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Summary 26 

Foliar gas exchange, carbon (δ13C) and oxygen (18O) isotope ratios were measured in 27 

a young blackbutt (Eucalyptus pilularis) plantation subjected to four levels of weed 28 

control as defined by the width of the weed-free strip maintained for the first 24 29 

months. Treatments were defined as: 2 m wide weed-free strip (50% of plot area, 30 

2.0MWC), 1.5 m wide weed-free strip (37.5% of plot area, 1.5MWC), 1 m wide 31 

weed-free strip (25% of plot area, 1.0MWC) and nil weed control (NWC). The 32 

objectives of the study were to determine (1) if decreasing the width of the weed 33 

control strip (decreasing herbicide use) affected the growth and leaf photosynthesis of 34 

the plantation and (2) the variations in relative stomatal and biochemical limitation to 35 

photosynthesis as affected by different levels of weed control. Gas exchange 36 

measurements showed that the 1.0MWC and 1.5MWC treatments had lower foliar 37 

light-saturated photosynthesis (Asat), compared to the 2.0MWC treatment. Compared 38 

to the 1.0MWC, 1.5MWC and 2.0MWC treatments, the Asat in the NWC treatment 39 

was significantly lower, which is attributable to both greater stomatal and non-40 

stomatal limitations. However, the gas exchange and isotopic results suggest that the 41 

lower Asat in the NWC treatment was more attributable to stomatal than biochemical 42 

limitation. The results support the conclusion that different levels of weed control 43 

would cause the variations of relative physical and biochemical limitations to 44 

plantation photosynthesis. This study added to a growing body of literature on 45 

competition for soil resources between trees and weeds and highlights the usefulness 46 

of the stable isotopic method in supporting the A/Ci analysis of stomatal limitation to 47 

photosynthesis. 48 

Keywords: A/Ci curve, Eucalyptus pilularis, 13C, 18O.  49 

 50 
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Introduction 51 

        The growth of  plants depends on a series of physical and biochemical processes 52 

that transfer CO2 from the surrounding air into organic molecules and, for this reason, 53 

much work has focused on the assessment of relative limitations to the CO2 54 

assimilation rates imposed by both stomatal and non-stomatal processes in trees under 55 

environmental stress (Mason et al. 2000; Stewart et al. 1995; Tissue et al. 2005). 56 

Changes in soil water and nutrient availability resulting from silviculture may 57 

influence both physical and biochemical processes of tree crowns. Understanding the 58 

impact of silvicultural treatments on soil water and nutrient availability and therefore 59 

the physiology of tree crowns, is useful for the successful establishment of forest 60 

plantations in resource limited environments. Leaf nitrogen (N) concentration is 61 

closely related to photosynthetic capacity for many eucalypt species (Leuning et al. 62 

1991; Macfarlane et al. 2004; Sheriff 1996).  Up to 75% of leaf N can be extracted 63 

from the chloroplasts required for photosynthesis, and 30-50% of this may be present 64 

in the ribulose bisphosphate carboxylase (Rubisco) alone (Evans 1989). In addition to 65 

Rubisco, N is a necessary component of other photosynthetic enzymes involved in 66 

light harvesting and electron transfer (Evans and vonCaemmerer 1996). Changes in 67 

soil water availability may affect tree water potential and therefore alter canopy-scale 68 

stomatal conductance which is closely related to changes in plant water status 69 

(Herrick et al. 2004). In addition, trees under water stress may suffer from foliar 70 

metabolic impairment (Flexas et al. 2004). 71 

        Weed control with herbicide treatment decreases the competition for water and 72 

nutrients and benefits the survival and productivity of forestry plantations during 73 

establishment as demonstrated by a number of studies (Adams et al. 2003; Goncalves 74 

et al. 2004; Pitelli et al. 2003; Wilkinson et al. 2002). The relative importance of 75 
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competition for water or nutrients, particularly N, between weeds and trees and the 76 

photosynthetic response has been well documented (Ellis et al. 1985; Sands and 77 

Nambiar 1984; Stevens et al. 1995). However, studies on the question of whether 78 

weed competition primarily limits photosynthesis through stomatal closure and in 79 

general through diffusive resistance or by metabolic impairment are rare, especially 80 

under field conditions and an understanding of the processes involved in competition 81 

between weeds and trees is fundamental to defining appropriate weed control practice 82 

