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Abstract 27 

Self-established stands of alien invasive pine trees are common in many parts of South Africa 28 

and elsewhere. They mainly invade non-riparian settings but sometimes invade riparian habitats. 29 

There are clear visual differences in the physical attributes of trees that occupy riparian and non-30 

riparian zones. We have little information whether the differences between trees growing in these 31 

contrasting habitats reflect their water-use. The goal of this study was to establish the water-use 32 

of alien invasive pines growing adjacent to and away from a perennial stream, and to determine 33 

the driving factors behind the variations. The study was conducted in a self-established 20-year-34 

old mixed pine forest occupied by roughly equal proportions of Pinus pinaster and Pinus 35 

halepensis. Individual tree transpiration rates were measured using the heat pulse velocity (HPV) 36 

sap flow method. Evapotranspiration (ET) from entire stands was determined from the surface 37 

energy balance equation using sensible heat flux data collected using a boundary layer 38 

scintillometer and measurements of the available energy (net radiation – soil heat flux). A simple 39 

two-layer model in which the stand ET was calculated as the algebraic sum of the outputs from 40 

transpiration (E) and soil evaporation sub-models was evaluated at the two contrasting sites. 41 

Annual transpiration and ET rates were higher in the riparian zone at 980 and 1417 mm 42 

compared to 753 and 1190 mm, respectively in the non-riparian area. The model predicted stand 43 

transpiration fairly accurately for both sites (average R
2
 > 0.75), but was less accurate for 44 

evapotranspiration (average R
2
 < 0.70) due to the difficulties in simulating soil evaporation. No 45 

significant differences in sap velocities were found between trees at the two sites so the greater 46 

water-use of trees in the riparian zone was due to the larger basal area per stem. Based on the 47 

measured transpiration data we conclude that self-sown pine stands growing in riparian zones 48 

use at least 36% more water than those occurring in non-riparian settings justifying the high 49 

priority given to clearing invasive trees in riparian zones.  50 

 51 

Keywords: Sap flow, Scintillometer, Evapotranspiration, Transpiration, Two-source model  52 

 53 

 54 

 55 

 56 

 57 
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 59 
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1.0 Introduction 60 

  Many pine species were introduced into South Africa in the 1800s for the production of timber 61 

and other products (Olivier, 2009) and they are still being used for commercial forestry. Currently 62 

formal pine plantations cover approximately 660 000 ha of the country (Van Wilgen and 63 

Richardson, 2012) and they constitute roughly 87% of the area under forestry in the Western 64 

Cape Province. However, some species have propagated beyond the plantation boundaries and 65 

have invaded approximately 2.9 million ha of land in South Africa (van Wilgen and Richardson, 66 

2012). At least nine pine species are recognized as being invasive in South Africa and these 67 

include: Pinus elliottii, P. halepensis, P. patula, P. pinaster, P. pinea, P. radiata, P. roxburghii, P. 68 

taeda and P. canariensis (Rouget et al., 2004).  69 

  The impacts of self-established stands of alien plants, such as pines, on the delivery of 70 

ecosystem goods and services in South Africa and internationally are well documented (Doody et 71 

al., 2011; Hultine and Bush, 2011; Le Maitre et al., 2002; Van Wilgen et al., 2008; Vilà et al., 72 

2011). These include reductions in stream flows (Prinsloo and Scott, 1999), lowering of 73 

groundwater levels (Dzikiti et al., 2013; Fourie et al., 2002; Scott et al., 2008), occupying grazing 74 

lands (Ndhlovu, 2011; Wise et al., 2012), loss of biodiversity (Dean et al., 2002; Vilà  et al., 2011) 75 

and exacerbating the problem of wild fires (Van Wilgen and Richardson, 2012). The current rates 76 

of spread of invasive pines in catchments in South Africa indicate that many towns, cities and 77 

rural areas are likely to experience severe water shortages in the near future (Van Wilgen et al., 78 

2008; Hoffmann et al., 2011).  79 

   Alien invasive plants in South Africa result in the loss of ecosystem goods and services, 80 

particularly water, which amounts to approximately $800 million per annum at current levels of 81 

infestations (De Lange and van Wilgen, 2010). The economic losses will escalate as alien plant 82 

invasions continue to spread. Climate change will compound the threat of alien plants on the 83 

country’s water resources and it is predicted to firstly accelerate the rate of plant spread, with the 84 

current invaded area increasing by more than five percent annually (Le Maitre et al., 2000; 85 

Richardson and van Wilgen, 2004). More frequent extreme weather events will aid the dispersal 86 

of the plants and existing alien plants under the current subtropical conditions will be better 87 

suited to the changed climatic conditions. Secondly climate change is predicted to increase the 88 

atmospheric evaporative demand in the Western parts of the country (DWA, 2010) thereby 89 

increasing the rates of transpiration (Zhu and Ringler, 2012). The outcome of this will be 90 

exceptionally high demands on limited water resources thus worsening water shortages in a 91 

country where more than 80% of the available water is already allocated (DWA, 2010). 92 

   Pines are among the most important invasive taxa in South Africa and are particularly 93 

important invaders of the high yielding montane catchment areas (Van Wilgen and Richardson 94 

2012). They mainly invade non-riparian areas and will sometimes invade riparian areas. Clear 95 
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visual differences exist between trees growing in riparian and non-riparian zones. Larger trees 96 

generally inhabit riparian areas and experiments with plantation trees have shown that plants in 97 

riparian areas have the largest impact on surface runoff. For example, Scott (1999) observed that 98 

clearing riparian pines led to a 48% increase in surface runoff in a catchment under 99 

Mediterranean conditions in the Western Cape compared with between 2.5-10% increases in 100 

surface runoff achieved when non-riparian trees were felled. In another study, direct 101 

measurements of evapotranspiration by riparian black wattle (Acacia mearnsii) plantations in a 102 

high rainfall region of South Africa, (Clulow et al., 2011) revealed that the trees used up to 46% 103 

more water than the mean annual rainfall and significant reductions in stream flow occurred 104 

when the trees achieved full canopy cover. The disproportionate hydrological impacts of riparian 105 

trees are a consequence of their access to multiple sources of water for transpiration (Dawson 106 

and Ehleringer, 1991). These include recent rainfall, soil water, stream water and groundwater. 107 

Trees in non–riparian areas generally have access only to infiltrated rainwater so they are likely 108 

to respond differently to changes in water availability than riparian trees. 109 

     We have not found any detailed studies which directly investigated the water requirements of 110 

self-sown pine forests growing in riparian and non-riparian habitats. This study therefore sought 111 

to: 1) quantify the seasonal dynamics of water-use by self-established pine forests growing in 112 

riparian and non-riparian settings; 2) identify the key factors influencing the water-use differences 113 

in these habitats, and 3) to develop and evaluate a physically-based model of water-use by self-114 

established stands of pines growing in contrasting habitats. This information is crucial not only for 115 

understanding the hydrological impacts of alien invasive plants but also for facilitating decision-116 

making, for example, in programs designed to remove alien invasive vegetation in water scarce 117 

countries like South Africa.    118 

 119 

 2.0 Materials and methods 120 

2.1 Study sites 121 

  The study sites were situated in a self-established pine forest (S 33.85036 ; E 18.90728, 510 122 

m asl) on the northern slopes of the Simonsberg Mountain about 18 km north of the town of 123 

