Water-use dynamics of an alien invaded riparian forest within the Mediterranean climate zone of the Western Cape, South Africa
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Abstract

In South Africa the invasion of riparian forests by alien trees has the potential to affect the country’s limited water resources. Tree water-use measurements have therefore become an important component of recent hydrological studies. It is difficult for South African government initiatives, such as the Working for Water (WfW) alien clearing programme, to justify alien tree removal and implement rehabilitation unless hydrological benefits are known. Consequently water-use within a riparian forest along the Buffeljags River in the Western Cape of South Africa was monitored over a three year period. The site consisted of an indigenous stand of Western Cape afrotemperate forest adjacent to a large stand of introduced Acacia mearnsii. The heat ratio method of the heat pulse velocity sap flow technique, was used to measure the sap flow of a selection of indigenous species in the indigenous stand, a selection of A. mearnsii trees in the alien stand and two clusters of indigenous species within the alien stand. The indigenous trees in the alien stand at Buffeljags River showed significant intraspecific differences in the daily sap flow rates varying from 15 to 32 L·day-1 in summer (sap flow being directly proportional to tree size). In winter (June) this was reduced to only 7 L·day-1 when limited energy was available to drive the transpiration process. The water-use in the A. mearnsii trees showed peaks in transpiration during the months of March 2012, September 2012 and February 2013. These periods had high average temperatures, rainfall and high daily vapour pressure deficits (VPD - average of 1.26 kPa). The average daily sap flow ranged from 25 L to 35 L in summer and approximately 10 L in the winter. The combined accumulated daily sap flow per year for the three Vepris lanceolata and three A. mearnsii trees was 5 700 and 9 200 L respectively, clearly demonstrating the higher water-use of the introduced Acacia trees during the winter months. After spatially upscaling the findings, it was concluded that, annually, the alien stand used nearly six times more water per unit area than the indigenous stand (585 mm·a-1 compared to 101 mm·a-1). This finding indicates that there would be a gain in groundwater recharge and/or streamflow if the alien species are removed from riparian forests and rehabilitated back to their natural state.
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Introduction

While extensive research has been undertaken on the water-use of terrestrial ecosystems in South Africa, little is known about the water-use and growth of trees growing in riparian areas. This knowledge gap, as well as the poor ecological condition of South African riparian habitats, has led to uncertainty and contention over riparian rehabilitation techniques. The deep fertile soils, with high soil moisture contents associated with riparian areas, make them ideal for plant establishment and growth (Everson et al., 2007). As such, these areas are extremely vulnerable to invasion by pioneer plant species, particularly alien species that have historically been introduced for commercial forestry. Riparian zone vegetation, which can be described as the interface between terrestrial and aquatic ecosystems (Richardson et al., 2007), has a significant impact on the hydrology of a catchment due to the close proximity of riparian vegetation rooting systems to the water table. Most riparian trees are phreatophytic, meaning they have access to a permanent source of water because their rooting system is within the shallow ground water. 

Through the process of evaporation and transpiration, riparian vegetation influences streamflow rates, ground water levels and local climates (Richardson et al., 2007). Vegetation along riverbanks filter surface and subsurface water moving laterally through the soil towards the river channel. This helps to maintain channel water quality, by regulating the water temperature (through shading), bank stability and turbidity (through root colonization and surface cover) and traps debris (Askey-Dorin et al. 1999). Riparian vegetation can access a wide range of water sources within the riparian zone, which includes rainfall, soil water, stream water and groundwater (O’Grady et al., 2005). Commercial forestry has been blamed for increasing the green water (water lost by total evaporation) and decreasing the blue water (water in rivers and dams) in areas across South Africa (Jewitt, 2006). Introduced tree species change the natural landscape by altering the stream banks and thereby increasing soil erosion, altering fire regimes, as well as changing the physical and chemical composition of the soil (Joshi et al. 2004; Le Maitre et al. 1996; Tabacchi et al. 2000). For these reasons, invasive alien plants, particularly introduced commercial trees, are considered to be a major threat to biodiversity globally (Reid et al. 2009; Solarz 2007; Wal et al. 2008). There is a widespread belief in South Africa and globally that indigenous tree species, in contrast to the introduced trees, are water efficient and should be planted more widely in land restoration programmes. This is based on observations that indigenous trees are generally slow growing, and that growth and water-use are broadly linked (Everson et al., 2008; Gush, 2011). However, tree water-use is technically difficult and expensive to measure, and so there is scant evidence of low water-use by indigenous trees in South Africa. A global review of water-use differences between introduced invasive and indigenous (native) plants at the leaf, plant and ecosystem scale (Cavaleri and Sack, 2010), indicates that invasive plants use up to 136 % more water than the indigenous species at the leaf scale (Baruch and Fernandez, 1993; Dixon et al., 2004; Pratt and Black, 2006). At the plant scale there is a diverse range in water-use ranging from the invasive species using comparatively 100 % less to 150 – 300 % more water than the indigenous species (Cleverly et al., 1997; Nagler et al., 2003; Kagawa et al., 2009). At the ecosystem scale, studies indicate that invasive species use 189 % more water than indigenous dominated stands, particularly in tropical moist forests (Nosetto et al., 2005; Yepez et al., 2005; Fritzsche et al., 2006). In the high rainfall areas of South Africa, invasive alien plants growing in riparian areas are estimated to reduce annual streamflow by 523 x 106 m3 with a predicted annual reduction estimated to be as high as 1 314 x 106 m3 if allowed to reach a fully invaded state (Cullis et al., 2007). Management of invaded riparian zones can result in hydrological gains disproportionately greater than the catchment area affected, with up to three times more streamflow yield than upslope areas (Scott and Lesch, 1996; Scott, 1999).

For many field and modelling applications, accurate estimates of total evaporation (ET) are required, but are often lacking. Modelled estimates are often used without proper validation, and the verification of the results is questionable, especially in dynamic and highly sensitive riparian areas. With the on-going development of micrometeorological techniques, it is possible to accurately quantify the various components of the water cycle over various terrestrial surfaces. The use of micrometeorological techniques is largely dependent on location, time constraints and available funds. However, due to continuous research, the implementation of these techniques has become faster and more easily understood. In addition, comparisons between techniques and up-scaling have become possible, allowing for greater freedom in the choice of techniques and the length of measurement (Savage et al., 2004; Jarmain et al., 2008). Sap flux density measurements give precise information on ﬂow directions as well as spatial and temporal ﬂow distribution (Vandegehuchte and Steppe, 2013). The heat pulse velocity (HPV) method is the most accurate of the available methods when compared against gravimetric methods (Steppe et al., 2010; Vandegehuchte and Steppe, 2013).