(Nambiar and Sands 1993).  83 

        Based on gas exchange data, the analysis of photosynthetic CO2 response curves 84 

(A/Ci curves) has been frequently used to separate the stomatal and non-stomatal 85 

limitations to foliar photosynthesis of drought-stressed (Flexas et al. 2004; Lawlor et 86 

al. 2000; Mason et al. 2000; Ripullone et al. 2004; Stewart et al. 1995) or nutrient-87 

stressed plants (Tissue et al. 2005). However, it is not clear whether this kind of 88 

analysis can be reliably applied to trees under weed competition because of two 89 

sources of uncertainty in the interpretation of the photosynthetic responses to 90 

intercellular CO2. The first regards the estimation of Ci: patchy stomatal closure 91 

(Reynolds et al. 2000) and changes in the cuticular conductance (gc) to vapour 92 

pressure (Boyer et al. 1997) may overestimate Ci and invalidate the A/Ci curves.  The 93 

second is  the widely used Farquhar et al. (1980) model of photosynthesis which 94 

assumes that liquid-phase transfer conductance (gi) is infinitely large, whereas recent 95 

studies show that eucalypt leaves have a small enough gi to impose a significant 96 

limitation on photosynthesis (Bernacchi et al. 2002; Ethier and Livingston 2004; 97 

Harley et al. 1992a; Warren and Adams 2006). This suggests that the non-stomatal 98 

limitation to photosynthesis could be imposed by both biochemical processes and gi. 99 

        Alternatively, analyses of leaf carbon (δ13C) and oxygen (18O) isotope 100 
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compositions are useful tools in determining relative stomatal and biochemical 101 

limitations to photosynthesis. The isotopic method provides a time-integrated measure 102 

of gas exchange processes (Farquhar et al. 1989; Prasolova et al. 2001; Xu et al. 103 

2000). Furthermore, foliar δ13C is an estimation of the assimilation-rate-weighted 104 

value of Ci, whereas gas exchange is a conductance-weighted value of Ci. Therefore, 105 

the over-estimation of foliar Ci resulting from stomatal heterogeneity by instantaneous 106 

measurements of gas exchange can be avoided through foliar δ13C analysis (Brugnoli 107 

and Lauteri 1991). According to the analyses of the δ13C and 18O in C3 plants, 108 

Scheidegger et al (2000) have developed a conceptual model into the relationship 109 

between stomatal conductance and biochemical capacity which may arise as a result 110 

of changing environmental conditions. Cernusak et al. (2005) suggested that the 111 

combination of δ13C and 18O analyses allows interpretation of leaf tissue δ13C in 112 

terms of the effects of environmental conditions on foliar Ci caused by variation in 113 

either biochemical capacity or stomatal conductance. 114 

        In subtropical Australia, it is a common practice to maintain a 2-m wide weed-115 

free strip along each planting row for the first 12 months during hardwood plantation 116 

establishment (DPI Forestry 2004). However, a goal of the plantation forestry industry 117 

is to reduce herbicide use because of increasing environmental concerns regarding 118 

herbicide transport to surface and ground waters (DPI Forestry 2004). Thus, an 119 

experiment was established to examine the growth response of a young blackbutt 120 

(Eucalyptus pilularis) plantation to four levels of weed control (different quantities of 121 

herbicide use) and to determine the physiological mechanisms underpinning the 122 

response. Our objectives were to assess: (1) the growth response to four levels of 123 

weed control; (2) how foliar photosynthetic parameters were altered by different 124 

levels of weed control; and (3) the relative limitations to photosynthesis imposed by 125 
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stomatal and non-stomatal processes under different levels of weed control in the 126 

water and nutrient limiting environments of subtropical Australia.  127 

 128 

Experimental site and methods 129 

Experimental site and treatments 130 

       The experiment was located in Pechey, 140 km northwest of Brisbane, Australia. 131 

The site has freely draining, well-textured red Ferrosols (Soil Survey Staff 1999), with 132 

the predominant weather pattern giving cool dry winters and warm wet summers. 133 

Rainfall in this area is highly variable with mean annual rainfall of 851 mm. On 134 

average, winter temperatures range from 4 to 20ºC, and summer temperatures 135 

between 20 and 33 ºC. Prior to plantation establishment in July 2005, the 136 

experimental site was covered with grass weeds dominated by kikuyu (Pennisetum 137 

clandestinum Chiov.). Trees were planted at 4 m x 2.5 m spacing. Four treatments 138 

were arranged in a randomized block design, with four replicates. Each plot (24 m × 139 