Stellenbosch in the Western Cape Province of South Africa. The forest is approximately 20 years 124 

old, having regenerated after the last wildfire swept through the area in March 1992. Indigenous 125 

vegetation in the area is predominantly of the Boland granite fynbos type, a sclerophyllous scrub 126 

dominated by species of the Proteaceae, Ericaceae and Restionaceae genes, which is typical of 127 

the vegetation in the Cape Floral region (Scott, 1999; Mucina and Rutherford, 2006). Remnants 128 

of the indigenous vegetation occupied a few open patches in parts of the forest where some 129 

clearing had been done recently. The dominant pine species in the forest are P. pinaster and the 130 

drought tolerant P. halepensis and they occur in roughly equal proportions. 131 
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    Tree density varied widely across the forest from dense almost impenetrable thickets 132 

characterized by tall, closely-packed, thin trees in excess of 3500 stems/ha, to less densely 133 

invaded areas occupied by larger trees with less than 1100 stems per ha. A perennial stream 134 

flows northwards from Simonsberg Mountain through the middle of the riparian study site (Fig 1a) 135 

and discharges into the Backsberg farm dam further downstream (north of Fig 1a). At the time of 136 

the study the invaded riparian area extended approximately 200 m on either side of the stream 137 

and stretched for more than 1.5 km along the length of the stream (Fig 1a). The actual riparian 138 

zone (i.e. with seasonally saturated soils) was estimated to be less than 60 m either side of the 139 

stream. The non-riparian site was located on an adjacent upland area away from and to the west 140 

of the stream, incorporating a small portion (< 2 ha) of a managed pine plantation belonging to 141 

the neighbouring Simonsvlei farm (Fig 1b).   142 

  The forest floor was covered by a thick layer of pine leaf litter (up to 200 mm deep) in the 143 

densely invaded parts of the forest but with relatively shallow litter layers in the less densely 144 

invaded sections. The dominant soil type was dark red clayey loam soils with patches of coarse 145 

textured sandy loam soils in some places. Climate at the study site was Mediterranean with most 146 

of the rain falling during the mild to cold winter season from May to August. Long–term average 147 

of yearly maximum and minimum temperatures for the study site are 29 and 6 C, respectively 148 

(van Niekerk and Joubert, 2011) while the long-term average annual rain fall is 812 mm (Schulze 149 

and Lynch, 2007). 150 

 151 

2.2 Transpiration measurements 152 

    Transpiration rates of trees growing at the two sites were determined from sap flow 153 

measurements collected over a ten month period from July 2011 to April 2012. Three trees at the 154 

riparian and two trees at the non-riparian site were monitored using the heat ratio method (HRM) 155 

of the heat pulse velocity (HPV) sap flow measurement technique (Burgess et al., 2001). Four 156 

probes were inserted at different depths into the sapwood of each tree at breast height (~1.30 157 

m). Stem diameters of the instrumented trees were selected to be representative of the dominant 158 

tree sizes based on measurements on 50 randomly selected trees at each site. At the non-159 

riparian site the diameters at breast height of the instrumented trees were 9.61 cm for Tree 1, 160 

and 18.62 cm for Tree 2, respectively. Stem diameters were 11.50 cm for Tree 1, 19.99 cm for 161 

Tree 2, and 27.28 cm for Tree 3, respectively at the riparian site. Thermocouple insertion depths 162 

from the outer bark were 20, 25, 30, and 35 mm for Tree 1, and 20, 32, 43, and 55 mm for Tree 2 163 

at the non-riparian site. At the riparian site, the thermocouples were installed at 20, 25, 30, and 164 

35 mm for Tree 1, and at 20, 32, 45 and 60 mm for Tree 2, and 20, 40, 60, and 80 mm for Tree 165 

3. More trees could not be instrumented because of equipment limitations. In addition, cable 166 

length of the heater probes made sampling trees spaced more than two meters apart difficult 167 
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albeit with fewer sensors per tree. Reducing the number of sensors on each tree would have 168 

minimized the accuracy of our sap flow measurements because sap velocity varies significantly 169 

with radial depth into the sap wood (Wullschleger and King, 2000). Instrumented trees at the 170 

riparian site were situated at most 7-8 m away from the stream so they were well within the 171 

riparian zone.    172 

 The sap flow data was collected at hourly intervals throughout the study period. Occasional 173 

equipment malfunctioning, mainly heater failure, led to gaps in the data which were filled in by 174 

correlating readings from adjacent probes within the same treatment. The instrumented trees 175 

were felled at the end of the study to determine the wound sizes (due to sensor implantation), 176 

fractional water content of the wood, wood density and to determine the size of the conducting 177 

sapwood areas (Mörling and Valinger., 1999). The sap velocity data was corrected for wounding 178 

according to the procedure developed by Swanson and Whitefield (1981). Total sap flow of 179 

individual trees was calculated by summing the product of mean sap velocity and the sapwood 180 

areas corresponding to the sampled areas. Stand level transpiration (in mm/h) was then 181 

determined as the weighted sum of water-use by trees in each stem size category using an 182 

average tree density of 2300 stems per hectare for both sites. Sap flow data from Trees 1 and 2 183 

at both sites was assigned to the 1-10 cm and 11-20 cm tree size classes, respectively while 184 

Tree 3 sap flow data at the riparian site was assigned to the 21-30 cm stem size class with the 185 

weighting functions determined from the stem size surveys.   186 

 187 

2.3 Soil water and climate data 188 

  Volumetric soil water content was measured hourly in the depth range 0-20 cm from the soil 189 

surface using CS616 capacitance probes (Campbell Scientific Inc. Logan UT, USA). Hourly 190 

weather data was obtained from a climate station operated by the Agricultural Research Council 191 

of South Africa (ARC) at an adjacent farm located about two kilometres away from the 192 

experimental site at Merle (S33.8626, E18.92847 and 381 m asl) while the leaf area index (LAI) 193 

was determined at selected intervals during the campaign using the leaf area meter (Model LAI 194 

2000, LI-COR, Inc., Lincoln NE, USA). The reference evapotranspiration (ETo) was calculated 195 

using the modified Penman-Monteith equation according to Allen et al (1998). 196 

 197 

2.4 Evapotranspiration measurements 198 

   The evapotranspiration rate (ET, in W m
-2

) by entire stands at the riparian and non-riparian 199 

sites was estimated using a surface energy balance approach in which ET was calculated as the 200 

residual term in the energy balance equation, namely;  201 

  ET = Rn-G-H      (1) 202 
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 where Rn is the net radiation (W m
-2

) absorbed by the forest, G is the soil heat flux (W m
-2

) which 203 

represents the energy transferred into and out of the ground, and H is the sensible heat flux (W 204 

m
-2

). The sensible heat flux component was calculated from the changes in the refractive index 205 

of the air between a transmitter of monochromatic infrared radiation (at 880 nm) and a receiver 206 

along fixed transects using the large aperture boundary layer scintillometer (BLS 900, Scintec, 207 

AG, German). The yellow dotted lines in Fig 1(a) and (b) depict the scintillometer beam paths at 208 

the two sites. Points A and B represent the locations of the transmitter and receiver and the path 209 

lengths were 903 and 860 m for the riparian and non-riparian sites, respectively. The effective 210 

scintillometer beam height above the vegetation was calculated using detailed transect elevation 211 

and tree height data according to the approach described by Savage et al. (2004). Mean height 212 