[bookmark: OLE_LINK11][bookmark: OLE_LINK12]The Buffeljags River site in the Western Cape has been an ecological research site since 2006 (Geldenhuys, ongoing) and forms part of a selective thinning experiment designed to assist Working for Water (WfW) clearing programmes. The government-funded WfW programme clears catchment areas of invasive alien plants with the aim of restoring hydrological functioning while also providing poverty relief to local communities through job creation (Turpie et al., 2008). The aim of this study was to measure tree water-use to quantify the potential hydrological benefit of these forest management practices.

The study area

The Buffeljags river flows southwards along the Langeberg West mountain range into the Buffeljags dam. The Buffeljags river study area is at latitude 34°00’15”S and longitude 20°33’58”E (Figure 1), approximately 95-110 m above mean sea level. The research area is within the Western Cape Afrotemperate forest type which is characterized by very small forest patches occurring along boulder screes consisting of streams, gorges and mountain slopes (Geldenhuys, 2010). The surrounding vegetation type is south Langeberg sandstone fynbos (Mucina and Rutherford, 2011). The Langeberg Mountains consist of Table Mountain Sandstone/quartzite (north of the Buffeljags River) with a ridge of shales to the south of the river. The soils are characterised by structureless sands, a result of previous alluvial deposition. The climate is typical of the Western Cape with hot summers and cold winters. However, the rainfall is fairly evenly spread throughout the year. The long-term (137 year record) mean annual precipitation (MAP) at Buffeljags River is 636 mm·a-1. The daily maximum temperatures range from 17.1 °C in July to 27.5 °C in January. The mean daily minimum temperature is 15 °C in February and 5 °C in July. A 99 ha riparian forest occurs along the river with 75 ha of invaded forest (lower reach) and 24 ha of pristine indigenous forest (upper reach) (Figure 1), comprising of species such as Celtis africana, V. lanceolata, Prunus africana, Rapanea melanophloeos and Afrocarpus (Podocarpus falcatus). The stand height ranged from 3 to 15 m in the indigenous stand and 11 to 17 m in the alien stand. The surrounding vegetation is mountainous fynbos and renosterveld. 

Historically A. mearnsii trees were planted for firewood and building material on the nearby farms. Working for Water cleared most of the alien trees which have since grown back over the last 15 years. Currently the invasion extends approximately one kilometer along the river. 

The study sites

Three representative trees within the indigenous stand were instrumented for monitoring sap flow. These trees included an understory tree (Rothmania capensis), one medium (V. lanceolata) and one large evergreen tree (V. lanceolata) that were most common throughout the stand. The leaf area index (LAI) within this stand was 3.6 throughout most of the year with a slight reduction during the winter months. Downstream of this site, within the alien stand (Figure 1), three A. mearnsii trees were instrumented over the three-year study period. In a similar way, small, medium and large diameter classes were chosen to assist in the up-scaling of single tree transpiration measurements of the A. mearnsii trees. The LAI of the A. mearnsii stand was 3.1 during the summer months and 2.8 during the winter months. Two indigenous tree clusters within the alien stand were also instrumented. The V. lanceolata cluster contained two medium and one large diameter class trees (LAI of 3.4) while the C. africana cluster contained two large diameter class trees with a LAI of 3.3 in the summer months and 1.8 during the winter months. The LAI provided an indication of the seasonal physiological changes of the trees and the light variations between the sites.

Both the indigenous and introduced alien stands were in a climax state with most of the canopy trees falling into the medium or large size classes. Although there were many smaller trees (excluding trees with a Ø < 5 mm), these did not contribute significantly to the total transpiration as they were shaded out by the climax trees. An overview of the individual tree characteristics have been provided in Table 1. Variations in stem moisture content were possibly due to the different ages and sizes of the trees measured (variations in sap wood depth and active xylem concentration).

Methods

A meteorological station was established on 25th January 2012 at Buffeljags River in a nearby planted Eragrotis plana field, 1.6 km from the indigenous site. Rainfall (TE525, Texas Electronics Inc., Dallas, Texas, USA), was measured at a height of 1.2 m from the ground with additional measurements at a height of 2 m for air temperature and relative humidity (HMP45C, Vaisala Inc., Helsinki, Finland), solar irradiance (LI-200, LI-COR, Lincoln, Nebraska, USA), net radiation (NR-Lite, Kipp and Zonen, Delft, The Netherlands) windspeed and direction (Model 03002, R.M. Young, Traverse city, Michigan, USA). These were measured at a 10 second interval and the appropriate statistical outputs were recorded every hour.

A Heat Pulse Velocity (HPV) system using the heat ratio algorithm (Burgess, 2001) was set up to monitor long-term sap flow on all of the selected trees over a three year period. The instrumentation is described by Clulow et al. (2013) and included a 0.5 second heat source (sap flow trace) in the form of a line heater. A pair of type T-thermocouple probes was used to measure pre- and post-temperatures 5 mm above (downstream) and below (upstream) of the heater probe (Clulow et al., 2013). Hourly measurements (CR1000, Campbell Scientific Inc., Logan, Utah, USA) were captured over the three year monitoring period (January 2012 to March 2015). Monthly checks were undertaken to adjust probe depths in order to account for radial stem growth if required.

[bookmark: _GoBack]An assessment of the bark and sapwood depth was undertaken on the selected trees using an increment borer. This assessment assisted in determining the HPV probe insertion depths and the calculation of sapwood area. The heat pulse velocity (Vh - cm·hr-1) was calculated from:

	

where, k is the thermal diffusivity of green (fresh) wood, x is the distance (5 mm) above and below the heater (representing upstream and downstream), and v1 and v2 (°C) are increases in the downstream and upstream temperatures (from initial average temperatures) respectively. A thermal diffusivity (k) of 2.5 × 10–3 cm2·s–1 (Marshall 1958) was used. Wounding or damaged xylem (non-functional) around the thermocouples was accounted for using wound correction coefficients described by Swanson and Whitfield (1981). Sap velocities were then calculated by accounting for wood density and sapwood moisture content as described by Marshal (1958). Finally, sap velocities were converted to tree water-use (Qtree) or sap flow (L·hr-1) by calculating the sum of the products of sap velocity and cross-sectional area for individual symmetrical tree stems (Clulow et al., 2013).

