 and C4 canopy layers (Fig. 10e). There 418 

was very little response to VPD during the dry season (Fig. 10f). For C3 canopy layers, Et 419 

increased as VPD increased up to about 1.5 kPa, then Et declined when VPD increased 420 
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further during the wet season (Fig. 10g). The C3 layers had a higher Et peak than C4 layers 421 

(Fig. 10g) and Et did not peak in the dry season until VPD reached about 2.5 kPa (Fig. 10h). 422 

Soil moisture content did not impact on An nor Et for either canopy layer in either season 423 

(Fig. 10i-l), however, as LAI increased during a season, An and Et increased to a plateau (Fig. 424 

10m-p) for C3 and C4 canopy layers.  425 

  426 

We used to SPA outputs to estimate water-use-efficiency (WUE) and light-use-efficiency 427 

(LUE) of the C3 overstorey and C4 understorey separately (Table 3). Water-use-efficiency 428 

was always larger in the wet season than the dry season by between 18 and 64%. The WUE 429 

of the understorey was always larger than that of the overstorey, typically by a factor of 2.8 – 430 

3 times.  Similarly whole-canopy LUE for the overstorey was always 10 – 26% larger in the 431 

wet season than the dry season and whole-canopy LUE for the understorey was always 432 

approximately 66% larger than the LUE for the overstorey (Table 3). 433 

 434 

Discussion  435 

GPP and the modified SPA model 436 

The initial aim of this work was to successfully incorporate provision for a C4 grass layer 437 

within the SPA model, thereby allowing its application to savannas and other ecosystems 438 

with a significant C4 component. Adding the C4 photosynthetic sub-model and LAI/foliar N 439 

matrix allowed us to significantly improve wet- and dry-season estimates of GPP. Thus, the 440 

slope of the regression of measured and modelled GPP without the C4 capability (excluding 441 

C4 photosynthesis routine and LAI/foliar N matrix) was 1.31 and the model efficiency was 442 

0.29 (data not shown). In contrast, the slope of this regression when the model included the 443 

C4 capability was 0.83 and model efficiency increased to 0.70, indicating a significant 444 
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improvement in model performance. The RMSE was also significantly improved when the 445 

C4 capability was added (RMSE values 0.0057 and 1.185 with or without C4 and phenology 446 

matrix included, respectively). This improvement was not only because of the incorporation 447 

of the C4 photosynthetic pathway for the grass understorey but also because of the capture of 448 

seasonal dynamics of LAI and foliar N, especially for grass layers. With only a C3 449 

photosynthetic sub-model GPP was underestimated by 25-30 % during the wet season (data 450 

not shown).  451 

Variation in the ability of SPA to accurately reflect intra-annual variation (Table 2) may 452 

result from the application of a single common LAI and foliar N dynamic across all years, 453 

rather than having an individual input of LAI and foliar N for each year but preliminary 454 

analysis showed using remotely sensed LAI data specific for each year changed annual fluxes 455 

by no more than 2%. Despite use of a single dynamic for LAI and foliar N for all years, for 456 

most of the range of GPP values (1.0 to 7 gC m
-2

 d
-1

) the difference between observed and 457 

modelled was less than 10%. Similarly good correlations between observed and modelled 458 

hourly values of GPP were obtained in both the wet and dry seasons (Fig 5), further 459 

indicating that at this shorter time-scale the SPA model was able to describe diurnal patterns 460 

in GPP.  461 

 462 

Primary drivers of seasonal changes in GPP 463 

GPP of this savanna site was smallest at the end of the dry season and largest in the mid-and 464 

late wet seasons. There are three principal causes of this variation. First, seasonality of 465 

changes in LAI of the savanna (trees and grasses) was a principle cause of the decline in GPP 466 

observed at the end of the wet season. The annual grasses lose 100% of leaf area by May of 467 

each year and approximately 10% of the woody species present are also dry-season 468 
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deciduous (Williams et al. 1997). A further 15% are dry season semi- or brevi-deciduous 469 