(h) of the tree canopies at both sites, measured using a Vertex Laser II hypsometer (Haglöf, 213 

Sweden) was approximately 14.0 ± 1.0 m. On the other hand the mean scintillometer beam 214 

height above the ground was approximately 22 and 25 m at the riparian and non-riparian sites, 215 

respectively. The beam heights were therefore significantly larger than the height of the 216 

roughness elements at both sites ensuring that free convection scaling requirements were met.    217 

 The net radiation absorbed by the forest was measured using a net radiometer (Model: Kipp and 218 

Zonen, Delft, The Netherlands) installed above the canopies in the middle of the scintillometer 219 

beam transects (grey circles in Fig 1). The net radiometer was mounted on an eight meter lattice 220 

mast tower fitted with a further seven and half meter extension pole to ensure that the sensor 221 

was at least one and half meters above the canopies on average. The soil heat flux was 222 

measured using a cluster of four soil heat flux plates (REBS, Inc. Seattle, WA, USA) installed at a 223 

depth of 80 mm at various positions within the forest. Because of equipment limitations, ET from 224 

the two sites could not be measured simultaneously. Instead, measurements were taken in 225 

rotations during short periods typically eight to ten days at each site during the autumn, winter, 226 

spring and summer seasons, respectively.  227 

2.5 Modelling water-use by alien invasive pines 228 

  The ET measurements were discontinuous so a model was developed to scale up the water-229 

use data to annual values. In this model the forest was partitioned into two distinct layers namely 230 

the upper transpiring layer comprising the tree canopies, and the below canopy layer in which we 231 

assumed that evaporation from the forest floor was the main source of water. Transpiration (E, in 232 

kg m
-2

 s
-1

) from the canopies was modelled using a Penman-Monteith equation following Granier 233 

and Loustau, (1994), in which  234 














)1(

))((

c

b

aasbpn

g

g
s

eTegcsR
E





   (2)

 235 
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  where  is the latent heat of vaporization of water (J kg
-1

), “s” is the slope of the saturation 236 

vapour pressure against temperature curve (Pa C
-1

),  is the density of air (kg m
-3

), cp is the 237 

specific heat of air at constant pressure (J kg
-1

 °C
-1

), es(Ta)-ea is the vapour pressure deficit (VPD) 238 

of the air (Pa),  is the psychrometric constant (Pa °C
-1

), gb and gc are the aerodynamic and 239 

canopy conductance (m s
-1

), respectively. The aerodynamic conductance (gb=1/rb) was 240 

calculated using the equation for the leaf boundary layer resistance (rb, s m
-1

) adopted from Iritz 241 

et al. (1999): 242 

1














 b

c

z
b

w

u
r      (3) 243 

where b = 0.01 (m s
-0.5

), uz is the wind speed (in m s
-1

) at the effective height (x) where most of 244 

the transpiration can be considered to be occurring, wc is the leaf width which was taken to be 245 

1.0 mm for pine. The wind speed at the effective height was determined following Monteith and 246 

Unsworth, (1990) as: 247 

  oz zdx
k

u
u /ln

*
                                   (4) 248 

where u* is the friction velocity, k is the von Karman constant, d is the zero plane displacement 249 

and zo is the roughness length. The zero plane displacement was calculated from mean tree 250 

height as d = 0.63h while the roughness length was derived from zo = 0.13h according to 251 

Shuttleworth and Wallace (1985), where h is the mean tree height. For simplicity, the effective 252 

height (x) was set at the top of the canopies (14 m). For periods outside the ET measurement 253 

campaigns, Rn above the canopies was derived from the hourly solar irradiance data assuming a 254 

surface albedo of 0.20 given the dense cover of photosynthesizing plant material. The downward 255 

long wave radiation component was calculated from the mean air temperature and actual vapour 256 

pressure of the air according to the relationship by Brutsaert (1975) while the long wave radiation 257 

emitted by the forest surface at each site was derived using the relationship adopted from 258 

Ortega-Farias, (2000) which assumed that the temperature of the effective emitting surface in the 259 

forest was equal to the measured air temperature. The simulated net radiation absorbed by the 260 

forest agreed well with the measured values (R
2
 > 0.85) during different seasons.    261 

  Various mathematical formulations exist for the canopy stomatal conductance (gs) of pine trees 262 

(Granier and Loustau, 1994; Poyatos et al., 2007). The data available from this study best suited 263 

Granier’s formulation/equation: 264 

 ).exp(1
.1
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R
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where k1, kd1, kd2, kr, ks1, and ks2 are parameters determined by model optimisation, and M is the 266 

soil moisture deficit estimated from: 267 

minmax

max

MM

MM
M




       (6) 268 

where Mmax, Mmin, and M are the maximum, minimum and the actual measured soil water content. 269 

  However, the best fit between the measured and modelled transpiration data at both sites was 270 

obtained when equation 5 was multiplied by a temperature stress function used on pines by 271 

Poyatos et al. (2007) of the form: 272 

opt

a

opt

a

TT

TT

TT

TT
Tf










max

max

min

min)(

    (7)

 273 

where Tmax , Tmin and Topt are the maximum, minimum and optimum temperatures which were set 274 

at 40, 0 and 27 C, respectively and Ta is the measured air temperature. According to 275 

Shuttleworth and Wallace (1985), the soil evaporation (Es, in kg m
-2

 s
-1

) can be simulated using 276 

the relationship; 277 







 


s

ssp

s
r

eTec
E

)(*
.




   (8) 278 

where e*(Ts) is the saturated vapour pressure at the soil temperature, es is the actual vapour 279 

pressure of the air but at the soil temperature (Ts) and rs (in s m
-1

) is the soil/substrate surface 280 

resistance to water vapour transport. The soil temperature was measured during the ET 281 

campaigns using the soil averaging thermocouples (Model TCAV-L: Campbell Scientific, Inc., 282 

Logan UT, USA). Simple regression equations between soil temperature and air temperature 283 

were developed and used to estimate the soil temperature for periods outside the ET 284 

measurement campaigns. Poyatos et al. (2007), working in a Scots pine forest using lysimeters, 285 

derived a relationship between the soil surface resistance (rs) and volumetric water content of the 286 

substrate at 15 cm depth (15) by fitting a power function of the form: 287 

2

_15

15
1

c

FC

s cr


















    (9) 288 

   where c1 and c2 are further parameters to be obtained by model optimization. In this study we 289 

set 15 to be equal to the measured volumetric soil water content (M) in equation 6. 15_FC is the 290 

measured volumetric water content at field capacity at 15 cm depth which we considered to be 291 

equivalent to the volumetric water content 24 hours after sustained heavy rain events that were 292 
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adequate to wet the entire soil profiles and measured in the 0 to 20 cm depth range using the 293 

CS616 probes. The estimated volumetric water content at field capacity was approximately 0.22 294 

m
3
 m

-3
.    295 

 296 

 297 

3.0 Results 298 

  3.1  Microclimate, soil water and plant attributes  299 

    From 1 May 2011 until 30 April 2012, approximately 969 mm of rainfall was received in the 300 

study area. The reference evapotranspiration (ETo) was approximately 1318 mm during the 301 

same period. Air temperature peaked at 40.4 C in summer (mid January 2012) and a minimum 302 

of approximately 4.2 C was reached in late winter (August 2011) (Table 1). Volumetric soil water 303 

content in the shallow soil layers (0 to 20 cm depth range) was similar between the two sites 304 

during winter (Fig 2) because of the frequent heavy rains which kept the water content above 305 