Tree growth was recorded every two months throughout the monitoring period by measuring diameter at breast height with a dendrometer, and canopy height using a VL402 hypsometer (Haglöf, Sweden). Leaf area index (LAI-2200, LI-COR, Lincoln, Nebraska, USA) was measured monthly under each stand. Riparian forests typically have a narrow canopy with limited aerodynamic fetch, which excludes techniques such as eddy covariance and scintillometry being used to support the up-scaling of point water-use measurements to stand water-use values. Due to the homogenous composition of the alien stand and the dominance of V. lanceolata and C. africana species within the indigenous stand, a methodology was followed based on recent up-scaling studies (Ford et al., 2007; Miller et al., 2007). In addition, detailed stem density data were available for the site due to extensive ongoing ecological research (Atsame-Edda, 2014). Medoid (representative of the population) trees were selected for sap flow measurement. This included the most commonly occurring alien and indigenous species (canopy and understorey) and a range of size classes for each species. A species density analysis was undertaken (Ø > 50 mm) in replicated 400 m2 plots per site. A relationship between total tree water-use (Qtree – L·day-1) and each representative size and species class was identified. This allowed for the estimation of the stand water flux (Qstand) which was divided by the plot area (400 m2) in order to obtain comparative units between the indigenous and alien stands (L·day-1·ha-1). These values were then accumulated to annual values so that the effect of alien and indigenous (evergreen and deciduous) stands on the water balance could be quantified throughout a hydrological year.

The A. mearnsii site had a thin litter layer consisting mostly of broken branches, bark and leaves compared with the indigenous site which had a thicker litter layer with a large amount of organic matter accumulated from the various tree species and understorey vegetation. Volumetric soil water contents were measured hourly at both the indigenous and alien sites (concurrent to the HPV measurements) with three time domain reflectometry (TDR) probes (Campbell Scientific. CS 615) installed horizontally at each site at depths of 0.1 m, 0.3 m and 0.5 m. The TDR probes were connected to spare channels on the CR1000 datalogger of the HPV system. With hourly volumetric water content measurements, the response of trees to rainfall events, or stressed conditions, were monitored and supported the interpretation of the HPV measurements. An observation borehole was installed at the site to monitor the groundwater recharge as well as to confirm the assumption that all the trees within the riparian forest had direct access to groundwater. Soil samples were taken to determine the distribution of roots, bulk density and soil water content. These samples (taken at various depths throughout the profile) were weighed before and after oven drying to determine the soil characteristics.


Results

Weather conditions during the study period

The mean annual precipitation (MAP) over the three year study was significantly higher than the long-term average (636 mm·a-1) by 300-500 mm·a-1 (2012 to 2014 being 1017, 902 and 1127 mm·a-1 respectively). The rainfall distribution was variable (lacking a seasonal trend) throughout the three years with a mean monthly value of 85 mm·a-1 (Figure 2). There were numerous days of high hourly rainfall (to a maximum of 30mm·h-1 and 102 mm·day-1) demonstrating the prevalence of high intensity storms at the site (Figure 3). The solar radiation peaked at 34 MJ·m-2·day-1 following the same seasonal trend to that of the daily minimum and maximum temperatures.

The relative humidity (RH) ranged from 20 % to 90 %, with little seasonal trend. During periods of high solar radiation, the vapour pressure deficit was high and correlated to peaks in transpiration rates. An average daily temperature of 22.1 ºC was recorded at Buffeljags River in the summer months. During these months, daily maximum temperatures occasionally exceeded 40 ºC. During the winter months, the temperatures averaged 12.1 ºC due to numerous days with low solar radiation, such as during rainfall events and cloudy days, and would likely result in little to no transpiration occurring. The daily reference total evaporation (ETo), derived from data captured at the meteorological station, averaged approximately 1 mm·day-1 in the winter period to 4 mm·day-1 during the summer period. The daily ETo peaked at 7.5 mm·day-1, which correlated to peaks in measured transpiration.

Tree water-use

For comparative purposes the water-use of similar sized V. lanceolata and A. mearnsii trees were compared during the wet and the dry seasons (Figures 4 and 5). During the summer month of January, the V. lanceolata tree water-use exhibited seasonal curves indicative of the clear sunny days and high correlation to the solar radiation. The medium sized V. lanceolata (Ø 17.4 cm) used an average of 24 L·day-1 during the summer months (Oct – Mar) and an average of 8 L·day-1 during the winter months (Apr – Sep) (Figure 4). The medium sized A. mearnsii (Ø 16.7 cm) used an average of 10 L·day-1 in the winter months, similar to that of the V. lanceolata. In the summer months, the A. mearnsii used an average of 39 L·day-1, significantly higher than the indigenous tree (Figure 5). During significant rainfall periods (> 5 mm) there was little to no water-use in both trees due to the low evaporative demand and the wet canopy.

Individual whole tree water-use was significantly reduced in winter (May and June) for most of the trees, dropping by approximately 75 % from the peak water-use. This was attributed to fewer daylight hours in the winter months which resulted in reduced available energy at this time of year to drive the transpiration process. From November 2012 to March in 2013, all species showed a significant increase in water-use during this hot summer period. The water-use in the A. mearnsii trees showed a distinct peak in transpiration during the months of March 2012, September 2012 and February 2013. During March 2012, the high average temperature (21.5 ºC), a 76 mm·day-1 rainfall event and high daily vapour pressure deficits (VPD) (average of 1.26 kPa) contributed to a high atmospheric demand. On cloudless days with a high VPD and high soil water content, the trees would be expected to use more water than during overcast days. The average daily sap flow ranged from 15 L·day-1 in the smaller class tree, 25 L·day-1 in the medium class tree and 39 L·day-1 in the large class tree (Tables 1 and 2).

The daily summer water-use of two of the V. lanceolata trees (Table 2) in the upper indigenous stand showed high water-use with an average of 19 L·day-1 (medium class) and 37 L·day-1 (large class). The high water-use in the large tree was ascribed to its size and deep rooting system which is presumed to have had easy access to ground water at this site due to the proximity to the river (10 m horizontal distance). This was verified with the borehole levels and a root analysis at the site. The water level ranged from 3.2 m to 4.8 m below ground level at the site where roots were observed to 5 m. The water-use of the small understorey tree R. capensis had a much lower water-use (average of 8 L·day-1) which indicated that although the understorey used less water, it still made a significant contribution to the water balance given the abundance of understorey species in the indigenous forest.

The indigenous C. africana trees displayed a high water-use during the summer period. As this is a deciduous tree, no water was used during leaf fall in winter. The largest C. africana tree had a canopy area of 75 m2 and was the largest tree at the site. Approximately 37 700 L of water was transpired by this tree annually during the measurement period (Table 2). Given that this species is deciduous, it is important to note that this tree uses a high volume of water in summer when water resources are usually limited.

The indigenous cluster in the alien site had a LAI of 3.4, which was higher than the LAI of 3.1 under the nearby A. mearnsii trees. The indigenous trees in the upper reach indigenous site had an LAI of 3.6. Although the summer water-use was higher in the introduced trees, the radial sapwood area was larger in the indigenous trees (up to 413 cm2) than the introduced trees (up to 171 cm2). Trees with the highest sap velocities are therefore not necessarily those with highest whole tree water-use. However, this does indicate that the alien trees are more effective users of water, relative to their sapwood area.