(Williams et al. 1997). Second, the decline in soil moisture of the upper soil profile (upper 1 470 

m) that occurs throughout the dry season is associated with a decline in stomatal conductance 471 

and photosynthetic rate of the trees (Prior et al. 1997a; Eamus and Cole 1997). This response 472 

is clearly evident in Figs 5 and 7 where peak rates of GPP were up to 60% smaller in the dry 473 

season than the wet season. The third cause of the decline was the increase in vapour pressure 474 

deficit that occurred in the dry season compared to the wet season (Fig. 2). A decline in 475 

stomatal conductance and leaf-scale photosynthesis in response to seasonal increases in VPD 476 

have been observed previously (Prior et al. 1997b) at this site. An influence of declining soil 477 

moisture content and diurnal changes in VPD are also present in the wet season but the 478 

magnitude of the impact tends to be smaller in the wet season than the dry season because of 479 

the interactive effect of VPD with soil moisture (Thomas et al. 1999). Although some studies 480 

have shown seasonal variations in GPP may be strongly temperature dependent (Mäkelä et 481 

al. 2006), we found minimal impact of temperature variation on GPP because the range of 482 

daytime temperature change was relatively small at this site.  483 

 484 

Inter-annual variation of site GPP and contribution of C4 photosynthesis  485 

The savanna at Howard Springs was a net sink for carbon annually across all five years. 486 

Measured annual totals of GPP estimated from eddy covariance ranged from 1409 - 1558 gC 487 

m
-2

 yr
-1 

(Fig. 7). The equivalent range from the SPA output was 1516 - 1618 gC m
-2

 yr
-1

.
 
 488 

Such estimates compare well with remotely sensed estimates of GPP using MODIS GPP 489 

products 4.5 and 4.8 which predicted annual GPP for the same years as the present study to 490 

be in the range 1120 -1780 gC m
-2

 yr
-1

 (Kanniah et al. 2009). Even during the dry season the 491 

savanna maintained a positive carbon balance through having access to deep soil water stores 492 
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in the profile and regulating water-use through stomatal closure and adjustment of LAI 493 

(Eamus et al. 2000; Eamus et al. 2001; Kelley et al. 2007). Total wet season productivity 494 

contributed approximately 74 - 81% (EC and SPA data) of the total annual productivity 495 

because of the large contribution of the C4 grass layer to total ecosystem LAI and the large 496 

rates of photosynthesis of C4 grasses. C3 vegetation accounted for approximately 62% of the 497 

total annual GPP, despite the C3 vegetation having a substantial LAI for the entire year 498 

whilst the grasses were present for only 6 months of the year.  499 

 500 

One hypothesis to explain inter-annual variation in GPP at this site is the large inter-annual 501 

variation in rainfall, both in terms of the total rainfall and the temporal distribution of rainfall 502 

across the year. However, no relationship was found between any measure of measured or 503 

modelled GPP (for example wet season or annual GPP) and any measure of precipitation (for 504 

example total precipitation, or wet or dry season length (P > 0.05)). In contrast, Leuning et 505 

al. (2005) and Pepper et al. (2008), found a positive relationship between rainfall and site 506 

productivity. However, the mean annual rainfall described by Leuning et al. (2005) is 507 

approximately one third (~37 %) of that at Howard Springs and in Budyko’s terminology 508 

(see Donohue et al. 2007 for discussion) would be considered to be a water limited site, 509 

whilst the NT savannas of the present study are energy, and not water, limited (see discussion 510 

below). For energy limited sites, small-to-moderate variations in total rainfall are unlikely to 511 

have significant effects on GPP. Furthermore the error in values of GPP calculated from EC 512 

data are also likely to be of the order +150 gC m
-2

 y
-1

 (Hutley et al. 2000) which may account 513 

for much of the observed inter-annual variation in GPP.  514 

The estimate of annual C4 grass GPP was approximately 5.7 tonnes C ha
-1

 y
-1

 (Fig 7). 515 

Assuming that half of GPP is lost as respiration (a commonly assumed ratio; Waring et al., 516 
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1998; McMurtrie et al., 2008) and half is sequestered to below-ground biomass, and 517 

assuming that half the dry weight of grass is C, this equates to a total grass dry biomass of 518 

2.85 tonnes ha
-1

 y
-1

 available for combustion in savanna fires. This compares well with the 519 

range of fine fuel load (including fine woody debris) that accumulates at this site each year 520 