0.20 m
3
/m

3
 and small differences were observed for all the other seasons. The similarity in the 306 

soil types between the two sites and the presence of a thick leaf litter layer which suppressed 307 

direct evaporation from the soil ensured that the soil water regimes did not differ significantly.  308 

    Despite the similar soil water regimes there were clear differences in tree physical 309 

characteristics based on the random sampling of stem sizes at the two sites. Stem diameters 310 

were generally smaller for non-riparian trees, with approximately 66% of the sampled plants 311 

having a stem diameter <15 cm and there were no trees with stem sizes >25 cm (Figure 3). In 312 

contrast, only 38% of the trees sampled at the riparian site had stem sizes < 15 cm and 16% of 313 

the trees had diameters >25 cm. Stem sizes in the range 11 to 15 cm were most common at both 314 

sites. The leaf area index (LAI) for the riparian stand was 29% greater than that of the non-315 

riparian stand with values of 2.01  0.20 and 1.53  0.20, respectively. 316 

 317 

3.2 Transpiration dynamics 318 

   During the wet season the measured daily transpiration varied linearly with the atmospheric 319 

evaporative demand [depicted by the reference evapotranspiration (ETo)] for the non-riparian 320 

(Fig 4a) and riparian pine trees (Fig 4b). Soil water availability was not limiting because of the 321 

winter and early spring rains (Fig 2). The wet season transpiration data extended from early July, 322 

when the sap flow measurements commenced to end of September 2011, when both the rainfall 323 

frequency and amounts were tapering off (Figs 4a,b). The ratio of the monthly total stand 324 

transpiration to the monthly ETo (Kcb) peaked in July at 1.06 and 0.80 for the riparian and non-325 
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riparian sites, respectively (Fig 5). However, a comparison of the measured daily transpiration 326 

with the daily ETo data recorded over all the seasons (entire sap flow measurement period) 327 

showed a strongly non-linear relationship for trees in both the non-riparian (Fig 4c) and the 328 

riparian (Fig 4d) settings. The ratio of the monthly total transpiration to the monthly ETo reached 329 

its minimum at the end of the dry season in March 2012 with values of 0.56 for the riparian and 330 

0.42 for the non-riparian site.   331 

    Despite the presence of alternative water sources for riparian trees during the dry season (e.g. 332 

soil water, river water and groundwater), transpiration levels still declined significantly, most likely 333 

in response to the soil water depletion given the linear transpiration-ETo relationship in Fig 4 a & 334 

b when soil water was not limiting. The sources of water-used by the trees were not determined 335 

in this study and therefore it was not possible to ascertain the level to which the riparian trees 336 

depended on, for example, the ground and river water sources. Although transpiration by trees at 337 

both sites responded similarly to environmental factors, total transpiration over the whole period 338 

when sap flow was monitored (July 2011 to April 2012) was 869.6 mm and 638.3 mm at the 339 

riparian and non-riparian sites, respectively. This represented 36% greater transpiration at the 340 

riparian than at the non-riparian site.  341 

 342 

3.3 Seasonal water-use comparisons 343 

  Four measurement campaigns were conducted during the autumn, winter, spring and summer 344 

seasons, respectively to measure evapotranspiration (ET) at the study sites (Table 2). The ET 345 

model described in section 2.4 was developed in the Model Maker software package (Cherwell 346 

Scientific, UK). Model optimization to identify parameters that minimized the weighted sum of 347 

squared differences between the measured and modelled transpiration and soil evaporation, 348 

respectively was done using the Marquardt iterative method. Combined data from the riparian 349 

and non-riparian sites collected during spring (Table 2) was used for optimizing the model (Table 350 

3). No direct measurements of the soil/substrate evaporation were done so the differences 351 

between the measured stand level ET and the transpiration were used as proxy for soil/substrate 352 

evaporation. Model validation was done using the data collected only during the late summer to 353 

early autumn campaign from February to March 2012. Data collected during the other 354 

campaigns, notably autumn 2011 and winter 2011, were not used either because they were 355 

incomplete (e.g. missing transpiration data in autumn 2011) or unreliable (e.g. the winter 356 

scintillometer data) due to poor visibility because of mist or fog at this montane site and 357 

condensation inside the scintillometer receiver lens on some occasions.  358 

  Simulations of the stand ET were within 19% of the measured values (Fig 6a) at the riparian site 359 

while transpiration simulations were relatively more accurate being within 13% of the measured 360 

values (Fig 6b). However, model predictions of soil evaporation were poor (Fig 6c) and this 361 
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contributed towards the larger errors in the predicted ET. At the non-riparian site, the model 362 

simulations of both the stand ET and transpiration were within 5% of the measured values (Fig 363 

7a,b) despite the poor soil evaporation simulations (Fig 7c). In addition, the scatter in the water-364 

use simulations at the non-riparian site tended to be larger (low R
2
) than those at the riparian 365 

site.  366 

  Lastly, the model was then used to determine the monthly transpiration (Fig 8) and 367 

evapotranspiration (Fig 9), respectively of the riparian and the non-riparian sites over an entire 368 

year. Input data required to run the model included the solar irradiance, wind speed, air 369 

temperature, relative humidity, leaf area index and the volumetric soil water content. Total annual 370 

transpiration comprising measured data for the period July 2011 to April 2012 and modelled 371 

transpiration for the period May-June 2011 was 980 mm for the riparian compared with 753 mm 372 

for the non-riparian trees while the modelled annual ET values were 1417 mm for the riparian 373 

and 1190 mm for the non-riparian sites.      374 

 375 

4.0 Discussion 376 

  The dynamics of water-use by mature self-established stands of P. halepensis and P. pinaster 377 

growing in riparian and non-riparian environments were determined in this study. Seasonal 378 

trends in water-use were similar between the two sites (Fig 4) although riparian trees had much 379 

larger stem sizes and used larger quantities of water than those in non-riparian zones. 380 

Observations that riparian vegetation is structurally different from non-riparian vegetation and 381 

that riparian trees use large quantities of water are consistent with the outcomes of previous 382 

studies (Clulow et al., 2011; Dye and Jarmain, 2004; Hultine and Bush, 2011., O’Grady et al., 383 

2002; Scott, 1999). Eco-hydrological investigations by Smith et al (1991) in Sierra Navada (USA) 384 

found that riparian trees along river reaches subject to stream diversions had reduced leaf areas, 385 

leaf thickness, significantly lower stomatal conductance and midday leaf water potential than 386 

similar species along un-diverted reaches. These structural differences likely translated to 387 

differences in water-use by the vegetation in the two habitats although no comparative water-use 388 

data was collected. Clulow et al. (2011) working with black wattle (Acacia mearnsii) plantations 389 

observed that riparian trees maintained high growth rates even during the dry season and that 390 

the annual total water-use by the plantation exceeded rainfall. 391 

   In the present study, measured transpiration data showed that riparian pines used up to 36% 392 

more water than non-riparian pines while the leaf area index was approximately 29% greater for 393 

the riparian trees. It therefore appears that in the case of the self-established pine stands studied 394 

here, the greater water-use by riparian trees (compared with those in non-riparian areas) was 395 

due to tree physical attributes such as a larger stand basal area (Fig 3) and a larger transpiring 396 

leaf area (Verbeeck et al., 2007). However, Hultine and Bush, (2011) observed that there can 397 
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also be significant differences in the hydraulic properties of trees growing in riparian and non-398 

riparian settings. Their study revealed that riparian trees tended to have larger xylem vessel 399 

diameters and had higher hydraulic conductivities than non-riparian trees. But we did not observe 400 

any significant differences in the sap velocities for trees at the two sites in the present study even 401 

under high atmospheric evaporative demand and non-limiting soil water conditions.  402 