Soil profile and water content

The volumetric soil water content (VWC) in the alien stand at Buffeljags River was very low, dropping to 7 % during dry periods (Figure 6). During high rainfall events the soil VWC exceeded 20%, showing a rapid but short response to rainfall. This indicates that the soil water moves through the soil profile rapidly with very little water being stored in the profiles, particularly in the lower profile. The soils had a dry bulk density (ρb) of 1.58 g.cm-3, a particle density (ρparticle) of 2.66 g.cm-3 and a porosity 0.42, typically characteristic of sandy soils. The drying curve, after an isolated event, took on average 22 hours from saturation to the expected field capacity (Figure 6). A. mearnsii stands are known to have deep rooting systems, with observations of greater than 8 m in South Africa (Everson et al., 2006). This suggests that during dry periods, this stand can access water from deeper layers in the soil profile.

In the indigenous stand (Figure 7), the middle TDR probe (0.3 m) showed the highest water content. During the warmest period (December to April) there was very little water in the profile (even after rainfall events). This would suggest that the deeper roots from the indigenous species were readily using water below the TDR probe measurement depths as there was no correlation between transpiration and change in VWC. In contrast, the alien stand upper soil profile water content responded to rainfall events indicating that interception storage (including throughfall and stemflow that contribute to litter catch) played a significant role when comparing these stands. After an isolated rainfall event, the drying period of the soil profile at the indigenous site took much longer (up to one week) from its peak to the driest level. The average soil water content at the indigenous stand was 5 %, lower than that of the alien stand, suggesting a difference in root activity given the same soil characteristics.

The VWC at both sites did not respond significantly to rainfall events under 5 mm·hr-1 unless during consecutive events. The average water table depth, measured using an observation borehole, ranged from 5.2 m below the ground surface during the dry season to 3.2 m below the ground surface during the wet season (excluding extreme events). The water table recharge time showed a strong relationship to the soil wetting and drying response time recorded at both sites. In conclusion, both the indigenous and introduced stands are limited by atmospheric energy fluxes rather than water limitations as both stands had root contact with the water table.

Upscaling tree water-use

The results obtained from the research area were used to determine an actual annual water-use per unit area for both the invaded alien and pristine indigenous tree stands (Figure 8). Using the stem density per size class, stands of forest were compared rather than individual trees. LAI and canopy area measurements undertaken indicated a closed canopy. The upscaled water-use for a three year average of the A. mearnsii stand was 5 879 L·ha-1 for the small size class, 7 639 L·ha-1 for the medium size class and 9 981 L·ha-1 for the large size class. When upscaled for all species and size classes for the three year average, the total stand water-use was approximately 5.85 ML·ha-1·a-1 (585 mm·a-1). This was 57 % of the average annual precipitation recorded during the monitoring period (1021 mm·a-1). 

The annual water-use of the indigenous stand was 1 209 L·ha-1 for the small size class, 6 321 L·ha-1 for the medium size class and 18 900 L·ha-1 for the large size class. The upscaled indigenous stand used 1.01 ML·ha-1·a-1 (101 mm·a-1). This was 9.8 % of the average annual precipitation. Based on these results we concluded that the alien stand uses nearly six times more water per unit area annually than the indigenous stand. This roughly correlated to the growth rate of each stand, where the stem breast height diameter increase over the study period (recorded on each tree measured) was between three to eight times faster than similar sized indigenous trees.

The inter-species and size class water-use variations, particularly within the indigenous stand, highlight the importance of good replications of a representative sample tree species and size classes. These results also highlight that individual indigenous trees, such as the C. africana, can use more water than an individual alien A. mearnsii tree. An example of this is the largest C. africana using 14 000 L more water annually than the largest A. mearnsii. However, the C. africana tree had a much larger diameter and had a large canopy area under which no other trees grew, whereas approximately ten medium sized A. mearnsii trees could occupy the same area as this particular tree. The importance of upscaling using representative samples of species and size classes is clearly demonstrated by the study.

[bookmark: _Toc328140692]Discussion and Conclusion

There is a widespread belief in South Africa that indigenous tree species, in contrast to introduced tree species, use less water and should be planted more widely in land rehabilitation programmes (Olbrich et al., 1996; Dye et al., 2001; Everson et al., 2007; Dye et al., 2008; Gush and Dye, 2008; Gush and Dye, 2009; Gush and Dye, 2015). A review of relevant literature revealed a general paucity of information relevant to both indigenous and introduced tree water-use, the methods of replication and the techniques used. Internationally, improved HPV techniques have been used on various vegetation types and the accuracy of these studies has been validated using gravimetric methods (Granier and Loustau, 2001; Burgess et al., 2001; O’Grady et al., 2006; Steppe et al., 2010; Vandegehuchte and Steppe, 2013; Uddin and Smith, 2014). International studies indicate that at the plant scale, introduced invasive species can use from 100 % less water to between 150 to 300 % more water than indigenous landscapes. Furthermore, there can be a significant disconnect between up-scaling plant scale measurements to an ecosystem scale (Cavaleri and Sack, 2010). In South Africa, the HPV technique has been shown to provide accurate estimates of sap flow in both introduced tree species such as A. mearnsii and Eucalyptus grandis, and indigenous tree species such as Podocarpus henkelii and C. africana (Smith and Allen, 1996; Dye et al., 2001; Everson et al, 2007; Dye et al., 2008). A key recommendation from the literature, which has been emphasized in a recent study by Gush and Dye (2015), is that more indigenous tree stand management research is needed in South Africa.

Spatial estimates of evaporation and transpiration are required but are difficult to obtain in remote areas with limited aerodynamic fetch. A large capital and human effort was invested towards this study in order to extend the monitoring period, with a range of species and replicates. This allowed for an accurate comparison of indigenous and introduced tree water-use. The Buffeljags River site is unique in that it is one of very few sites within South Africa with an extensive rehabilitation programme that aims to assist WfW and similar clearing programmes. The results showed that individual tree water-use varies depending on size and species. Up-scaled comparisons showed that stem density is important to the accurate representation of stand water-use. A stand of introduced A. mearnsii can use up to six times more water annually than a mixed indigenous stand. This finding is significant in that it provides clear evidence to justify the highly expensive clearing programmes, which have in the past lacked quantifiable data on the potential hydrological benefits of alien plant clearing. The results also indicate that rehabilitation or clearing programmes need to consider the seasonal rainfall variability of a site as planting of deciduous indigenous trees may provide larger benefits in summer rainfall areas due to no transpiration during periods when water resources are limited.