(1.58 – 4.26 t dry mass ha
-1

 y
-1

; Beringer et al. 2007). 521 

 522 

Light- use-efficiency derived from SPA 523 

Light-use-efficiency of the overstorey canopy was larger in the wet season than the dry 524 

seasons for all years (Table 3) as has been observed in leaf-scale measurements in tropical 525 

woodlands previously (Fordyce et al. 1995; Eamus and Cole 1997) and in eddy covariance 526 

data (Hutley et al 2001). The three causes of this response are first, increased VPD in the dry 527 

season, which can both decrease stomatal conductance and hence C flux but also increase 528 

transpiration (Fordyce et al. 1995; Eamus and Cole 1997; O’Grady et al. 1999; Eamus et al. 529 

1999); second, increased leaf temperature to supra-optimal values (Prior et al. 1997b); and 530 

third, a decline in soil moisture which causes decreased stomatal conductance. The (C4) 531 

understorey exhibited a much larger (by 66%) LUE than the C3 overstorey, reflecting the 532 

CO2 concentrating mechanism, high assimilation rate and lower stomatal conductance 533 

typically seen in C4 plants compared to C3 plants (Collatz et al. 1992). 534 

 535 

Evapotranspiration and WUE 536 

The strong positive correlation between measured and observed rates of daily ET for all years 537 

(Fig 4, Table 2) indicates that the inclusion of the C4 photosynthetic sub-routine was able to 538 

capture water fluxes of the grass canopy as well as the C fluxes. Similarly the range in 539 
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estimates of total annual ET from the SPA model (1181 – 1352 mm) was comparable to that 540 

observed in the EC data (1052 - 1213 mm). Wet season ET accounted for 71 – 80% (EC and 541 

SPA data) of the annual total ET and the C3 component of the landscape generally accounted 542 

for 76 – 78% of the wet season total ET. These relativities in GPP and ET for the C3 and C4 543 

components of the landscape resulted in much larger water-use-efficiencies (WUE) for the 544 

grasses (typically more than 3 times larger WUE for the grasses) than the trees (Table 3). 545 

This reflects the smaller stomatal conductance and larger photosynthetic rates of C4 grasses 546 

compared to C3 trees. 547 

 548 

Sensitivity analysis of model biophysical parameters 549 

A sensitivity analysis on the model’s vegetation parameters revealed that GPP was very 550 

sensitive to changes in LAI and total foliar N (Nf). Increasing LAI alone, whilst keeping Nf 551 

constant resulted in an asymptotic responses of GPP. As LAI increased and Nf remained 552 

constant, the concentration of N within each leaf declined (a fixed amount of N was being 553 

spread across an increasingly large leaf area). Consequently net assimilation became limited 554 

through limitation in the rate of RuBP carboxylation. Conversely, when Nf was increased 555 

with a constant LAI, a similar asymptotic response of GPP was observed as the canopy 556 

became saturated with N and light interception limited GPP. It is noteworthy that the plateau 557 

in GPP occurred at the level of LAI and Nf corresponding to 100% of the current value. This 558 

suggests that the canopy LAI and Nf are currently co-limited and hence have reached 559 

optimality. Optimality is defined here as having arisen through evolution such that vegetation 560 

displays parameter values that maximise the C gain for a given investment of resources (for 561 

instance foliar N). This is similar to the definition used by Schymanski et al. (2007). The 562 

maximal (wet season) LAI value found to be optimal in our approach was 2.2 – 2.5 which 563 
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agrees well with the value of 2.5 derived by Schymanski et al. (2007, 2008) using a formal 564 

optimality model. The biophysical parameters Gplant, Ψmin, Vcmax and Jmax, were also found to 565 

have current values that appear to be optimal, whereby the maximum rate of GPP was 566 

attained at values of these parameters that correspond to the observed (100%) value for each 567 

parameter. Thus, doubling the parameter value did not, in any instance, significantly increase 568 

