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31 Abstract 

32 Several studies have suggested that CO2 transport in the transpiration stream can considerably 

33 bias estimates of root and stem respiration in ring-porous and diffuse-porous tree species. 

34 Whether this also happens in species with tracheid xylem anatomy and lower sap flow rates, 

35 such as conifers, is currently unclear. We infused 13C-labelled solution into the xylem near 

36 the base of two 90-year-old Pinus sylvestris trees. A custom-built gas exchange system and 

37 an online isotopic analyser were used to sample the CO2 efflux and its isotopic composition 

38 continuously from four positions along the bole and one upper canopy shoot in each tree. 

39 Phloem and needle tissue 13C enrichment was also evaluated at these positions. Most of the 

40 13C label was lost by diffusion within a few meters of the infusion point indicating rapid CO2 

41 loss during vertical xylem transport. No 13C enrichment was detected in the upper bole needle 

42 tissues. Furthermore, mass balance calculations showed that c. 97% of the locally respired 

43 CO2 diffused radially to the atmosphere. Our results support the notion that xylem CO2 

44 transport is of limited magnitude in conifers. This implies that the concerns that stem 

45 transport of CO2 derived from root respiration biases chamber-based estimates of forest 

46 carbon cycling may be unwarranted for mature conifer stands.

47

48 Keywords: 13C, carbon allocation, pH, respiration, Scots pine, stable isotope, stem CO2 

49 efflux, xylem transport

50
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51 Introduction

52 Several studies have reported that large amounts of carbon dioxide (CO2) can be transported 

53 upward by sap flow in the xylem tissues of trees (e.g. McGuire and Teskey 2004, Teskey et 

54 al. 2008, Bloemen et al. 2013a, Salomón et al. 2019). Accordingly, it has been shown that up 

55 to half of the observed CO2 efflux from tree stems may in fact originate from respiration by 

56 other organs or locations, such as roots or stem segments further down the bole, rather than 

57 from local sources (Teskey and McGuire 2007). If the net transfer of CO2 by sap flow is 

58 away from a given stem segment, chamber-based estimates of the CO2 efflux lead to 

59 underestimations of the local respiration rate (e.g. Negisi 1979, Martin et al. 1994, Teskey 

60 and McGuire 2007). Furthermore, measurements of foliar photosynthetic efficiency will be 

61 biased if xylem-derived CO2 is used as a substrate for carboxylation reactions (Levy et al. 

62 1999, McGuire et al. 2009, Bloemen et al. 2013b, Stutz et al. 2017, Stutz and Hanson 2019). 

63 Such potential misattributions of the origin of the observed CO2 are major concerns for 

64 studies on forest carbon (C) budgets because they suggest that high rates of xylem CO2 

65 transport can bias chamber-based estimates of the partitioning between soil and stem 

66 respiration, and thus profoundly skew our understanding of ecosystem-scale C cycling (e.g. 

67 Aubrey and Teskey 2009, Grossiord et al. 2012, Bloemen et al. 2013a, Etzold et al. 2013). 

68 A common technique for evaluating the importance of xylem CO2 transport is to assess 

69 the CO2 budget of a given stem segment using the mass balance approach (McGuire and 

70 Teskey 2004, Bowman et al. 2005, Salomón et al. 2018). According to this approach, the 

71 total CO2 efflux from a stem segment is determined by: i) the transport rate of CO2 and its 

72 equilibrium species (H2CO3, HCO3
- and CO3

2-), hereafter collectively called “dissolved CO2” 

73 (CO2*), in the xylem, which in turn depends on the flow rate, the pH and the temperature of 

74 the xylem sap, ii) the often strongly temperature-dependent local respiration rate, and iii) the 

75 change in mean sap CO2 concentration [CO2] over time (i.e. change in storage within the 
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76 segment). Notably, the net efflux may also be reduced by corticular photosynthesis resulting 

77 in refixation of some portion of the outward diffusing CO2 (e.g. Pfanz et al. 2002, Wittmann 

78 et al. 2006, Tarvainen et al. 2018). However, corticular photosynthesis is not included in the 

79 commonly used formulation of the mass balance equation for assessing stem CO2 fluxes 

80 (McGuire and Teskey 2004) because most studies have used opaque chambers. In addition, it 

81 has been recently suggested that the ratio of CO2 efflux to O2 influx (ARQ, apparent 

82 respiratory quotient) can be used to make inferences of the fate of the CO2 in stems (Angert 

83 et al. 2012, Hilman and Angert 2016, Hilman et al. 2019). Because the main respiratory 