67.2 m) had 6 rows of trees with 28 trees per row, a total of 168 trees.  Weed control 140 

was attained through the use of glyphosate (present as the isopropylamine salt) (1.5 kg 141 

ha-1) in August and November 2005 and in August 2006 to keep the treatments free of 142 

weeds for at least 12 months. The four treatments were: 143 

1. 2.0 m weed control (2.0MWC): a 2-m-wide-strip centered on each tree 144 

row (50% of the plot area) 145 

2. 1.5 m weed control (1.5MWC) a 1.5-m-wide-strip centered on each 146 

tree row (37.5% of the plot area) 147 

3. 1.0 m weed control (1.0MWC): a 1-m-wide-strip centered on each tree 148 

row (25% of plot area) 149 

4. Nil weed control (NWC): no herbicide applied. 150 
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All the treatments were fertilized with 275 kg ha-1 MAP (N 10.0%, P 21.9%, S 2.3%) 151 

4 weeks before planting. Blocks were geographically distinct, although there were no 152 

discernible gradients in site characteristics.  153 

 154 

Growth and gas exchange measurements 155 

        Due to high levels of variability and significant sampling error involved in 156 

measuring diameter of stems of very young trees, diameter measurements were not 157 

taken and height increments were used as a more reliable indicator of growth. Tree 158 

heights were recorded in September 2005, March and December 2006 and June 2007.  159 

Gas exchange measurements were conducted in December 2006 and June 160 

2007 using fully expanded leaves located in the middle portion of the crown pointing 161 

North. Photosynthesis was measured with portable photosynthesis systems (Model 162 

6400, Li-Cor, Lincoln, NE) equipped with CO2 control modules and light sources 163 

consisting of blue-red light-emitting diodes (Model 6400-02B). Photosynthetic CO2 164 

response curves (A/Ci) were determined by measuring the response of net 165 

photosynthesis (A) to varying Ci. External CO2 partial pressures (Ca) were supplied in 166 

11 steps, decreasing from 400 to 50 μmol mol-1, and then increasing from 400 to 1200 167 

μmol mol-1, with irradiance (Q) maintained at a saturating value of 1500 μmol s-1. 168 

Measurements were recorded automatically at each Ca set point when photosynthesis 169 

had equilibrated, which is typically less than 120 s. Photosynthetic light response 170 

curves (A/Q) were determined by measuring the response of A to varying Q at 171 

ambient CO2 partial pressure. We reduced Q in 9 steps from 2000 μmol s-1 to 172 

darkness. Measurements were recorded automatically at each value of Q when 173 

photosynthesis had equilibrated. The A/Ci and A/Q curves were measured on the 174 

same foliage in the morning between 9:00 am and 11:00 am over five consecutive 175 
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days. The trees were measured in random order. Foliage temperature during 176 

determination of the A/Ci and A/Q curves was maintained at 25 ºC and humidity was 177 

near ambient. Leaf-to-air vapour pressure deficit was generally between 0.6 and 0.8 k 178 

Pa, reflecting ambient conditions. We measured four trees from each treatment giving 179 

a total of 16 A/Ci and A/Q curves. 180 

 181 

Foliar N concentration, δ13C, and δ18O 182 

       After the gas exchange measurements, leaves were collected for analyses of area, 183 

mass per area (LMA), N concentration, δ13C and δ18O. Leaf area was determined with 184 

an optical area meter (Li-3100). Leaves were oven dried at 60 ºC for at least 76 h to 185 

determine dry mass weight. Leaf samples were then ground, and analyzed for total N 186 

and C (% DW) using the Dumas micro-combustion technique (Eurovector EA 3000, 187 

Milan Italy). The δ13C was analyzed on a Mass Spectrometer (GV Isoprime, 188 

Manchester UK) and calculated as: 189 

13C (‰)=   10001
standard

sample 
R

R
                                                                   (1) 190 

where Rsample is 13C/12C ratio of a sample and Rstandard 
13C/12C ratio of the international 191 