GPP whilst halving the parameter value caused a small decline in GPP.  569 

 570 

Energy versus water limited savanna productivity 571 

The GPP and ET of arid and semi-arid sites are clearly water limited, whilst those of mesic 572 

sites are energy limited. All catchments can be shown to be somewhere along a continuum 573 

between extremely water limited and extremely energy limited sites (Budyko 1974; Donohue 574 

et al. 2007).  Budyko (1974) developed a framework for modelling ET based on the 575 

relationship of available water and energy, and constrained by the limits of these two 576 

variables. We have used this conceptual framework to ask: are these savannas energy or 577 

water limited? Given the annual high rainfall and the long dry season without rain, the 578 

answer is not intuitively obvious.   579 

When the SPA model was run for one year with a fixed LAI all year (set to wet season values 580 

for both the C3 and C4 components) but with real-time observed variation in soil moisture 581 

and other meteorological drivers, daily values of GPP (and ET) remained high all year at 582 

values closely matching observed wet season values of GPP (Fig 8). Thus dry season declines 583 

in GPP (and ET) were not observed. This is in marked contrast to the alternative scenario, 584 

where a fixed (high) soil moisture content was maintained all year and normal variations in 585 

C3 and C4 LAI were imposed. When this occurred, daily rates of GPP and ET closely 586 

matched the observed values throughout the year. We conclude that this savanna site is 587 
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limited by the amount of solar radiation intercepted by the canopy. The site is not water 588 

limited, despite the presence of a 6 month dry season every year. This is in contrast to the 589 

generally accepted view that savanna function and productivity are limited by water 590 

availability (Kanniah et al. 2009) but is consistent with other findings in this study. The lack 591 

of a relationship between annual GPP and any measure of rainfall at this site described above 592 

indicates the unlikelihood of water limitation. Furthermore, sensitivity analysis revealed that 593 

minimum leaf water potential and whole plant hydraulic conductance (both determinants of 594 

water availability in the plant) had to be reduced to unrealistically low values for there to be 595 

any impact on GPP (Fig. 9) suggesting GPP is unresponsive to water availability. Finally, 596 

seasonal responses of hourly leaf-scale carbon and water fluxes were unresponsive to soil 597 

moisture but were bound by values of radiation, VPD and LAI (Fig. 10). 598 

Model outputs unaffected by artificially wet soil and the lack of a relationship between GPP 599 

and rainfall or soil moisture are supported by sapflow measurements of tree transpiration at 600 

the same site. Rates of sap flux remained constant throughout the year, with no seasonal 601 

decline during the dry season (Hutley et al. 2000). Furthermore, these trees did not suffer 602 

significant water stress during the dry season as leaf water potentials remained high, despite 6 603 

months without rain (Duff et al. 1997). The constant rate of transpiration and lack of extreme 604 

water stress together with late dry season canopy flushing was attributed to deep tree roots 605 

(estimated to be >6m by Cook et al. 1998) extracting water from the capillary fringe of the 606 

water table as it declined during the dry season (Hutley et al. 2000). The interaction of the 607 

depth of rooting of eucalypts and the large water storage capacity of the soil within the root 608 

zone (Cook et al. 1998) provides a consistent water supply for trees when precipitation is 609 

scarce. Finally, Cernusak et al (2011) conclude that leaf-scale photosynthesis of Eucalyptus 610 

and Corymbia tree species in these north Australian savannas was not light saturated at full 611 

sunlight, which strongly supports our conclusion that the system is light limited. 612 
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It is noteworthy that the annual grasses at this site are genetically predestined to die each 613 

year, irrespective of soil moisture content (ie the decline in grass LAI is not in response to 614 

declining soil moisture content). It is further noteworthy that irrigation of this savanna into 615 

the dry season had very little impact on the LAI of the overstorey (Myers et al. 1998). 616 

However, exclusion of fires for several years causes an increase in tree LAI which results in 617 

an increase in measured GPP due to increased light capture and hence enhanced C uptake 618 

(Williams et al. 2004, Beringer et al. 2007). Therefore, hydrological (Cook et al. 1998) and 619 

ecophysiological (Duff et al. 1997, Hutley et al. 2000, Beringer et al. 2007) data from the site 620 

support the model finding that productivity of the vegetation is not limited by water 621 

availability (as this is available in deep stores throughout the year). We conclude that the 622 

alternative hypothesis, that LAI limits interception of light which limits the maximum GPP, 623 

and that the largest driver of the change in savanna LAI is driven by seasonal change in C4 624 

grass LAI, is supported by the analyses presented and the outputs of the modelling.   625 