84 substrate in stems is believed to be carbohydrates (Hoch et al. 2003, Plaxton and Podestá 

85 2006), ARQ values < 1.0, reported for several species, indicate that respired CO2 is retained 

86 in the stem (Angert et al. 2012, Hilman et al. 2019). The low ARQ values were originally 

87 interpreted as evidence of CO2 transport in xylem sap flow away from the respiring tissues 

88 (Angert et al. 2012). However, it was recently shown that ARQ is independent of sap flow 

89 rate, leading to a suggestion that the low ARQ values are instead caused by refixation of 

90 respired CO2 by local biosynthesis reactions (Hilman et al. 2019) e.g. by the enzyme 

91 phosphoenolpyruvate carboxylase (PEPC) that is known to be present in tree stems 

92 (Berveiller and Damesin 2008).

93 The evaluation of the ecological significance of xylem CO2* transport is further 

94 complicated by the fact that the factors controlling stem C cycling may exhibit considerable 

95 variation among geographic locations, tree species, and seasons. In general, studies showing 

96 high rates of xylem CO2* transport have been carried out in species with small conducting 

97 areas and high sap flow rates (Ubierna et al. 2009), although xylem CO2* transport was found 

98 to increase with stem size and sapwood conducting area in Liriodendron tulipifera L. (yellow 

99 poplar) (Fan et al. 2017). In contrast, transport rates have been suggested to be generally low 

100 in species with tracheid anatomy, such as conifers (Maier and Clinton 2006, Ubierna et al. 
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101 2009, Powers and Marshall 2011). However, methodological concerns have been raised 

102 regarding these earlier conifer studies (see below). A specific challenge for using the mass 

103 balance approach for conifers is that resin production hinders the use of CO2 probes. In 

104 addition, reduced rates of stem CO2 efflux have been reported also in conifers during periods 

105 of high transpiration and attributed to increased CO2* transport in the xylem (e.g. Martin et 

106 al. 1994, Bowman et al. 2005).

107 The mass balance approach can be used to quantify the overall net CO2 transport 

108 through a given stem segment, but it cannot tell us what happens to the transported CO2 on 

109 the whole tree-scale. More detailed analyses of where the transported CO2 ends up have been 

110 made by introducing isotopically labelled C in the xylem and following its accumulation in 

111 plant tissues. However, the efflux of the labelled C from the bole and the branches is 

112 generally not measured in these studies; rather it is assumed that any label not recovered in 

113 the tissues has been lost to radial diffusion. Such studies on conifers have suggested that the 

114 importance of transported C for the overall C gain of seedlings (Ford et al. 2007) and for the 

115 stem CO2 efflux of large trees (Ubierna et al. 2009) is small. Notably, the label solution in 

116 these previous studies was applied to the soil rather than directly into the xylem, and hence it 

117 has been suggested that these experiments do not accurately depict the transport of CO2 

118 derived internally from root respiration (Bloemen et al. 2013a). Powers and Marshall (2011) 

119 carried out an in situ xylem labelling of a field-grown Thuja occidentalis L. (northern white 

120 cedar) tree and found no evidence of the label reaching the top of the canopy foliage. In 

121 contrast, Bloemen et al. (2013a) made a comprehensive analysis of the fate of xylem CO2 in 

122 seven-year-old Populus deltoides Barts. Ex Marsh (eastern cottonwood) trees using a similar 

123 labelling approach as Powers and Marshall (2011) and by collecting tissue samples from 

124 different parts of the tree. They detected considerable 13C enrichment in sampled organs 
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125 (stems, branches and leaves) throughout the canopy and concluded that xylem transport was 

126 an important mechanism for internal C cycling in trees.

127 Thus, there is a disagreement regarding the importance of xylem CO2 transport between 

128 studies made on conifers vs. diffuse-porous or ring-porous species (Ubierna et al. 2009, 

129 Trumbore et al. 2013) and to some extent between different experimental approaches. In the 

130 current study, our aim was to investigate in detail the xylem transport of CO2 in large conifer 

131 trees growing in the field. To this end we carried out a 13C tracer experiment that utilised an 

132 experimental setup that enabled us to monitor the dynamics of tracer movement over an 

133 extended period of time. The setup consisted of a custom-built gas exchange system (Wallin 

134 et al. 2001) combined with a Picarro cavity ring-down spectrophotometer (CRDS) to 

135 continuously measure the stem CO2 efflux and its isotopic composition at several positions 

136 along the bole, and the top of the canopy shoots, of mature boreal Pinus sylvestris L. (Scots 

137 pine) trees. Salomón et al. (2019) recently described an analogous approach utilising the 

138 CRDS technology and isotopic labeling for measuring the xylem transport of CO2 in four-

139 year-old glasshouse-grown Populus tremula L. (European aspen) trees. They suggested that 

140 the approach had “outstanding” potential for advancing the understanding of CO2 movement 

141 is stems and the respiratory physiology in woody tissues. Based on the earlier work on 

142 conifers (e.g. Ford et al. 2007, Ubierna et al. 2009, Powers and Marshall 2011, Tarvainen et 

143 al. 2014, 2018) we hypothesised that i) the xylem CO2 transport is of limited magnitude in 

144 mature conifers, and subsequently that ii) the stem CO2 efflux from a given bole segment is 

145 dominated by locally respired CO2.