PeeDee Belemnite (PDB) standard. Leaf samples were further combusted in a high-192 

temperature conversion/elemental analyser (1440°C, TC/EA Finnigan 165 MAT 193 

GmbH, Berman, Germany), and analyzed for δ18O on a mass spectrometer (Sercon 194 

Hydra 20-20, Crewe, UK) by a Conflo interface. The isotopic values are expressed in 195 

delta notation (in ‰ units), relative to Vienna standard mean ocean water for oxygen. 196 

Analytical precision was ±0.3‰. Isotopic composition (δ18O) is expressed as 197 

deviations from these standards: 198 

δ18O (‰) =   10001
standard

sample 
R

R
                                                                 (2) 199 
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where Rsample and Rstandard are isotope ratios (18O/16O) of the sample and standard, 200 

respectively. Foliar N, δ13C and δ18O were determined at Griffith University, 201 

Brisbane, Australia. 202 

 203 

Photosynthetic parameters, stomatal and non-stomatal limitations to photosynthesis 204 

       The parameters Vcmax (maximum carboxylation velocity), Jmax (maximum rate of 205 

electron transport) and Rd (mitochondrial respiration in the light per unit leaf area) 206 

were estimated from A/Ci curves by nonlinear regression. It is generally assumed that 207 

A is limited solely by the maximum rate of carboxylation at low Ci (Farquhar et al., 208 

1980), Therefore, Vcmax and Rd were estimated from the lower region of A/Ci curves, 209 

where Ci was less than 150 μmol mol-1.  210 

A = 
  d

oci

ic

i
R

KOKC

CV

C

O












/1

5.0
1 max


                                                                    (3) 211 

where O is the partial pressure of oxygen in the intercellular air space,  is the 212 

Rubisco specific factor. Kc and Ko are the Michaelis Menten constants for CO2 and 213 

O2, respectively (Kc = 275 μmol mol-1 and Ko = 420 mmol mol-1, and  = 2321) 214 

(Harley et al. 1992b). Rd represents CO2 evolution from mitochondria in the light, 215 

rather than that from photorespiratory carbon oxidation (Farquhar et al. 1980).  216 

         At higher Ci exposure, A is limited by the regeneration of RuBP via electron 217 

transport. Hence, Jmax can be estimated from A/Ci curves by nonlinear regression 218 

when Ci is higher than 250 μmol mol-1. 219 

 A = 
  d

i

i

i
R

OC

JC

C

O












 /4

5.0
1                                                               (4) 220 

where J is potential rate of electron transport and dependent on photon flux and Jmax: 221 

J = 
 2max/1 JI

I






                                                                                 (5) 222 

where I is the absorbed photon flux and  (0.24) the efficiency of light conversion. 223 
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      We analyzed A/Q curves to determine the maximum rate of photosynthesis in 224 

saturating light and ambient CO2 (Asat), maximum stomatal conductance (gsmax), light 225 

compensation point (Qcomp) and the rate of CO2 evolution in darkness (Rn). The 226 

parameters Asat and Rn were calculated by using the following equation, described by 227 

Prioul and Chartier (1977): 228 

A =  
n

satsatsat R
k

QkAAQAQ




2

42

                                           (6) 229 

Where A is the rate of photosynthesis, Φ is the maximum quantum yield, Q is the 230 

irradiance, Asat is the light-saturated photosynthesis, k is the convexity, Rn is the rate 231 

of CO2 evolution in darkness. 232 

      The relative stomatal limitation to photosynthesis (Ls), an estimate of the 233 

proportion of the reduction in photosynthesis attributable to CO2 diffusion between 234 

atmosphere and the site of carboxylation, was determined from A/Ci curves by the 235 

method of Farquhar and Sharkey (1982) as:  236 

Ls = 100)1(
0


A

A                                                                                   (7) 237 

Where A is the rate of net photosynthesis at the growth Ca (360 μmol mol-1) and Ao is 238 

the photosynthesis rate when Ci (360 μmol mol-1) equals the growth Ca. Under these 239 

conditions, Ao is the rate of photosynthesis that would occur if resistance to CO2 240 

diffusion from the bulk atmosphere to the site of carboxylation is zero. For this 241 

calculation, mesophyll conductance was assumed to be infinitely large. The relative 242 

non-stomatal limitation to photosynthesis was determined as 100 - Ls. The Ci/Ca was 243 

estimated from A/Ci curves measured at saturating irradiance and ambient CO2 partial 244 

pressure. 245 

 246 
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Statistical analysis 247 