 626 

Conclusions 627 

 628 

Modelling C4 photosynthesis is important if we wish to correctly estimate savanna gas 629 

exchange. Furthermore, it is critical that seasonal variation in LAI and foliar N content of 630 

savanna grasses also be included. The modified SPA model containing an accepted 631 

representation of C4 metabolism was able to capture both wet and dry season fluxes of 632 

carbon and water of a north Australian savanna. The understorey C4 grasses contributed 633 

approximately 38% to total savanna GPP and total wet season GPP accounted for 634 

approximately 80% of total annual GPP. Modelled values of GPP agreed well with the eddy-635 

covariance derived estimates of GPP, explaining between 80–87% of the variance and having 636 

a low RMSE. Several canopy parameter values (including LAI, foliar N, and Gplant) appeared 637 
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to be co-limiting, such that large increases in allocation of resources to any one of these 638 

attributes did not result in large increases in GPP. Counter-intuitively, we conclude that GPP 639 

at this site is limited by light interception rather than water availability despite a long and 640 

pronounced dry season each year.  641 

642 
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Tables 802 

Table 1. Values used in SPA for this study. 803 

 804 
SPA model input values indicating the name, symbol, units, value used and whether the data 805 

were measured or estimated for the study site. 806 

 807 

Parameter/Variable Symbol Units Value Source 

Ambient atmospheric CO2 concentration Ca mmol mol
-1

 374 Measured, this 

study. 

Canopy layer capacitance Cn  5000 Williams et al. 

1996 

Canopy hydraulic conductivity Gplant mmol m
-1

s
-1

 

MPa
-1

 

3.5 Zeppel et al. 2008 

Layer height of soil H m 0.2 to 1.6 

m depth, 

then 1.6 to 

6.4 m 

Site estimate 

Leaf Area Index LAI m
-2 

m
2
 0.6 to 2.35 MODIS LAI 

product and 

measured values  

Proportion of LAI in top layer Ltop  0.125 Estimated using 

Weibull 

cumulative 

distribution 

function 

Areal concentration of leaf N N g m
-2

 

ground area 

3.84 Prior et al. 2004 

and Ghannoum et 

al. 2005 

Proportion of total canopy N in top layer Ntop  0.125 Estimated, this 

study 

Fine root radius rr M 0.0001 Measured, this 

study. 

Air temperature Ta ˚C Variable Measured, this 

study. 

Leaf temperature Ti ˚C Variable Measured, this 

study. 

C3 RuBP carboxylation capacity C3 Vcmax μmol m
-2

 s
-1

 73.6 Zeppel et al. 2008 

C3 Maximum electron transport rate C3 Jmax μmol m
-2

 s
-1

 129.8 Zeppel et al. 2008 

C4 RuBP carboxylation capacity C3 Vcmax μmol m
-2

 s
-1

 47.0 Ghannoum et al. 

2005 

Transition between light-limited and 

RuBisCO limited CO2 flux 
cj 0.83 unitless Collatz et al. 1992 

Intrinsic quantum yield rf 0.067 mol mol
-1

 Collatz et al. 1992 

Co-limitation between light, RuBisCO 

and CO2 limited flux 
 0.93 unitless Collatz et al. 1992 

First order rate constant kT 0.7 mol m
-2

 s
-1

 Collatz et al. 1992 

δA/δgs threshold for stomatal opening Ι % 1.0007 Williams et al. 

1996 
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Minimum sustainable leaf water potential Ψlmin MPa -2.5 Kelley et al. 2007 

Soil water potential  Ψs MPa -0.5 Pre-dawn leaf 

water potential, 

this study 

% soil clay content in top 10 cm  % 5.0 McKenzie et al. 

2004 

% soil sand content in top 10 cm  % 45.0 McKenzie et al. 

2004 

Draincheck – field capacity as fraction of 

total porosity 

 fraction 0.5 Zeppel et al. 2008 

Latitude  °  12
o
29.712

’S 

Measured, this 

study. 

Dimension of leaves  m
2
 0.08 Prior et al. 1997a. 

Root resistivity  MPa s g 

mmol
-1

 

100 Estimated, this 

study. 