This study provides an ideal opportunity to validate remotely sensed ET data which could also be used to identify spatial variations in vegetation water-use. This future research will allow for the broader extrapolation of alien plant water-use and benfits of clearing ripaian zones to similar areas outside of the immediate study area. Results may be used to further validate transpiration simulations from hydrological models, particularly in riparian areas.
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Table 1. Tree physiology and specific data required for the calculation of sap flow and up-scaling.
	Indigenous
Forest site (upper reach)
	Diameter (mm)
	Size Class 
	Moisture fraction

	Average wounding (mm)
	Wood density 
(m3·kg-1)
	Representative Stem Density (stems·ha-1)

	Rothmania capensis
	125
	Small
	0.45
	2.8
	0.59
	120

	V. lanceolata
	134
	Medium
	0.42
	3.7
	0.63
	65

	V. lanceolata 
	199
	Large
	0.42
	3.4
	0.66
	24

	Introduced/Alien Forest site (lower reach)
	
	
	
	
	
	

	Acacia mearnsii
	121
	Small
	0.89
	3.2
	0.54
	650

	Acacia mearnsii
	167
	Medium
	0.47
	3.2
	0.73
	200

	Acacia mearnsii
	194
	Large
	0.71
	3.0
	0.61
	50

	Indigenous Cluster
(lower reach)
	
	
	
	
	
	

	V. lanceolata
	166
	Medium
	0.45
	3.2
	0.66
	65

	V. lanceolata
	174
	Medium
	0.45
	3.2
	0.65
	65

	V. lanceolata
	202
	Large
	0.47
	2.9
	0.66
	24

	Indigenous Cluster
(lower reach)
	
	
	
	
	
	

	C. africana
	319
	Large
	0.52
	6.1
	0.71
	24

	C. africana
	422
	Large
	0.50
	6.0
	0.71
	24


*Note: The stem density was grouped as per size class
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Figure 1.	Location of the Buffeljags River research area within the Western Cape, South Africa.



[bookmark: _Toc328140685]Figure 2. 	The monthly rainfall, monthly solar radiant density, and average monthly maximum and minimum air temperatures at Buffeljags River averaged over three years.



Figure 3. 	The daily rainfall, solar radiation and maximum and minimum air temperatures at Buffeljags River.



Figure 4. 	Sap flow (daily and accumulated) from an indigenous V. lanceolata  in the lower reach stand at Buffeljags River (January 2012 to March 2015) averaged over three years.


Figure 5.	Sap flow (daily and accumulated) from an alien invasive Acacia mearnsii in the lower reach stand at Buffeljags River (January 2012 to March 2015) averaged over three years.






[bookmark: _Toc328140686]Figure 6. 	Hourly soil volumetric water content of the lower alien stand and the hourly rainfall at Buffeljags River.


Figure 7. 	Hourly soil volumetric water content of the upper indigenous stand and the hourly rainfall at Buffeljags River.



Table 2.	Sap flow (daily and accumulated) for each species measured at Buffeljags River (January 2012 to March 2015).
	Forest Type / Location
	Species
	Diameter (mm)
	Daily Average Summer Sap Flow (L.d-1)
	Daily Average Winter Sap Flow (L.d-1)
	Annual Accumulated Sap Flow (L.a-1)

	
	V. lanceolata 
	134
	19
	7
	6 534

	Indigenous Forest site (upper reach)
	V. lanceolata
	199
	37
	6
	15 565

	
	Rothmania capensis
	125
	11
	4
	4 133

	
	Acacia mearnsii
	194
	25
	8
	9 226

	Introduced/Alien Forest site (lower reach)
	Acacia mearnsii
	121
	39
	10
	5 469

	
	Acacia mearnsii
	167
	32
	9
	7 207

	
	V. lanceolata
	174
	14
	6
	5 725

	Indigenous Cluster
(lower reach)
	V. lanceolata
	166
	24
	8
	3 430

	
	V. lanceolata
	202
	39
	14
	9 174

	Indigenous Cluster
(lower reach)
	C. africana
	319
	46
	0
	19 821

	
	C. africana
	422
	95
	0
	37 769




Figure 8.	Upscaled monthly transpiration for the indigenous, introduced (A. mearnsii) and mixed stands in comparison to reference total evaporation.
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Daily Temperature (°C)

Rainfall (mm) & Solar Radiation (MJ·m-2·day-1)



Daily water-use of Vepris lanceolata (Ø 17.4 cm) at Buffeljags River
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Sap Flow (L·day-1)


Accumulated Sap Flow (L)