  Most pine species including P. halepensis and P. pinaster are known to be isohydric, i.e. they 403 

close their stomata as soil and atmospheric conditions become dry, thereby maintaining a 404 

relatively constant leaf water potential (Klein et al., 2011; Lagergren and Lindroth, 2002). When 405 

soil water was readily available at both the riparian and non-riparian sites during the winter rainy 406 

season, a linear relationship was observed between the transpiration rates and the reference 407 

evapotranspiration (ETo) (Figs 4a & b). However, a significant departure from linearity occurred 408 

as both the atmosphere and soils became drier during the summer and autumn seasons, 409 

suggesting a strong tendency by the two pine species to reduce stomatal conductance to prevent 410 

potentially harmful declines in tree water status (Figs 4c & d). But the decline in the daily 411 

transpiration rates was slower for the riparian trees suggesting that these trees likely maintained 412 

a relatively higher stomatal conductance. Lagergren and Lindroth (2002) working on Scots pine 413 

(P. sylvestris) observed a steep decline in the sap flow rates with increasing vapour pressure 414 

deficit (VPD) of the air while (Schiller and Cohen, 1995) observed that the transpiration rates of 415 

P. halepensis dropped at a rate as much as 0.5 mm d
-1

 (on cloudless days) after the last rains. In 416 

our study however, VPD levels exceeding 3.50 kPa were prevalent during the dry summer and 417 

autumn months and this possibly contributed to the lowering of the transpiration rates. Mean 418 

daily transpiration rates on clear days for the riparian and non-riparian pines peaked at 33 and 26 419 

litres per tree per day, respectively during late winter in August 2011 but dropped to as low as 15 420 

and 11 litres per tree per day in  autumn (April 2012) towards the end of the dry season. 421 

  However, the substantial decline in the transpiration rates of the riparian pines during the dry 422 

season was not expected given that the trees probably had access to multiple sources of water. 423 

But Dawson and Ehleringer (1991) demonstrated that not all trees growing close to rivers use 424 

river water. Therefore it is possible that the sources of water used by the riparian pines were 425 

fewer than we thought and the trees experienced significant water stress. Borghetti et al (1998) 426 

observed significant xylem cavitation in P. halepensis when subjected to prolonged drought and 427 

this could be an additional factor that further reduced the observed transpiration rates at both 428 

sites although no data was collected to confirm this in the present study.    429 

   Water-use by the riparian and non-riparian pine forests was modelled using a two-source 430 

model in which the evapotranspiration (ET) was derived from transpiration and soil evaporation 431 

sub-models. Simulations of transpiration were significantly improved by modifying the stress 432 

function of the canopy conductance model developed by Granier and Loustau (1994), to include 433 

a temperature stress function, and we adopted the version proposed by Poyatos et al. (2007). 434 
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Comparison of the hourly transpiration simulations with the measured sap flow data gave 435 

accurate predictions at both sites, although less reliable results were obtained for the ET 436 

simulations, mainly as a result of the poor model simulations of the soil evaporation. The 437 

predicted soil evaporation was much lower than the estimated residual values (ET- minus 438 

transpiration) because of the inherent assumptions in our model. The model considered the 439 

entire forest to be comprised of only pine trees and the soil and yet there was some understory 440 

vegetation mainly in the form of indigenous trees and shrubs whose transpiration was not 441 

quantified in this study.       442 

 443 

5.0 Conclusions 444 

   Comparisons of the dynamics of water-use by alien invasive pine forests in the Western Cape, 445 

South Africa reveal that the seasonal water-use trends were similar for trees invading riparian 446 

and non-riparian areas although transpiration rates were greater in the riparian zones. Annual 447 

transpiration by the riparian pines exceeded rainfall by approximately 8% while transpiration by 448 

the non-riparian trees was 83% of annual rainfall. Each hectare of invasive pines directly 449 

withdrew about 9.8 million litres of water per year in the riparian zone compared with 7.5 million 450 

litres at the non-riparian site. Annual evapotranspiration, on the other hand, was 1417 mm for the 451 

riparian and 1190 mm for the non-riparian zone. Independent water use measurements on 452 

stands of indigenous Fynbos vegetation at locations within 10 to 15 km from our study site 453 

showed annual evapotranspiration rates of 1332 mm in riparian and 757 mm in non-riparian 454 

areas with an overall ET range of 600-900 mm (Scott et al. 2000; Dye et al., 2008). Incremental 455 

water use per year due to the presence of pine invasions in the Fynbos area consequently 456 

translates to approximately 433 mm in the non-riparian and 85 mm in the riparian areas, 457 

respectively. Dye et al (2008) attributed the high riparian Fynbos evapotranspiration rates to the 458 

high leaf area index and evergreen nature of the riparian plant species which also form dense 459 

stands with taller plants than in non-riparian settings. The presence of pine invasions in the 460 

Fynbos biomes clearly increases evaporative losses beyond what the baseline vegetation 461 

consumes. Targeted efforts to remove the pines from the Fynbos areas in the water scarce Cape 462 

region by organizations such as the Working for Water (Department of Environmental Affairs in 463 

South Africa) are therefore justified to conserve the unique biodiversity of the region as also 464 

confirmed by a recent study by Van Wilgen and Richardson (2012).      465 

This study also demonstrates that the extent to which water-use by riparian invasive species 466 

exceeds that by similar species in non-riparian settings depends on the extent to which the 467 

riparian vegetation is more structurally developed (e.g. greater leaf or basal area) compared with 468 

the non-riparian plants. Based on the logic that in the long-term, stream flow reductions by 469 

vegetation is proportional to the difference between precipitation and ET, this study suggests that 470 
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the extent of the hydrological impacts depends on the degree to which the invading vegetation is 471 

structurally developed. There are other factors which also play a part in stream flow reductions 472 

such as the density of the invading vegetation (number of trees per unit area) and these are the 473 

subject of our ongoing studies. 474 

    The simulations of stand transpiration at each site were reasonable and can be used to 475 

estimate direct water-uptake by invasive pine trees. Further improvements are required in the 476 

parameterization of the below canopy environment (e.g. by taking into account transpiration by 477 

the understory vegetation) and the role of the leaf litter to improve the modelled estimates of 478 

evapotranspiration. 479 
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 615 

Captions 616 

Fig 1. Pine invaded study sites where a) represents the riparian site with a small perennial 617 

stream flowing towards the Backsberg farm dam on the northern edge of the image, and 618 

b) depicts the non-riparian site. The yellow lines indicate the location of the scintillometer 619 

transects and the grey circles the positions of the energy balance systems. 620 

Fig 2. Soil water dynamics from 0 to 20 cm depth at the riparian and non-riparian pine sites. 621 