      A two-way repeated measures ANOVA was used to test for the main effects and 248 

interactions of sampling time and treatment on all parameters. The ANOVAs were 249 

performed with the general linear model function in SPSS 10.0 (SPSS inc., Chicago, 250 

IL, USA). Linear regression analyses were used to determine the significance of the 251 

relationships between foliar N and Asat, Vcmax or Jmax. The Student-Newman-Keuls 252 

(SNK) tests were used to compare between-treatment means. Throughout the text, 253 

differences were considered significant if P < 0.05 and marginally significant at P < 254 

0.10. 255 

 256 

Results 257 

Growth  258 

       Weed control significantly affected growth, as determined by height increments, 259 

in the establishing blackbutt plantation. Tree height increments increased with 260 

increasing weed control regimes. For example, between December 2006 and June 261 

2007, mean tree height increased by 81, 74, and 67 cm in the 2.0 MWC, 1.5 MWC 262 

and 1.0MWC treatments, respectively. However, tree height in the NWC treatment 263 

increased by only 6 cm in the same period (Figure 1). 264 

 265 

Photosynthetic parameters 266 

        Foliar Asat was significantly affected by treatment and sampling month. In both 267 

sampling months,  foliar Asat was lowest in the NWC treatment and then increased 268 

with increasing weed control regimes. There were no significant differences in foliar 269 

gsmax among the four treatments either in December 2006 or in June 2007. In both 270 

sampling months, foliar Qcomp was significantly lower in the NWC treatment than 271 
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those in the other three treatments. The Rn was less negative in the NWC treatment 272 

than those in the other three treatments (Table 1). 273 

        In both sampling months, the effects of treatments on Vcmax and Jmax were 274 

pronounced. The Vcmax in the 2.0MWC treatment was the greatest among the four 275 

treatments and significantly higher than those in the 1.5 MWC, 1.0 MWC and NWC 276 

treatments. S. In June 2007, the Jmax in the 2.0 MWC treatment was significantly 277 

greater than those in the other three treatments. There were no significant differences 278 

in the Vcmax among the 1.5MWC, 1.0 MWC and NWC treatments in either sampling 279 

months. In December 2006, the Jmax was lower in the NWC treatment than those in the 280 

1.5MWC and 1.0 MWC treatments, but the differences were only marginally 281 

significant (Table 2). 282 

        The Ls was significantly higher in the NWC treatment than those in the 2.0MWC, 283 

1.5MWC and 1.0 MWC treatments. The Ci/Ca ratio was significant higher in the 284 

NWC treatment than those in the 1.5MWC and 1.0 MWC treatments. Rd was 285 

significantly less negative in the NWC treatment than those in the other three 286 

treatments (Table 2). 287 

 288 

Foliar nitrogen, stable isotope compositions and leaf mass per area  289 

        Weed control and sampling month significantly affected foliar N content on both 290 

mass (Nmass) and area basis (Narea) (Table 3). In both sampling months, the foliar Nmass 291 

and Narea were significantly greater in the 2.0MWC treatment than in the other three 292 

treatments. There were no significant differences in foliar Nmass between the 1.5 293 

MWC, 1.0MWC and NWC treatments. However, Narea was significantly lower in the 294 

NWC treatment than in the 1.5 MWC or 1.0MWC treatments in December 2006. 295 

Compared to leaf samples in December 2006, the foliar Nmass sampled in June 2007 296 
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declined by 0.21%, 0.10%, and 0.08% for trees in the 2.0 MWC, 1.5 MWC and 297 

1.0MWC treatments, respectively. Strong correlations between foliar Narea and Asat, 298 

Vcmax or Jmax were found in this study (Figure 2), which suggests that 76%, 53%, and 299 

43% of the variation in Asat, Vcmax and Jmax are attributable to foliar Narea, respectively. 300 

        Foliar δ13C in the NWC treatment was significantly higher than in the 2.0MWC, 301 

1.5MWC and 1.0MWC treatments, averaging -26.1‰ in December 2006 and -25.9‰ 302 

in June 2007. However, there was no significant difference in foliar δ13C among the 303 

2.0MWC, 1.5MWC and 1.0MWC treatments in December 2006 or in June 2007. The 304 

weed control treatments significantly affected foliar δ18O, and the NWC treatment had 305 

significantly higher foliar δ18O than the 2.0MWC, 1.5MWC and 1.0MWC treatments 306 

in both sampling months. Foliar δ18O in the 1.5MWC and 1.0MWC treatments were 307 

higher than that in the 2.0MWC treatment, but the differences were only significant at 308 