Daily Water-use of Acacia mearnsii (Ø 16.7 cm) at Buffeljags River

Sap Flow	42370	42371	42372	42373	42374	42375	42376	42377	42378	42379	42380	42381	42382	42383	42384	42385	42386	42387	42388	42389	42390	42391	42392	42393	42394	42395	42396	42397	42398	42399	42400	42401	42402	42403	42404	42405	42406	42407	42408	42409	42410	42411	42412	42413	42414	42415	42416	42417	42418	42419	42420	42421	42422	42423	42424	42425	42426	42427	42428	42429	42430	42431	42432	42433	42434	42435	42436	42437	42438	42439	42440	42441	42442	42443	42444	42445	42446	42447	42448	42449	42450	42451	42452	42453	42454	42455	42456	42457	42458	42459	42460	42461	42462	42463	42464	42465	42466	42467	42468	42469	42470	42471	42472	42473	42474	42475	42476	42477	42478	42479	42480	42481	42482	42483	42484	42485	42486	42487	42488	42489	42490	42491	42492	42493	42494	42495	42496	42497	42498	42499	42500	42501	42502	42503	42504	42505	42506	42507	42508	42509	42510	42511	42512	42513	42514	42515	42516	42517	42518	42519	42520	42521	42522	42523	42524	42525	42526	42527	42528	42529	42530	42531	42532	42533	42534	42535	42536	42537	42538	42539	42540	42541	42542	42543	42544	42545	42546	42547	42548	42549	42550	42551	42552	42553	42554	42555	42556	42557	42558	42559	42560	42561	42562	42563	42564	42565	42566	42567	42568	42569	42570	42571	42572	42573	42574	42575	42576	42577	42578	42579	42580	42581	42582	42583	42584	42585	42586	42587	42588	42589	42590	42591	42592	42593	42594	42595	42596	42597	42598	42599	42600	42601	42602	42603	42604	42605	42606	42607	42608	42609	42610	42611	42612	42613	42614	42615	42616	42617	42618	42619	42620	42621	42622	42623	42624	42625	42626	42627	42628	42629	42630	42631	42632	42633	42634	42635	42636	42637	42638	42639	42640	42641	42642	42643	42644	42645	42646	42647	42648	42649	42650	42651	42652	42653	42654	42655	42656	42657	42658	42659	42660	42661	42662	42663	42664	42665	42666	42667	42668	42669	42670	42671	42672	42673	42674	42675	42676	42677	42678	42679	42680	42681	42682	42683	42684	42685	42686	42687	42688	42689	42690	42691	42692	42693	42694	42695	42696	42697	42698	42699	42700	42701	42702	42703	42704	42705	42706	42707	42708	42709	42710	42711	42712	42713	42714	42715	42716	42717	42718	42719	42720	42721	42722	42723	42724	42725	42726	42727	42728	42729	42730	42731	42732	42733	42734	42735	59.428071393157616	63.690669557767052	47.384507006451742	27.023052098276157	27.826736847079399	29.208693205319449	10.354058280510285	28.42068897030234	32.725645103846929	37.049221552915313	40.800399924713929	31.702832769451909	39.985249380678539	36.417483348828391	36.665779888368007	41.510724006043141	44.660239184495019	40.495789877299572	33.728915280465934	33.356448618028274	20.56984327392427	48.113961110763874	34.839664337483619	24.629131100074996	36.764966648562826	61.467757042794787	76.824192254811393	65.88076272015401	28.43293644746598	31.472439367891727	48.390769730708961	51.080987070632169	21.577301787353047	15.386006651685582	35.058110556458935	51.29919495243071	43.396476162526234	39.42116206170725	23.435214168647843	24.570276478075481	33.49129133013713	45.669765817770653	31.409397724599216	47.447523048853199	12.806790656107667	38.818839486099115	39.271056236265999	45.172005916728729	25.384659917831836	58.797219127376458	55.115876339048882	47.688483451883585	53.603485347880422	42.461218102382567	21.269120259163451	44.986717843591826	53.572387627526332	62.011841083689767	62.424057166380408	68.319573380084407	21.280247404609142	29.153995536726502	49.026803818818031	45.766638346654787	20.497737571046077	35.470245163252613	49.974800837958774	23.964082704560798	48.024773949752927	26.190179680290012	21.22893142894139	31.861839227982152	39.034928089506252	51.635898947230906	58.087184528978931	20.509588001438441	15.743611716278512	40.346899154920614	31.335369078556429	21.337170536582779	51.770893938049618	23.220405368907336	40.015660715980999	33.961821221816571	31.854552115083251	33.319454939812871	27.87159262911609	30.686674574916871	36.286332705784801	33.113940768154528	32.523333536970782	13.961052964257512	25.451897962798213	33.690519178830655	29.645369135564412	9.6854085995903247	17.540824180034345	34.747197458977951	23.596673963234071	10.19841968147138	8.4169783141059789	31.495193261426305	28.764456644743106	26.400806393959062	11.866493590071572	38.990085353021307	14.194057080455456	35.338855271807269	38.212209392394819	39.39525765526755	20.200982030417538	12.592770463527927	8.857600289869211	15.507822627280497	6.7753250156651319	14.335025823530236	12.952236911321236	13.901611236249309	14.965490273480947	22.037898863714016	25.589624407942484	11.659753336197305	16.176387520412714	21.549511073161611	4.6982394625762973	31.082099846634293	9.2658694484499993	27.229640969627656	21.150419502196147	14.9757631470666	16.276339759318759	19.105856621211249	14.269340087549418	11.77209325351607	7.2729339376863535	5.9107637287920909	11.262954049796036	15.051677208482365	11.767435252316139	11.297736515097384	10.033985656981654	11.670460025025477	8.7168755081680196	24.62477773171339	7.3489060844247653	9.558886322190089	8.3069202975920486	8.3750174967818918	12.764804671098332	18.869336318278961	14.748154538187618	12.756460440381018	8.5685380507516502	12.476398061985057	11.137649501311806	19.206798459744913	20.730139463001251	10.825886543920445	9.4293869881601466	19.659382618340942	11.789288634750518	14.438354374737656	11.089672858800448	15.80455341949172	10.266628527971205	18.301807150076673	17.880359981402858	10.362897945758702	8.0401145188300411	3.0753004637161347	23.837407586878413	9.4264288793940647	9.9320160888927074	9.6527958558039	14.688166340452527	15.541098692160872	13.784073091995992	6.171910874207831	14.301502339757006	8.231459639032666	7.8979659241921283	14.200636528374517	6.2779893411733951	6.2535645463438563	7.2381563593684026	12.855205372265692	6.9302940403154194	8.3813875678567911	8.4155589136890132	9.1258838631241748	9.3514980221657069	10.174449514066591	8.5729678805016043	5.8719550194553323	8.029079407010661	8.0053944259388583	6.9596594449067695	8.9533196679193523	13.192417246906947	9.9172961566716467	27.868729921848885	11.093511128415152	7.6515656042220082	13.504096156714501	12.805790895228521	8.3538946516546044	13.046707268399262	23.846279940278567	20.810092668965336	6.9546986283954473	23.2113215007995	13.354392822778079	9.0395052766575397	23.98783806956941	10.613720142062045	15.451516288178555	10.468968724415996	9.9430681950218993	8.5849833623638094	9.8057205098676032	4.7034618432441206	8.4230390761653737	9.257842696324083	13.755010475668998	5.8218259344587429	9.214211058378881	17.645022703027731	11.092512406783635	11.175525275595126	20.289724269076256	17.173398268331677	17.598161102463127	16.42027464606792	11.799998483848519	14.1024243131461	10.439911765888935	18.677052211614768	18.47873933518731	24.871342464354498	22.306086328642227	22.486997899462917	18.993917987048132	18.429483848897348	19.257149618881012	25.175038697306167	21.738338528484118	26.087230065185924	9.7133680716171753	19.703551523870143	16.612923073989627	15.405705530749733	18.378911618129436	15.684665346973484	15.473425088478029	17.860092319669281	16.491140106875012	20.286188535319969	16.12323966897408	17.849757234657016	35.726562668787544	36.331955176104657	32.146790800700877	28.731897608063051	28.600904556170985	38.692574480861218	20.885824346942162	19.945755182047677	32.825029885945362	23.109404770557628	35.343166584519331	14.881216552178385	23.644400427740411	26.153202903336318	26.912480101148333	33.337481323644965	28.027892188331226	43.02095626683942	28.115816474182555	20.42301212157901	25.762093153467799	31.734379183724126	26.275331615190222	25.617529752500072	16.924085176282222	32.958626224956994	29.175544583867794	23.033629340200225	22.160792524627677	36.058202477142025	13.36978713981169	15.866522844476073	32.1762803529462	22.250017699286815	22.409197657352895	35.82794907761923	9.7406240863547051	25.722215937043604	25.528128397299096	36.783830062875502	28.034569063235818	20.654607699692281	31.193080436487048	33.530241180765437	29.952120656574319	38.874070344006846	28.330040658039369	22.336404929854684	27.044498729123916	25.717017253232111	25.452739159849255	25.733222950346629	24.594599841456894	26.950352608058964	19.694074357744579	26.605047053340812	30.314068529670113	39.545475291523793	23.704104480228768	16.349953064476804	36.130955241412558	27.101935877287612	23.210003010028572	24.80146758554422	42.156314870303412	31.819575099887555	20.518986925932978	35.685182705133677	31.540891109980382	26.581641718212015	39.096526019437164	29.853315250977062	20.4594905075977	23.015890270043595	44.543771135889529	32.23733628118508	32.782855754082597	46.219315208751063	43.941242246325459	24.360854039286977	34.210820371643869	46.118371116168902	31.802727637983754	27.325418291948747	21.404905406420351	40.034627392063662	41.240232921398906	44.30880011368972	37.923086868368202	17.495197988402289	20.902312613465664	22.575625452755872	14.888830531395682	23.232144336383232	44.102065961960413	49.403051548095142	37.237314046577303	33.433143991934124	50.851486857939229	47.584061963992752	47.175494300432483	28.923880468982492	45.911122132700363	61.780444439524672	18.528753641237369	23.60592865430463	