Fig 3. Stem size distributions determined from measurements of the stem diameters at breast 622 

height of 50 randomly selected trees at the pine invaded sites.  623 

Fig 4. Transpiration dynamics of the invasive pine trees in response to the atmospheric 624 

evaporative demand during the wet season: (a) at the non-riparian site, and (b) at the 625 
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riparian site: (c) and (d) transpiration over the whole measurement period. Each data 626 

point represents the daily total transpiration at each site.  627 

Fig 5. Monthly changes in the ratio between the transpiration rate and ETo (Kcb) at the pine 628 

invaded sites. 629 

Fig 6. Validation of the two-source water-use model at the riparian site where (a) shows model 630 

predictions for ET, (b) prediction of the transpiration and (c) predictions of the 631 

soil/substrate evaporation. The dashed line represents the 1:1 line. 632 

Fig 7. Validation of the two-source water-use model at the non-riparian site where (a) shows 633 

model predictions for ET, (b) prediction of the transpiration and (c) predictions of the 634 

soil/substrate evaporation. The dashed line represents the 1:1 line. 635 

Fig 8. Simulated monthly transpiration rates for the riparian and non-riparian invaded sites over 636 

an annual time scale. 637 

Fig 9. Simulated monthly evapotranspiration rates for the riparian and non-riparian invaded sites 638 

over an annual time scale. 639 

 640 



Highlights 

 Self-sown pine trees invading riparian zones used 36% more water than trees in non-

riparian areas; 

 Greater water-use by riparian pines was a result of larger tree sizes than higher sap flux 

densities;  

 Trees in both habitats closed their stomata under high atmospheric evaporative demand;  

 Stand transpiration was accurately predicted by a Penman-Monteith type model in both 

habitats. 

 

*Highlights (for review)



Tables 

Table 1. Summary of the monthly air temperature, rainfall and reference evaporation (ET0) at the 

study site during this study. 

Year Month Tmax Tmin Rain fall ETo 

  

(C) (C) (mm) (mm) 

 

May 28.9 6.9 142.8 48.5 

 

Jun 25.9 5.7 178.8 35.9 

 

Jul 24.8 5.1 58.0 54.5 

2011 Aug 25.4 4.2 133.8 59.6 

 

Sept 31.6 5.3 97.8 79.7 

 

Oct. 33.3 6.3 42.0 107.9 

 

Nov 34.5 6.3 89.4 133.2 

 

Dec 34.2 8.4 47.6 164.4 

  Jan 40.4 10.6 11.0 180.8 

2012 Feb 39.4 11.8 16.6 185.8 

 

Mar 37.0 10.5 45.6 169.6 

  Apr 33.4 7.0 106 98.9 

Average/Total 

 

32.4 7.3 969.4 1318.8 

 

 

 

  

Table



Table 2. Total evaporation measurement periods. 

Season Site   

  Riparian Non-riparian Application 

Autumn 14 - 22 Mar 2011 23 - 31 Mar 2011 Unused 

Winter 17 - 24 Jun 2011 25 Jun - 1 Jul 2011 Unused 

Spring 26 Oct - 7 Nov 2011 10 - 22 Nov 2011 Calibration 

Summer 14 - 24 Feb 2012 25 Feb - 8 Mar 2012 Validation 

 

 

Table 3. Parameter values for the pine water-use model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Value Units 

c1 0.058 s m
-1

 

c2 -0.312  - 

k1 0.035 m s
-1

 

kd1 0.00014 Pa
-1

 

kd2 0.00019 Pa
-1

 

kr 207.53 W m
-2

 

ks1 0.036   - 

ks2 0.00015   - 
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Fig 2 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Fig 3.  
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Fig 4 
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Fig 5 
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Fig 6 
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Fig 7 
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Fig 9 
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Dear Editor, 

 

 

We wish to re-submit our manuscript with the following details: 

 

 

Title: Comparison of water-use by alien invasive pine trees growing in riparian and non-riparian 

zones in the Western Cape Province, South Africa  

 

Authors: Sebinasi Dzikiti
 a*

, Klaudia Schachtschneider
a
,
 
Vivek Naiken

b
, Mark Gush

 a
, David Le 

Maitre
a
  

 

 

We are pleased to inform you that we have now thoroughly revised our manuscript and we are 

grateful for the opportunity you accorded us to revise our paper. The input from the two 

anonymous reviewers, which has helped us to improve the quality of our manuscript, is also 

sincerely appreciated.  

 

Three main issues were raised by the reviewers and these include: 1) concerns over our sap flow 

measurement approach, 2) the need to include indigenous baseline vegetation in the assessment 

of the hydrological impacts of the alien invasive pines, and 3) the management implications of 

our results, among others. 

 

 Regarding the sap flow measurements, we were constrained by inadequate equipment and we 

agree with the reviewers that it would have been ideal that we sample more trees. However, we 

had to make a choice between spreading the existing few sensors on more trees so that we would 

end up with, say one or two probes per tree but ultimately sample more trees than we did. 

However, we felt that this approach would introduce much larger errors in our sap flow data as it 

is well known that the sap velocity changes significantly with depth into the sap wood. To obtain 

representative sap flow data, we therefore decided to sample the sap velocity at four depths 

within the sap wood of a few trees typical of the dominant size classes at each site. We therefore 

believe that our tree scale sap flow data is quite accurate and we have clarified our approach in 

the revised manuscript on page 5 lines 157 to 169 and page 6 lines 168 to 170. 

 We have now a discussion on the water use by indigenous vegetation, page 14 lines 451 – 460 

and the management implications (page 14, lines 460 – 465).  

 

 

*Reply to reviewers



 

 

 

 

 

 

 

 

 

Responses to all the questions raised by the reviewers are detailed below. We repeat the question/ 

comment raised by each reviewer in italic text and our responses are in non-italics text. The 

changes made to the manuscript are highlighted in yellow shade.  

            

 

 

REVIEWER #1 
 

 

Comment # 1: 

This manuscript was interesting to read and deals with a very important matter that is 

appropriate for FEM. How invasive species can endanger the water supply in a region. Most of 

the manuscript read well but some parts of the M&M need to be clarified. 

 

 

- We are pleased that you found our manuscript interesting and relevant to the FEM journal 

and we hope we have addressed your concerns satisfactorily. 

 

Comment # 2: 

The main shortage of this study is that it is not enough to compare riparian and non-riparian 

transpiration for "understanding the hydrological impacts of alien invasive plants" (line 109), as 

you then have to use the indigenous vegetation as reference. 

 

- We agree with this comment and we have extensively revised our manuscript to include 

the role of indigenous vegetation based on past studies in the Fynbos biome (see page 14 

lines 451 to 465. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Comment # 3: 

The other major problem is that the data is a little bit weak. There is only 2 respective 3 trees 

measured for each vegetation type and there is a big question mark behind the stand inventory 

data needed and the method used to scale up the sap flow data to stand level. 

 

- We have addressed the question of the numbers of the trees sampled in the introduction 

above, but briefly we decided to collect detailed sap flow data on a few representative 

trees than on a many trees but with questionable data.  

- On the second point regarding the tree inventory, we admit that we unintentionally made a 

major omission in our original submission in that we did not mention that we did a stem 

size survey on 50 randomly selected trees per site (100 trees for the two sites). We have 

now clarified our tree inventory approach on page 5 line 159. 

  

 

Comment #4: 

Line 39. I think you mean evapotranspiration here. Use E as abrevation for transpiration and ET 

for evapotranspiration throughout. 

 

- Yes, we indeed meant evapotranspiration. Please note that we have replaced the phrase 

“total evaporation” with the word  “evapotranspiration” throughout the manuscript for 

consistency. 