P < 0.10. Foliar mass/area ratio (LMA, g m-2) was significantly impacted by the 309 

different levels of weed control treatments, but not by the sampling months (Table 3). 310 

 311 

Discussion 312 

         Our results show that growth and leaf-level physiology of establishing blackbutt 313 

plantations are responsive to different levels of weed control. The observation that 314 

tree growth increased with weed control is not unique; in fact, foresters throughout the 315 

world rely on the use of herbicides to improve the growth of eucalypts, especially in 316 

the early stage of forest plantations (Adams et al. 2003; George and Brennan 2002; 317 

Little and van Staden 2005; Pitelli et al. 2003). The water and N status of trees under 318 

different levels of weed control have been well examined in Australia (Nambiar and 319 

Sands 1993; Stevens et al. 1995). However, to our knowledge, our work is the first 320 
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study which has evaluated the effect of weed control on variations in relative stomatal 321 

and non-stomatal limitations to photosynthesis in forest plantations. 322 

        The Asat of the young blackbutt trees ranged between 11.7 and 17.1 µmol m-2s-1 323 

in two sampling months, which was comparable to the Asat of other Eucalyptus 324 

species at similar age (Clearwater and Meinzer 2001; Medhurst and Beadle 2005; 325 

Whitehead and Beadle 2004).  In December 2006, the values of Vcmax in the 1.5MWC 326 

and 1.0MWC treatments were 10.2% and 16.4% lower than that in the 2.0MWC 327 

treatment, respectively. Likewise, the values of Jmax in the 1.5MWC and 1.0MWC 328 

treatments were significantly lower than that in the 2.0MWC treatment in June 2007. 329 

Similarly, decreases, though only marginally significant, in Ls  were observed under 330 

the 1.0MWC and 1.5MWC treatments, compared to the 2.0 MWC treatment, The 331 

implication of these observations is that biochemical limitation may be more 332 

important in controlling the apparent decline in Asat in the 1.0MWC and 1.5MWC 333 

treatments than stomatal limitation (Farquhar et al. 1982; Xu 1997).   334 

        We examined the long-term effects of the different levels of weed control on 335 

photosynthetic biochemical capacity and stomatal conductance by estimating Ci from 336 

δ13C and transpiration from δ18O. No significant differences in foliar δ13C among 337 

treatments in either sampling months suggests little variation in Ci in response to 338 

treatments (Farquhar et al. 1989; Farquhar et al. 1982). This balance arises if (1) 339 

increases in photosynthetic capacity are accompanied by proportional increases in 340 

stomatal conductance or (2) decreases in stomatal conductance are accompanied by 341 

proportional decreases in photosynthetic capacity (Farquhar et al. 1982). In both 342 

sampling months, the foliar δ18O values were higher (P < 0.10) in the 1.5MWC and 343 

1.0MWC treatments than in the 2.0MWC treatment, suggesting the latter possibility. 344 

The results from the isotopic analysis partly agree with the results of our A/Ci analysis 345 
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and suggest lower foliar biochemical capacity in the 1.0MWC and 1.5MWC 346 

treatments, compared to the 2.0MWC treatment. We hypothesize that this may be 347 

attributed to lower foliar N concentration in the 1.0MWC and 1.5MWC treatments 348 

(Table 3). The positive relationships between Asat, Vcmax or Jmax and foliar N 349 

concentration found in this study (Figure 2) are a well-known consequence of the 350 

large N investment in proteins related to the photosynthetic system (Evans 1989).         351 

Internal conductance was not taken into account to predict the time-integrated Ci 352 

through δ13C in this study. However, studies have revealed that δ13C value is primarily 353 

determined by the CO2 concentration within the chloroplast (Cc) rather than Ci (Evans 354 

et al. 1986; Flanagan and van Cleve 1983; Gillon et al. 1999). Thus, the foliar δ13C 355 

values are affected by photosynthetic capacity, internal conductance to CO2 diffusion 356 

from intercellular air spaces to the site of carbon fixation (internal transfer 357 

conductance, gi), and stomatal conductance. Some studies (Macfarlane et al. 2004; 358 