58.543355906546061	Accumulated Sap Flow	42370	42371	42372	42373	42374	42375	42376	42377	42378	42379	42380	42381	42382	42383	42384	42385	42386	42387	42388	42389	42390	42391	42392	42393	42394	42395	42396	42397	42398	42399	42400	42401	42402	42403	42404	42405	42406	42407	42408	42409	42410	42411	42412	42413	42414	42415	42416	42417	42418	42419	42420	42421	42422	42423	42424	42425	42426	42427	42428	42429	42430	42431	42432	42433	42434	42435	42436	42437	42438	42439	42440	42441	42442	42443	42444	42445	42446	42447	42448	42449	42450	42451	42452	42453	42454	42455	42456	42457	42458	42459	42460	42461	42462	42463	42464	42465	42466	42467	42468	42469	42470	42471	42472	42473	42474	42475	42476	42477	42478	42479	42480	42481	42482	42483	42484	42485	42486	42487	42488	42489	42490	42491	42492	42493	42494	42495	42496	42497	42498	42499	42500	42501	42502	42503	42504	42505	42506	42507	42508	42509	42510	42511	42512	42513	42514	42515	42516	42517	42518	42519	42520	42521	42522	42523	42524	42525	42526	42527	42528	42529	42530	42531	42532	42533	42534	42535	42536	42537	42538	42539	42540	42541	42542	42543	42544	42545	42546	42547	42548	42549	42550	42551	42552	42553	42554	42555	42556	42557	42558	42559	42560	42561	42562	42563	42564	42565	42566	42567	42568	42569	42570	42571	42572	42573	42574	42575	42576	42577	42578	42579	42580	42581	42582	42583	42584	42585	42586	42587	42588	42589	42590	42591	42592	42593	42594	42595	42596	42597	42598	42599	42600	42601	42602	42603	42604	42605	42606	42607	42608	42609	42610	42611	42612	42613	42614	42615	42616	42617	42618	42619	42620	42621	42622	42623	42624	42625	42626	42627	42628	42629	42630	42631	42632	42633	42634	42635	42636	42637	42638	42639	42640	42641	42642	42643	42644	42645	42646	42647	42648	42649	42650	42651	42652	42653	42654	42655	42656	42657	42658	42659	42660	42661	42662	42663	42664	42665	42666	42667	42668	42669	42670	42671	42672	42673	42674	42675	42676	42677	42678	42679	42680	42681	42682	42683	42684	42685	42686	42687	42688	42689	42690	42691	42692	42693	42694	42695	42696	42697	42698	42699	42700	42701	42702	42703	42704	42705	42706	42707	42708	42709	42710	42711	42712	42713	42714	42715	42716	42717	42718	42719	42720	42721	42722	42723	42724	42725	42726	42727	42728	42729	42730	42731	42732	42733	42734	42735	59.428071393157616	123.11874095092466	170.5032479573764	197.52630005565257	225.35303690273196	254.56173010805139	264.91578838856168	293.33647735886404	326.06212246271099	363.11134401562629	403.91174394034022	435.61457670979212	475.59982609047063	512.01730943929897	548.68308932766695	590.19381333371007	634.85405251820509	675.34984239550465	709.07875767597056	742.43520629399882	763.00504956792304	811.11901067868689	845.95867501617056	870.58780611624559	907.35277276480838	968.82052980760318	1045.6447220624145	1111.5254847825686	1139.9584212300347	1171.4308605979263	1219.8216303286354	1270.9026173992675	1292.4799191866205	1307.8659258383061	1342.9240363947652	1394.2232313471959	1437.619707509722	1477.0408695714293	1500.4760837400772	1525.0463602181528	1558.5376515482899	1604.2074173660606	1635.6168150906597	1683.0643381395128	1695.8711287956205	1734.6899682817195	1773.9610245179856	1819.1330304347143	1844.5176903525462	1903.3149094799226	1958.4307858189713	2006.1192692708548	2059.7227546187351	2102.1839727211177	2123.4530929802813	2168.4398108238734	2222.0121984513999	2284.0240395350897	2346.4480967014701	2414.7676700815546	2436.0479174861639	2465.2019130228905	2514.2287168417083	2559.9953551883632	2580.4930927594091	2615.9633379226616	2665.9381387606204	2689.9022214651814	2737.9269954149345	2764.1171750952244	2785.3461065241659	2817.2079457521481	2856.2428738416543	2907.8787727888853	2965.9659573178642	2986.4755453193025	3002.2191570355808	3042.5660561905015	3073.9014252690581	3095.2385958056407	3147.0094897436902	3170.2298951125977	3210.2455558285787	3244.2073770503953	3276.0619291654784	3309.3813841052911	3337.2529767344072	3367.9396513093238	3404.2259840151087	3437.3399247832631	3469.8632583202339	3483.8243112844912	3509.2762092472894	3542.96672842612	3572.6120975616845	3582.2975061612747	3599.8383303413088	3634.5855278002869	3658.1822017635209	3668.3806214449924	3676.7975997590984	3708.2927930205246	3737.0572496652676	3763.4580560592267	3775.3245496492982	3814.3146350023194	3828.5086920827748	3863.8475473545823	3902.0597567469772	3941.4550144022446	3961.6559964326621	3974.2487668961899	3983.1063671860593	3998.6141898133396	4005.3895148290048	4019.7245406525349	4032.6767775638559	4046.5783888001051	4061.5438790735861	4083.5817779373001	4109.1714023452423	4120.8311556814397	4137.0075432018521	4158.5570542750138	4163.2552937375904	4194.3373935842246	4203.6032630326745	4230.8329040023018	4251.983323504498	4266.9590866515646	4283.2354264108835	4302.3412830320949	4316.6106231196445	4328.3827163731603	4335.6556503108468	4341.5664140396393	4352.8293680894358	4367.8810452979178	4379.6484805502341	4390.9462170653314	4400.9802027223132	4412.6506627473391	4421.3675382555075	4445.9923159872205	4453.3412220716455	4462.9001083938356	4471.2070286914277	4479.5820461882095	4492.3468508593078	4511.216187177587	4525.9643417157749	4538.7208021561555	4547.2893402069076	4559.7657382688931	4570.903387770205	4590.1101862299502	4610.8403256929514	4621.6662122368716	4631.0955992250319	4650.7549818433727	4662.5442704781235	4676.9826248528616	4688.072297711662	4703.8768511311537	4714.1434796591248	4732.4452868092012	4750.325646790604	4760.6885447363629	4768.7286592551927	4771.803959718909	4795.6413673057878	4805.0677961851816	4814.9998122740744	4824.652608129878	4839.3407744703309	4854.8818731624915	4868.6659462544876	4874.8378571286958	4889.1393594684523	4897.3708191074847	4905.268785031677	4919.4694215600512	4925.7474109012246	4932.0009754475686	4939.2391318069367	4952.0943371792027	4959.0246312195186	4967.4060187873756	4975.8215777010646	4984.9474615641884	4994.2989595863537	5004.4734091004202	5013.0463769809221	5018.9183320003776	5026.9474114073882	5034.9528058333271	5041.9124652782339	5050.8657849461533	5064.0582021930604	5073.9754983497323	5101.8442282715814	5112.9377393999966	5120.5893050042187	5134.0934011609334	5146.8991920561621	5155.2530867078167	5168.2997939762163	5192.146073916495	5212.9561665854599	5219.9108652138557	5243.1221867146551	5256.4765795374333	5265.5160848140904	5289.5039228836595	5300.1176430257219	5315.5691593139009	5326.0381280383172	5335.9811962333388	5344.566179595703	5354.3719001055706	5359.075361948815	5367.49840102498	5376.7562437213037	5390.5112541969729	5396.3330801314314	5405.5472911898105	5423.1923138928378	5434.2848262996213	5445.460351575216	5465.750075844292	5482.9234741126238	5500.5216352150874	5516.9419098611552	5528.741908345004	5542.8443326581501	5553.2842444240387	5571.9612966356535	5590.4400359708407	5615.3113784351954	5637.6174647638372	5660.1044626633002	5679.0983806503482	5697.5278644992459	5716.785014118127	5741.9600528154333	5763.6983913439171	5789.7856214091034	5799.4989894807204	5819.2025410045908	5835.8154640785806	5851.22116960933	5869.6000812274597	5885.2847465744335	5900.7581716629111	5918.6182639825802	5935.109404089455	5955.3955926247745	5971.5188322937483	5989.3685895284052	6025.0951521971929	6061.427107373298	6093.5738981739987	6122.305795782062	6150.9067003382333	6189.5992748190947	6210.4850991660369	6230.4308543480847	6263.2558842340304	6286.3652890045878	6321.708455589107	6336.5896721412855	6360.2340725690256	6386.3872754723616	6413.2997555735101	6446.6372368971552	6474.6651290854861	6517.6860853523258	6545.8019018265086	6566.2249139480873	6591.9870071015548	6623.7213862852786	6649.9967179004689	6675.6142476529685	6692.538332829251	6725.4969590542078	6754.6725036380758	6777.7061329782764	6799.8669255029045	6835.9251279800465	6849.2949151198582	6865.1614379643343	6897.3377183172806	6919.5877360165678	6941.9969336739205	6977.8248827515399	6987.5655068378946	7013.2877227749386	7038.8158511722377	7075.5996812351132	7103.6342502983489	7124.2888579980408	7155.4819384345283	7189.0121796152935	7218.9643002718676	7257.8383706158747	7286.168411273914	7308.5048162037683	7335.5493149328922	7361.2663321861246	7386.719071345974	7412.4522942963204	7437.0468941377776	7463.9972467458365	7483.6913211035808	7510.2963681569217	7540.610436686592	7580.1559119781159	7603.8600164583449	7620.2099695228217	7656.3409247642339	7683.4428606415213	7706.6528636515495	7731.4543312370934	7773.6106461073969	7805.4302212072844	7825.9492081332173	7861.6343908383506	7893.1752819483308	7919.7569236665431	7958.8534496859802	7988.7067649369574	8009.1662554445547	8032.1821457145979	8076.7259168504879	8108.9632531316729	8141.7461088857553	8187.9654240945065	8231.9066663408321	8256.2675203801191	8290.4783407517625	8336.5967118679309	8368.3994395059144	8395.7248577978626	8417.1297632042824	8457.1643905963465	8498.4046235177448	8542.7134236314341	8580.6365104998022	8598.1317084882048	8619.0340211016701	8641.6096465544251	8656.4984770858209	8679.7306214222044	8723.8326873841652	8773.2357389322606	8810.4730529788376	8843.9061969707709	8894.7576838287096	8942.3417457927026	8989.5172400931351	9018.4411205621182	9064.3522426948184	9126.1326871343426	9144.6614407755806	9168.2673694298846	9226.8107253364306	
Sap Flow (L·day-1)