146

147

148

149
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150 Material and Methods

151 Sample trees and site conditions

152 The movement of the 13C-labelled CO2 was traced in two c. 90-year-old P. sylvestris trees 

153 growing at the Rosinedalsheden experimental forest in northern Sweden   

154 153 m above sea level) in the late-summer of 2014. At the time of the experiment, the studied 

155 trees had diameters at 1.3 m of 18.0 cm (Tree 1) and 20.6 cm (Tree 2), corresponding to 49th 

156 and 72nd percentile on the stand-scale (Tarvainen et al. 2018), and were 15.8 and 16.4 m tall, 

157 respectively. Tree 1 was located northeast and Tree 2 southeast of the scaffolding tower used 

158 to access the upper boles and the shoots. The mean temperature and relative humidity, and 

159 the total precipitation during the experiment were 11.3 °C, 86.6% and 33 mm, respectively. 

160 The site is described in more detail in: Lim et al. (2015), stand structure; Hasselquist et al. 

161 (2012), soil properties; and Tarvainen et al. (2016) and Tarvainen et al. (2018), foliar and 

162 stem properties, respectively.

163

164 Labelling

165 Label preparation and infusion

166 The 13C label was introduced to the stems as 5 g of 99% 13C Na+H13CO-3 solution dissolved 

167 in 100 ml de-ionized water (solution pH = 8.3) at the height of 0.6 m above ground on the 

168 northwestern side of Tree 1 and southeastern side of the Tree 2 on the 22nd of August 2014. 

169 The label was infused into a 5.5 cm deep hole with a diameter of 6 mm. The holes were 

170 rinsed for 30 seconds with acetone immediately after drilling and again before the labelling 

171 the next day. The acetone dissolved resin and presumably killed some of the resin 

172 parenchyma cells on the walls of the hole. The residual acetone then evaporated or was 

173 dissolved into the xylem sap and disappeared. This method has been extensively used in 

174 Pinus sylvestris in previous studies. We inserted tapered tip of a 6 mm diameter tube into the 
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175 hole. The tube was not sealed except by the tight fit of the tube insertion. The tube was 

176 attached to a standard polypropylene squeeze bottle of the type commonly used for laboratory 

177 solvents. The label solution was poured inside the squeeze bottle, which was then mounted 

178 upside-down on the tree stem and left for three days, at which time it had been taken up by 

179 the tree. 

180

181 Label spread and transport inside the stem

182 When the label was injected into the xylem, we envision that it created a cylindrical bolus 

183 around the hole drilled into the sapwood. The pH at the center of the bolus would have been 

184 8.3 and the osmotic potential would have been c. -3 MPa, as determined by the original 

185 composition of 5 g of Na+H13CO-3/100 mL de-ionized water. The initial CO2 concentration of 

186 the solution would have been approximately 8000 µmol mol-1, as defined by the Henry’s Law 

187 constants (Teskey et al. 2008). In pines, injected dyes spread in a fan-shaped pattern that 

188 encircles the tree within a meter or so of the injection point (Vite and Rudinsky 1959). We 

189 presumed this label would do the same.

190 As the pH of labelled water fell, bicarbonate would be converted to carbonic 

191 acid and thence to CO2. The dissolved CO2 would then outgas from the xylem stream into the 

192 air spaces in the cell walls (Gartner et al. 2004, Sorz and Hietz, 2006). Via these air spaces, it 

193 would diffuse to the bark, conducted by the much higher diffusivity in the gas phase than in 

194 liquid water and driven by the steep CO2 concentration gradient from the tree center to the 

195 bark surface. At the same time, the dissolved inorganic carbon would move upward with the 

196 xylem water flux. The central question of this manuscript is about the comparison between 

197 the radial diffusion rate and the upward dissolved flux.