 

Comment #5: 

Lines 82-83. I don't understand the unit of spread, do you mean that the area of invasive species 

increase with 5% each year? 

 

- We have revised this sentence as suggested (page 3 lines 84 – 85). 

 

Comment #6: 

Lines 119. Is "Boland granite fynbos" Latin? Check if it really is common practice to have it in 

italic font. 

  

 

- Again we have revised this accordingly (see page 4 line 126). 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Comment #7: 

Lines 118-121. Hard sentence to read, I suggest "Indigenous vegetation in the area is 

predominately of the Boland granite fynbos type, a sclerrophyllous scrub vegetation, dominated 

by species of the Proteaceae, Ericeae and Restinaceae genes, which is typical of the vegetation in 

the Cape Floral region". 

 

- We have revised the sentence as suggested (page 4 line 126 to 128) 

 

 

Comment #8: 

Lines 136. "up to 200 mm deep" might read better. 

 

 

- This has been revised accordingly (page 5 line 143). 

 

Comment #9: 

Lines 140-141. It is not totally clear what type of average temperatures these are, long term 

average of yearly maximum and minimum of 24 h mean temperatures? 

 

- we have clarified the type of average temperatures on page 5 line 148. 

 

Comment #10: 

Line 150. Is it possible to give some more details about the depths? Also, you don't really tell how 

you scale of your sap velocities to tree level sap flow. 

 

 

- We have revised this section extensively also in line with some the earlier comments – see 

page 5 lines 159 to 167 and page 6 lines 168 to 170. 

 

Comment#11: 

Lines 162-164. You have a very limited number of trees. I think you have to tell which size 

categories you used. 

 

- We have provided more information on size categories used (page 6 line 183 to 186) and 

the question on the number of trees has been dealt with earlier.  

 

 

 

 



 

 

 

 

 

 

 

 

 

Comment # 12: 

Lines 164-165. This seems to be a very weak spot of the study as it sound like you take the 

number of stems right out of the air. The numbers are exactly the same for both study sites and 

the scaling up to stand level transpiration if very dependent on this number. 

 

- As explained earlier, we unintentionally did not mention that our tree statistics were based 

on measurements of the stem sizes of 50 randomly selected trees. However, we had 

included this information in the caption of Fig 3 but not in the text and we agree that this 

could cause some confusion. We have now rectified this mistake (pg 5 line 159).  

- Regarding the number of trees per site, an average figure for the whole invaded area 

rather than the specific numbers per site, was more appropriate because the number of 

trees varies as a complex function of many variables such as soil types, anthropogenic 

factors, microclimates etc. But we were more interested in understanding how differences 

in the physiology of the trees at the two sites translated to differences in the quantity of 

water used. 

 

 

Comment # 13: 

Line 166. A new header for this section would be good. 

 

- We have introduced a new header – page 6 line 188. 

 

Comment #14: 

Lines 186-188. Can you give some more details? Height, for instance, seems to be very important 

according to the manual "The free convection scaling requires the measurement height to be 

significantly larger than the height of the roughness elements" (Manual BLS 900 3.1.3). 

 

- We have provided more details – page 7 line 213 – 217. 

 

 

Comment #14: Line 225. Move comma, it should be "(1985),". 

 

- We have made this change (pg .8 line 252). 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Comment # 15: Line 238. The end parenthesis after M is missing. 

 

- A parenthesis has been included in equation 5. 

 

 

Line 239. The kr parameter is not mentioned. 

 

- Kr is now mentioned pg 9 line 266. 

 

 

Comment # 17: 

Line 246. I'm not impressed by this equation, though it has been published. From the name of the 

parameters you might think that it gives the highest value at Topt but there is no shifting in the 

equation and it instead gives maximum at (Tmin+Tmax)/2, Topt only works as a scaling 

parameter. 

 

- We are not sure how to address this comment as the reviewer did not provide an 

alternative solution. On our part however, we tried other temperature stress functions e.g . 

that published by Zhang et al.,(1997)  but this too did not improve our model simulations. 

 

Zhang, H., Simmonds, L.P., Morison, J.I.L., Payne, D., 1997. Estimation of transpiration by 

single trees: comparison of sap flow measurements with a combination equation. Agric. For. 

Meteorol. 87, 155 – 169. 

   

 

Comment # 18: Line 255. Model name of the thermocouples? 

 

- this is now included – page 9 line 282 

 

Comment # 19: Lines 254-256. I suggest reordering the sentence "… was measured during the 

ET campaigns using the soil…". 

 

- The sentence has been revised – page 9 line 281 – 282. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Comment # 20: 

Line 256-258. As there mostly is hysteresis between soil and air temperature on an annual basis I 

assume that the regression were applied for shorter periods. 

 

- Yes the regressions were applied on shorter periods. 

 

Comment # 21 

Line 273. I can't see that you have mentioned ETo in the M&M. 

 

- This is now included – page 6 line 195 – 196. 

 

Comment # 21: 

Line 276. On line 166 you say that you measure SWC at 20 cm, not 0-20 cm. 

 

 

- We measured the soil water content in the depth range 0 – 20 cm and we have now 

corrected this in various places throughout the manuscript. 

 

 

Comment # 22: 

 

Lines 278-282. I don't think this is a correct description. There is an event at about 20 Oct were a 

shift can be seen and after that they are almost perfectly parallel. 

 

- there was a disturbance(vandalism) at our non- riparian set up and there was a slight shift in the 

soil water content trend as noted by the reviewer although it appears that the soil water content at 

the non-riparian actually declined more than at the riparian site in the long-term. However, 

because of the uncertainty surrounding this trend, we decided to tone down the comparison in the 

soil water content between the sites.    

 

 

 

Comment # 23: 

Lines 285-286. Take away "with stem sizes" 

 

 

- We have removed this phrase. 

 

 

 



 

 

 

 

 

 

 

 

Comment # 24: Line 287. Take away "at least" 

 

- We have also revised carefully our use of the phrase “at least” throughout the manuscript 

and we only retain it where we think it is absolutely necessary. 

 

 

 

Comment 25: Lines 298-300. It might be an idea to include a figure with a time series of this 

ratio. 

 

 

- We agree with this comment and we have actually added a new figure ( Fig 5). 

 

 

Comment # 26: Lines 311-313. Why not give total transpiration? 

 

- Here we have given the total transpiration as suggested ( page 11 lines 339 – 340) 

 

 

Comment #27: Line 369. "there can also be significant" 

 

- We have revised this sentence accordingly. 

. 

 

Comment #28: Line 383. To really go into this it could be good to make some analysis of canopy 

conductance. 

 

- Unfortunately, we did not directly measure the canopy conductance of the pines and while 

inverting the Penman-Monteith equation is an option, the trend will likely be similar to 

that of the transpiration dynamics as that will depend heavily on the sap flow input data. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Comment # 29:  

Line 406. Comma placement "(1994)," 

 

- This has been corrected. 

 

 

Comment # 30 

Lines 421-423. Here it becomes very obvious that a comparison also to indigenous 

vegetation, at least from literature, is really needed. 

 

 

- See earlier responses. 

 

 

Comment # 31: Line 561. "Depth" not "deep". Again you say something else in M&M 

(line 166). 

 

- We have changed the caption accordingly ( pg 19 line 621) 

 

 

 

Comment # 32: Line 563. What trees? How were they selected? 