Vitousek et al. 1990) have shown that LMA has a significant relationship with foliar 359 

gi. The lack of significant differences in LMA (Table 3) between the 2.0MWC, 360 

1.0MWC and 1.5MWC treatments,  suggests that the variation in foliar δ13C may be 361 

due to photosynthetic capacity and stomatal conductance but further investigations of 362 

foliar gi,  would be necessary to substantiate this conclusion. 363 

       Compared to the 1.0MWC, 1.5MWC and 2.0MWC treatments, the Asat in the 364 

NWC treatment was significantly lower (P < 0.05, Table 1 and Figure 1), which may 365 

be attributable to both higher stomatal and non-stomatal limitations. Greater relative 366 

stomatal limitation apparently dominated the significant decline of Asat in the NWC 367 

treatment as we found that Ls value in the NWC treatment was significantly higher 368 

than those in the 1.0MWC, 1.5MWC or 2.0MWC treatments (Table 2) (Farquhar et al. 369 

1982; Xu 1997). In addition, lower Ci/Ca ratios in both sampling months, compared to 370 
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the 1.0MWC, 1.5MWC or 2.0MWC treatments, indicate greater stomatal limitation in 371 

the NWC treatment (Table 2) (Ball and Berry 1982; Tissue et al. 2005). We measured 372 

the δ13C and δ18O of leaf samples to compare the variations in time-integrated 373 

stomatal conductance and biochemical capacity as affected by different levels of weed 374 

control. The significant increase of foliar 13C in the NWC treatment, compared to 375 

other treatments, indicates a significant decrease in Ci,caused by either an increased 376 

photosynthetic capacity (at a constant gs), or by decreased stomatal conductance (at a 377 

constant photosynthetic capacity) (Scheidegger et al. 2000). The higher foliar δ18O 378 

values in the same treatment, (P < 0.05), indicates that the decreases of foliar Ci were 379 

more attributable to stomatal reaction, than biochemical capacity (Barbour et al. 2000; 380 

Scheidegger et al. 2000). The isotope result, therefore, agrees with our analysis of 381 

A/Ci curves.   382 

        The Qcomp may be seen as a balance between photosynthesis and respiration. The 383 

lower Qcomp in the NWC treatment than the 1.0MWC, 1.5MWC or 2.0MWC 384 

treatments (Table 1) may be partly related to the low respiration rates (Tables 2 and 3) 385 

as the result of low foliar N concentration (Prioul and Chartier 1977; Reich et al. 386 

1997; Tjoelker et al. 1999). Generally, the variation in LMA has been attributed to 387 

light level in the forest canopy (Bond et al. 1999; Niinemets et al. 2002). In this study, 388 

the trees in the NWC treatment had less crown biomass and received greater light 389 

levels per leaf as compared to the 1.0MWC, 1.5MWC and 2.0MWC treatments (data 390 

not shown). However, LMA in the NWC treatment was significantly smaller than 391 

those in the weed control treatments, which suggests that other factors, for example 392 

competition for soil moisture, are more important determinants of LMA in this study 393 

(Koch et al. 2004; Niinemets et al. 2002).  394 

        Identification of the mechanism driving the improved tree growth after weed 395 
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control is complicated by simultaneous changes in water and nutrient availability 396 

(Robinson et al. 2002). We did not determine the leaf biomass response of the young 397 

blackbutt plantation to different level of weed control treatment. However, our 398 

analyses of foliar A/Ci curves and N concentration agree with Wood et al (1992), who 399 

suggested that decreasing the width of the weed-control strip spanning the tree row 400 

(e.g., from 2.0 m to 1.0 m) might significantly decrease the uptake of N by trees. 401 

Therefore, more N supply (e.g. through fertilization) is needed when the less intense 402 

weed control is applied during the first two years of  plantation establishment. In 403 

comparison with the 1.0 MWC, 1.5MWC or 2.0MWC treatments, the relative 404 

stomatal limitation to Asat in the NWC treatment significantly increased, which may 405 

indicate that the trees in the NWC treatment suffered from severe water stress as 406 

suggested by Adam et al (2003) and Sand and Nambiar (1984). Estimating stomatal 407 

and non-stomatal limitations to photosynthesis under different levels of weed control, 408 

as shown in this study, provides a useful basis for optimizing the management of 409 