198

199 Measurements
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200 Measurement timeline

201 The vertical patterns of stem CO2 efflux and its isotopic enrichment, the refixation of the 

202 outward diffusing CO2 by corticular photosynthesis, and top of the canopy shoot-scale gas 

203 exchange were monitored continuously from the 22nd of August until the 13th
 of September,  

204 using the same experimental set up as in Tarvainen et al. (2018). Samples for determination 

205 of xylem sap composition and pH, and tissue 13C enrichment were collected intermittently 

206 from the start of the experiment until the 7th of October. The timing of the various 

207 measurements is presented in the supplementary table S1.

208

209 Gas exchange and online 13C enrichment measurements

210 The CO2 efflux from the stem was observed continuously utilising a custom-built automatic 

211 gas-exchange system (Wallin et al. 2001, Tarvainen et al. 2018) working in open 

212 configuration.  The chambers for the stem measurements were made out of transparent 

213 acrylic plastic (Perspex) and covered a surface area varying between 109 and 126 cm2 

214 depending on the shape of the bole at the chamber location. Adjustable straps were used to 

215 mount the chambers at four heights along the bole; low bole (1.5 m), below crown (5.3 m), 

216 low crown (9.2 m), and mid-crown (Tree 1 11.6 m; Tree 2 12.5 m). We deliberately chose a 

217 design that emphasised the measurement of the vertical patterns of gas exchange and isotopic 

218 composition over replication of single height measurements on a greater number of individual 

219 trees (within the technical limits on the number of measurement chambers). This choice was 

220 made because the main aim of the tracer experiment was to follow the 13C label along the 

221 bole to get a comprehensive picture of the label distribution rather than a snapshot of the label 

222 efflux at a given point of the stem. The chambers covered only a portion of the circumference 

223 of the bole, but the small size had the benefit of allowing chambers to be placed within the 

224 crown despite dense branching. The positioning and radial coverage of the stem chambers is 
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225 summarized in the supplementary table S2. To enhance turbulence and mixing within the 

226 chambers the incoming ambient air was led through a bent piece of tubing directing the flow 

227 toward the chamber wall. 

228 The gas exchange and the 13C label efflux were also observed on one one-year-old 

229 upper canopy shoot on each studied tree using the same custom-built system. For these 

230 measurements, 55 mm long shoot segments were inserted into transparent shoot chambers 

231 controlled to track ambient temperature and equipped with fans to ensure the mixing of the 

232 air (Wallin et al. 2001, Tarvainen et al. 2016). The chamber temperatures differed from the 

233 ambient by -0.01 ± 0.18 °C (mean ± SD, n = 1085) and 0.01 ± 0.40 °C (n = 1088) for Tree 1 

234 and Tree 2, respectively, between the 22nd of August and the 13th of September. The 

235 photosynthetic photon flux density at the shoot positions and the relative humidity inside the 

236 shoot chambers are shown in supplementary figure S1. Diaphragm pumps were used to draw 

237 the sample air from the stem and shoot chambers through insulated and heated tubing at the 

238 rate of 0.5 l min-1 to a nearby hut that housed the instrumentation. The CO2 concentrations in 

239 the sample air were measured using an infrared gas analyser (CIRAS-1, PP Systems, Hitchin 

240 Herts, UK), and compared to simultaneous measurements of adjacent empty reference 

241 chambers. The exhaust vent of the gas exchange system was connected to a Picarro G2131-i 

242 isotopic analyser (Picarro Inc. Santa Clara, CA, U.S.A.) allowing for simultaneous 

243 measurements of the 13C enrichment of the sample airflow. Each sample position was 

244 measured for 300 seconds by both instruments following a flow stabilisation period of 540 

245 seconds. The system is divided into two parts, each with its own pump, controlling the flow 

246 from up to six measurement positions. Each chamber is continuously ventilated. This allows 

247 for sample airflow from one part of the system to stabilize during the measurement of the 

248 airflow from the other part, reducing the overall waiting time between subsequent 
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249 measurements. In this experiment, the sample rate was once every 74 minutes per chamber 

250 position. Additional details on the setup can be found in Tarvainen et al. (2018).