 

 

- We have revised the caption to Fig 3 and indicated that we dealt with 50 randomly 

selected trees at each site. 

 

 

 

Comment # 33: Table 3. Value of k1? This value means that there is no effect of SWC, I 

would expect a value of about 3.3. 

 

- Unfortunately, a value of 3.3 for the parameter k1 did not give good model simulations 

and so we will stick to our optimization results as presented in Table 3.   

 

 

 

                    

*********************************************************************** 



 

 

 

 

 

 

 

 

 

REVIEWER # 2 

 

Comment #1: 

 The paper reports investigations of water use by invasive pines in riparian zones in the western 

cape province of stH Africa.  This is an interesting and topical piece of work and should make a 

useful contribution.  The combination of measurements and modelling is nice although I have 

some comments on various aspects of this approach below.  The conclusion that the riparian 

pines use more water than the non riparian pines is not altogether surprising. I would think that 

a paper focussed at water management might have some comments to make on management of 

the issue and I would like to see some thought put into this.  Despite this, in general the paper is 

well written and concise.   

- Thank you for finding our manuscript interesting and relevant to the FEM journal. We 

have indeed included comments on the implications of pi9ne invasions in indigenous 

Fynbos vegetation by combining data from this study with that from previous studies on 

Fynbos (page 14 line 460 – 465). 

Comment #2 

Ln 29 do you mean invasives rather than invasions? 

 

- We have completed re-phrased the sentence to better present what we mean (pg 2 line 

29).  

 

Comment #3: Ln 37.  I'm not exactly sure what you mean here, scintolmetry is an energy balance 

approach 

 

- Here we have now more clearly explained that the scintillometer gives only the sensible 

heat component of the surface energy balance and an independent energy balance system 

is required for Rn & G (pg 2 lines 37 – 39). 

 



 

 

 

 

 

Comment #4: Ln 41 higher not greater 

 

- We have changed the text accordingly (pg 2 line 42). 

Comment #4:  

Introduction 

 

82-86  there appears to me an odd contradiction here.  On one hand you are saying that 

CC will increase the rate of spread of the weeds, however evaporative demand will also 

increase-given that the pines seem quite sensitive to water deficits as outlined in this and 

other papers, I'm not sure how the two lines of thought are connected. Why will climate 

change affect the rate of spread of these pines?  Further more what aspect of evaporative 

demand is expected to increase.  If temperature increases, a response through VPD might 

be expected, but Roderik and others (see cites within) have shown that in many locations 

across the globe evaporation is declining.  Either way I think the system is water limited 

as stated, but I'm a little unclear on the flow of the arguments 

 

Roderick, M.L., Farquhar, G.D., 2004. Changes in Australian pan evaporation from 1970 

to 2002. International Journal of Climatology 24, 1077-1090. 

 

- we have extensively revised this section and I hope there is no contradiction any more. 

Thank for the reference above, but we have also given a more recent reference that is 

specific to South Africa (pg 3 lines 86-90) 

 

Comment #5: 118 when did the fire occur? 

 

- The fire occurred in March 1992 (page 4 line 125) 

 

 

 



 

 

 

 

 

Comment #6 

You present some results around vegetation structure in but these are not covered in the 

methods.  I think some description around this is important because it impacts on the 

scaling approaches used in your sapflow data. 

- See the responses to reviewer #1 above. We erroneously omitted the details on the tree 

statistics which we have now corrected. 

 

Comment # 7: 

145.  The measurement of transpiration is my biggest area of concern in this paper.  The 

replication at the stand level is very low, and this raises some important uncertainties 

around scaling and interpretation of the sapflow data.  Going back to my earlier point 

related to stand demographics, was sapwood are characterised in these stands or just 

basal area.  You state that stand transpiration was calculated as the weighted sum of 

water use in each stem size category.  In figure 3 there are seven size class categories in 

the riparian stand and five in the no riparian stand.  However ,only 3 and 2 trees were 

measured in the riparian and non-riparian stands. 

 

- Here see also our responses to reviewer # 1 above. 

 

Comment # 8: 

With regard to the scintillometer approach, how confident can you be that you accurately 

close the energy balance?  Sensible heat is average across the path length but Rn and soil 

heat flux are still point estimates, what impact does this have on estimates of Et? 

 

- This is the general weakness of the scintillometer approach that while good sensible heat 

flux can be obtained along the transect being investigated, it is difficult to get data on the 

available energy (Rn – G) which is representative of the entire transect. However, in our 

study, we used four soil heat flux plates (pg 7 lines 222 – 224) to attempt to average out 

differences along the transect and we hope this minimized the potential errors. 

 



 

 

 

 

 

Comment #9 

Results 

 

271  were there differences in rainfall between the two stands? 

 

- No there were no differences in the rainfall because the sites were very close to each other 

(pg 5 line 137). 

 

Comment # 10: 283  the soil water regimes are similar in winter but not in spring/summer 

 

- Thank you for the suggestion but we have decided to tone down comparisons between the 

soil water content at the two sites (see comments to reviewer #1).  

Comment #11 

285-288  Are there age differences playing out here, or are you saying that site is the 

main driver in the structural differences 

 

- Our selection of the trees was random at both sites (pg 5 line 159) and so any age 

differences would even themselves out.   

 

Comment # 12: 

 

305  you are assuming the presence of alternative water sources here. While figure two 

suggests that there is more water available, you cannot make any assumptions about 

alternative water sources, look to me like it could just e high soil water availability  (see 

Dawson 1991) 

 

- We have been cautious in our interpretation of water sources (see page 13 lines 424-429) 

and thank you for the reference. 

 



 

 

 

 

 

 

Comment # 13: 

Some more clarity  around figure our would be good.  Are these points averages of tree 

water on any given day or a collection of individual tree water use/or stand water use. 

 On a terminology front I think the term transpiration should be reserved for water use 

expressed on a leaf area basis. 

 

- We have explained in the caption of Fig 4 that this is the daily total transpiration at each 

stand (pg 20 line 627). Regarding the terminology, we understand what the reviewer 

implies here, but we think that it is a widely accepted assumption that at the daily time 

step, total sap flow is a good approximation of the daily transpiration. We restricted 

ourselves to the use of the term “sap flow” rather than “transpiration” when interpreting 

our hourly data throughout the manuscript.   

 

Comments# 14: Discussion 

 

358 Should leaf thickness increase and 368 there is evidence leaf area does a nice job of 

predicting excess available water.  

 

- the increase in leaf thickness was observed in the study by Smith et al 1991 and we did 

not measure this variable in our study. 

 

Comment #15: 

 

370  I think I know what you're getting at here but it is not necessarily the case 

that because hydraulic conductivity may be higher that sap velocity would be higher. 

- We have clarified this statement on page 13 lines 401 to 402 and we hope this now 

conveys the correct message. 

 

 



 

 

 

 

 

Comment 16: 

 

394  I don't think so, as you point out pines are very conservative in their water use 

strategies, and at these High vapour pressure deficits would reduce water use to avoid 

xylem cavitations.  The P50 for pines is pretty low so I think it may be a bit of a stretch to 

link these processes in this paper especially when none of these traits have been measured 

- We have extensively revised this argument on page 13 lines 424 to 429. 

 

 

Lastly we are really grateful for constructive comments from the reviewers and we hope we have 

addressed most of them satisfactorily and that our manuscript will now be accepted for 

publication in the Forest Ecology and Management Journal. 
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