Accumulated Sap Flow (L)
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Soil Volumetric Water Content (%)

Rainfall (mm.hr-1)
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Upscaled Monthly Transpiration and Total Evaporation (ETo - mm·month-1) for the each stand at Buffeljags River 
Total Evaporation	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	103.21448888183704	93.839168049095491	80.595419071769953	56.848366054544471	44.1748483612025	38.014711016336307	38.244573558231977	49.917658677065646	60.210130804983827	67.365899092263192	91.986563712875565	102.84518300162547	Indigenous Stand	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	11.448131531445146	9.2479096249029471	12.461443568727354	9.6192003162875306	6.7199249813753568	4.1024895330454036	2.8441352702107898	3.0446834690756504	6.9412810848220836	9.8682965841480517	13.084364176515301	11.618139859444382	Introduced Stand	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	70.108265702490826	70.922274696138473	63.49993160287206	40.486244648886952	31.126786416187841	27.441652510407213	21.386317420363625	29.2255521657763	42.317200973746587	57.094779409094727	64.489457346356744	66.901537107678706	Mixed Stand	50.197048693160504	49.109665140957809	45.690437894414629	30.41954211055689	23.444204948639186	19.937102719680361	18.028708774197479	23.08347809334246	29.520154543210847	39.968945342472445	47.554751117839572	49.253232217669293	
Transpiration (mm·month-1)
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