Root biomass  g 1930 Chen et al. 2003 

Rooting depth  m 6.4 Chen et al. 2003 

 808 

809 
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Table 2: Model performance for each year and the total dataset for gross primary productivity 810 

and evapotranspiration reported as R
2
, model efficiency (ME), root-mean-square error 811 

(RMSE), slope and y-intercept. Values of ME range from -∞ to 1, where 1 represents a 812 

perfect match between measured and modelled values. Units of RMSE are g C m
-2

 d
-1

 for 813 

GPP and mm d
-1

 for ET. 814 

Simulation 

Type Year Output R
2
 ME RMSE Slope Intercept 

C3 only 2001 GPP 0.86 0.62 0.5788 1.04 0.45556 

  

ET 0.78 0.58 0.1843 0.9 0.15756 

 

2002 GPP 0.88 0.58 0.7753 1.29 -0.19748 

  

ET 0.82 0.65 0.1437 0.86 0.36164 

 

2003 GPP 0.88 0.71 0.3870 1.26 -0.50405 

  

ET 0.75 0.47 0.0604 0.72 1.00741 

 

2004 GPP 0.79 0.43 0.6450 0.88 1.06609 

  

ET 0.76 0.50 0.1212 0.73 1.10041 

 

2005 GPP 0.88 0.54 0.8887 1.25 0.02909 

  

ET 0.69 0.45 0.0221 0.81 0.65499 

 

All GPP 0.85 0.59 0.6550 1.14 0.18159 

  

ET 0.76 0.54 0.0336 0.81 0.64933 

Mixed C3/C4 2001 GPP 0.87 0.67 0.0875 0.75 0.90186 

  

ET 0.77 0.58 0.1205 0.93 0.13424 

 

2002 GPP 0.90 0.80 0.1124 0.95 0.31099 

  

ET 0.81 0.65 0.0656 0.89 0.32019 

 

2003 GPP 0.88 0.74 0.2806 0.89 0.15795 

  

ET 0.73 0.46 0.1309 0.74 0.99381 

 

2004 GPP 0.79 0.44 0.0025 0.64 1.47203 

  

ET 0.76 0.49 0.1929 0.76 1.06808 

 

2005 GPP 0.87 0.73 0.2248 0.91 0.60362 

  

ET 0.67 0.44 0.0500 0.83 0.63642 

 

All GPP 0.86 0.70 0.0057 0.83 0.69562 

  

ET 0.75 0.53 0.0376 0.83 0.62319 

 815 

 816 
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Table 3: Using SPA outputs, annual and seasonal water and C fluxes, water-use-efficiency and light-use-efficieny have been partitioned 

between the C3 overstorey and the C4 understorey.  ET = Evapotranspiration (other water fluxes are transpiration rates only). Over = 

Overstorey; Under = understorey. By definition, the grass understorey is absent in the dry season and hence doesn’t have C and water flux 

values. 

  Annual  Wet Season  Dry Season    

 Year  ET Over + 

under  

Over  Under   ET Over + 

under 

Over  Under   ET Over + 

under 

Over  Under  

Water Use (mm) 2001  1243 805 674 131  926 571 440 131  317 234 234 0 

 2002  1352 914 754 160  1021 670 510 160  331 244 244 0 

 2003  1181 803 673 130  850 555 425 130  331 248 248 0 

 2004  1320 867 727 140  941 591 451 140  378 276 276 0 

 2005  1307 881 733 148  968 634 486 148  339 247 247 0 

Carbon uptake (gC m
-2

) 2001   1440 869 567   1186 635 567   254 254 0 

 2002   1465 902 571   1204 641 571   261 261 0 

 2003   1501 942 573   1202 643 573   299 299 0 

 2004   1498 943 564   1202 650 564   293 293 0 

 2005   1475 909 575   1214 648 575   261 261 0 

                 
WUE (mmol CO2 mol

-1
 

H20) 

2001   2.68 1.93 6.49   3.12 2.15 6.49   1.63 1.63 0 

 2002   2.40 1.79 5.35   2.70 1.89 5.35   1.60 1.60 0 

 2003   2.80 2.10 6.61   3.25 2.97 6.61   1.81 1.81 0 

 2004   2.59 1.95 6.04   3.05 2.16 6.04   1.59 1.59 0 

 2005   2.51 1.86 5.83   2.87 2.00 5.83   1.59 1.59 0 

                 
LUE (mol CO2 mol

-1
 2001   0.2011 0.1640 0.3046   0.2206 0.1807 0.3046   0.1424 0.1424 0 
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photon) 