Eucalyptus pilularis plantations in both water and nutrient limiting environments, and 410 

the potential exists for their application in other tree species plantations as well under 411 

similar environmental conditions. This study added to a growing body of literature on 412 

competition for soil resources between trees and weeds and highlights the usefulness 413 

of stable isotopic method in supporting the A/Ci analysis of stomatal limitation to 414 

photosynthesis. 415 
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Fig. 1: Changes in average tree height of the young blackbutt plantation between 

September 2005 and June 2007 under different levels of weed control. Means within 

the same measuring months followed by the same letters are not significantly different 

between treatments by the SNK test (P > 0.05). 
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Fig. 2: Variation in the photosynthetic parameters of the blackbutt plantation, a) Asat, b) 

Vcmax, and c) Jmax as a function of leaf N concentration. All quantities expressed per 

unit leaf area. The r2 between foliar Narea and Asat, Vcmax or Jmax are 0.76, 0.53 and 0.43 

respectively, significant at P < 0.05. Circles and triangles represent data collected in 

December 2006 and in June 2007, respectively. 
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Table 1: Photosynthetic parameters derived from A/Q curves. Light-saturated photosynthesis 

(Asat), maximum stomatal conductance (gsmax), photosynthetic light compensation point (Q comp) 

and night respiration (Rn). A two-way repeated measures ANOVA was used to test for the main 

effects and interactions of sampling time and treatment on all parameters. The Student-Newman-

Keuls (SNK) test was used to compare between-treatment means with significance levels, P < 

0.05 (*) and P>0.05 (ns). Different letters within the same column indicate a significant 

difference between means (P < 0.05) n=4.      

 Asat 

(µmol m-2s-1) 

gsmax 

(mmol m-2s-1) 

Qcomp 

(µmol m-2s-1) 

Rn 

(µmol m-2s-1) 

 Dec/06 Jun/07 Dec/06 Jun/07 Dec/06 Jun/07 Dec/06 Jun/07 

2.0MWC 17.1a 15.5a 229a 215a 34a 33a -1.16a -1.09a 

1.5MWC 16.5a 15.3a 223a 210a 29a 28a -1.07a -0.91a 

1.0MWC 15.8a 14.5ab 221a 213a 31a 29a -0.94a -0.83a 

NWC 12.4b 11.7b 187a 179a 18b 19b -0.35b -0.23b 

P 

Treatment 

Month 

 

* 

* 

 

ns 

ns 

 

* 

ns 

 

* 

ns 



Table 2: Photosynthetic parameters derived from A/Ci curves. Maximum rate of Rubisco carboxylation (Vcmax), maximum electron transport 

rate (Jmax), relative stomatal limitation to photosynthesis (Ls), the ratio of internal CO2 partial pressure to atmospheric CO2 partial pressure 

(Ci/Ca), and dark respiration (Rd). A two-way repeated measures ANOVA was used to test for the main effects and interactions of sampling time and treatment 

on all parameters. The Student-Newman-Keuls (SNK) test was used to compare between-treatment means with significance levels, P < 0.05 (*) and P>0.05 (ns). 

Different letters within the same column indicate a significant difference between means (P < 0.05) n=4.      

 

 

Vcmax 

(µmol m-2s-1) 

Jmax 

(µmol m-2s-1) 

Ls  

(%) 

100- Ls 

(%) 

Ci/Ca Rd 

(µmol m-2s-1) 

 Dec/06 Jun/07 Dec/06 Jun/07 Dec/06 Jun/07 Dec/06 Jun/07 Dec/06 Jun/07 Dec/06 Jun/07 

2.0MWC 60.9a 58.3a 111.8a 104.8a 25.9a 26.7a 74.1a 73.3a 0.57ab 0.58ab -0.70a -0.67a 

1.5MWC 54.7b 52.3b 108.7a 88.2b 24.4a 25.1a 75.6a 74.9a 0.59a 0.60a -0.63a -0.55a 

1.0MWC 52.9b 51.2b 110.9a 82.6b 24.3a 24.4a 75.7a 75.6a 0.61a 0.60a -0.57a -0.53a 

NWC 52.8b 49.7b 98.5a 78.4b 34.0b 35.6b 66.0b 64.4b 0.51b 0.52b -0.23b -0.16b 

P 

Treatment 

Month 

 

* 

 ns 

 

* 

* 

 

* 

 ns 

 

* 

ns 

 

* 

ns 

 

* 

ns 

 