 2002   0.2046 0.1703 0.3068   0.2240 0.1824 0.3068   0.1463 0.1463 0 

 2003   0.2096 0.1778 0.3078   0.2236 0.1830 0.3078   0.1676 0.1676 0 

 2004   0.2092 0.1780 0.3030   0.2236 0.1850 0.3030   0.1642 0.1642 0 

 2005   0.2060 0.1716 0.3089   0.2258 0.1844 0.3089   0.1463 0.1463 0 

 

 



41 

 

Figure legends 

Figure 1: Seasonal patterns in (a) total leaf area index (LAI); (b) C3 (tree) and C4 (grass) LAI (the 

same pattern was applied to all years); and (c) the vertical distribution of LAI through the entire 

savanna canopy during February when LAI was at its peak. Data were derived from MODIS images 

and on-ground measurements to create smoothed representations of wet and dry season variation in 

leaf area index. 

Figure 2: Meteorological data measured at the eddy-covariance tower at Howard Springs for all 

years. Values shown are (a) short-wave solar radiation and maximum daily vapour pressure deficit; 

(b) maximum and minimum air temperatures; (c) soil moisture content and rainfall (vertical bars). 

Figure 3: Annual patterns in ecosystem GPP (top panels) and evapotranspiration and transpiration 

(bottom panels) for the years 2001-2005 for eddy covariance outputs (◊) and SPA model outputs (+). 

The shaded sections represent the dry season each year. All EC data represent total landscape fluxes 

but SPA model outputs are either the original C3-only SPA formulation ((a) and (c)) or the modified 

model with both C3 (tree) and C4 (grass) photosynthetic pathways incorporated ((b) and (d)).  

Figure 4: Comparisons of measured (eddy covariance) and modelled values of evapotranspiration (a-

f) and gross primary productivity (GPP, g-l). Each point represents a daily measurement each year or 

all years combined. Linear regressions and the 1:1 line are displayed in each plot. See Table 2 for R
2
 

values for each plot. 

Figure 5: Hourly patterns in (a) evapotranspiration (ET) and (b) gross primary productivity (GPP) for 

binned values of the year 2003. For each month, hourly values across each day were binned to 

demonstrate seasonal changes in diel patterns. Eddy covariance data are represented by circles and 

SPA model outputs are shown in as a solid black line. The grey shading represents the 95% 

confidence range of values measured with eddy covariance. 
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Figure 6: Modelled daily values of (a) gross primary productivity and (b) transpiration for the C3 

(tree) canopy (o), and C4 understorey (x) from 2001 to 2005. The shaded region represents the dry 

season of each year. 

Figure 7: Seasonal (wet and dry season) values of (a) gross primary productivity and (b) 

evapotranspiration for years 2001 to 2005 for eddy covariance and SPA model outputs. Model 

outputs of GPP and transpiration are also disaggregated into C3 (overstorey) and C4 (understorey) 

components for wet and dry seasons in (c) and (d).   

Figure 8: A comparison of model outputs of GPP and transpiration for two contrasting scenarios. In 

the first scenario, (a) leaf area index (LAI) was kept constant all year and soil water content (SWC) 

varied seasonally according to observed values in a single (2003) year. In the second scenario (b) soil 

moisture was kept high throughout the year and LAI showed the standard seasonal decline in the dry 

season. The grey shading represents the dry season. In both scenarios, model outputs were compared 

with the output from the “normal simulation” where both LAI and soil moisture content varied 

seasonally. 

Figure 9: Sensitivity analysis demonstrating the consequence of varying (a) foliar N and leaf area 

index (LAI) simultaneously; (b) foliar N or (c) LAI separately; (d) whole plant hydraulic 

conductance (Gplant), (e) minimum leaf water potential (ψmin), (f) maximum carboxylation rate 

(Vcmax) and (g) maximum electron transport rate (Jmax) on daily gross primary productivity (GPP) and 

evapotranspiration (ET). Values for each parameter were reduced or increased relative to the 

standard control simulation, defined as 100% (see Table 1 for actual parameter values used in control 

simulations).  

Figure 10: Seasonal responses of hourly values of assimilation (An) and transpiration (Et) to solar 

radiation (a-d), vapour pressure deficit (e-h), soil moisture content (i-l) and LAI (m–p) for the wet 
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and dry seasons of 2003. Data were separated into C3 (o) and C4 (x) components of the vegetation. 

Lines shown are the 95% confidence boundaries for C3 (dashed) and C4 (solid) canopy layers. 
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