251

252 Xylem sap CO2 concentration and 13C enrichment

253 Xylem sap was sampled by equilibrium tubes as described in Ubierna et al. (2009) and 

254 Powers and Marshall (2011) at all heights with stem chambers on each studied tree on the 

255 27th of August and, 1st and 4th of September. The equilibrium tubes were inserted c. 50 cm 

256 above the stem chambers. Briefly, a stainless steel tube was inserted into the perpendicular 

257 end of a T-fitting. A rubber septum was inserted in the cap of the top end of the T-fitting and 

258 the bottom end was connected to a non-permeable tubing capped with a rubber septum in the 

259 end away from the T-fitting. The stainless steel tube was hammered into a 3 cm deep hole 

260 drilled into the stem. No further sealing was necessary. The gas contained in the bole could 

261 thus diffuse into and equilibrate with the headspace of the non-permeable tubing. To sample 

262 the stem gas, an empty syringe was inserted in the top septum and the equilibrated headspace 

263 gas forced into it by pushing acidified water into the non-permeable tubing through the 

264 bottom septum. Note that if there had been a leak, this operation would have failed because 

265 the pressurised gas would have flown into the surrounding atmosphere rather than the empty 

266 syringe. Finally, the gas collected in the upper syringe was inserted into 12 ml evacuated 

267 glass vials with exetainer caps. The samples were analysed by a Thermo Isotope Ratio Mass 

268 Spectrometer (IRMS, DeltaV plus with GasBench II). Only the samples collected from the 

269 1.5 m and 5.3 m vertical positions were used in the analyses presented here because resin 

270 production blocked access to the headspace in the upper stem positions.

271

272 Tissue 13C enrichment
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273 Samples were collected from all positions included in the gas exchange measurements to 

274 determine if 13C was being incorporated in the phloem and needle tissues. Sampling was 

275 conducted once during the gas exchange measurements (27th of August, five days after the 

276 label infusion) and twice afterwards (17th and 22nd of September). Only phloem samples were 

277 collected on September 22nd. The needle samples were collected from branches close to those 

278 measured by the gas exchange system. The phloem samples were collected with a 10 mm 

279 diameter punch within 25 cm of each bole chamber on the side of the tree with the chamber 

280 except for Tree 2 at 1.5 m, where it was done on the opposite side of the chamber. The 

281 phloem sample locations are summarized in supplementary Table S2. The isotopic 

282 composition of the tissue C in the samples was determined after combustion using the 

283 Elemental Analyser - Isotope Ratio Mass Spectrometer (EA-IRMS) technique (Werner et al. 

284 1999). A Flash EA 2000 (Thermo Fisher Scientific, Bremen, Germany) elemental analyser 

285 and a DeltaV (Thermo Fisher Scientific, Bremen, Germany) spectrometer were used for these 

286 analyses. We note that the samples were not acidified prior to analysis and the results thus, 

287 reflect the isotopic composition of any inorganic C in the water associated with the sampled 

288 phloem and needle tissues. 

289

290 Xylem sap pH

291 The pH of the xylem sap was determined from one mid-crown branch from each of the two 

292 trees included in the study and six additional adjacent trees. The branches were cut using a 

293 saw, on the 7th of October and transported to the laboratory where they were then stored at 4 

294 °C in darkness until the pH measurements were made on the 15th to 17th of October. The 

295 indoor temperature during the pH measurement was c. 23 °C. The sample branches were 

296 recut under water and the bark removed with a knife prior to the xylem sap extraction. The 

297 length of the branch sections chosen for analysis was 20 - 30 cm. The sap was extracted using 
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298 the water displacement method (e.g. Glavac et al. 1990). This method cuts living parenchyma 

299 cells at the ends of the branch section, spilling cell contents into the collected sap, but only at 

300 the beginning of the extraction. As the extraction proceeds, pure xylem water is expressed 

301 without further contamination by cell contents. Specifically, a branch was first fastened to 

302 one end of a 25 mm diameter PVC tube, then c. 600 ml deionized water including food 

303 colouring (Dr. Oetker Sverige AB, Gothenburg, Sweden; blue, pH 3.37) was poured into the 

304 tube. The resulting pressure pushed out the xylem sap, which was collected in 1.5 ml 

305 Eppendorf vials until the arrival of coloured water. The pH of each sample vial was measured 

306 immediately following the sap extraction using a PHM202 pH meter (Radiometer, 

307 Copenhagen, Denmark). The last pH measurement made before the arrival of the coloured 

308 water was used in the mass balance calculations described below. The pH meter was 

309 calibrated using known buffers (pH 4.00 and pH 7.00) and the sensor head rinsed with 

310 deionized water between measurements on different branches.

311

312 Sap flow, stem temperature and environmental variables

313 Sap flow measurements were made half-hourly at breast height using Granier-type sensors 

314 (Tor-Ngren et al. 2017). A previously developed relationship between vapour pressure 

315 deficit, photosynthetic photon flux density (PPFD), and sap flow (Tor-Ngren et al. 2017) was 

316 used for gap-filling when data were missing due to instrument malfunction (60% of the data). 

317 The stem temperature (Ts) was measured continuously by copper-constantan thermocouples 

318 inserted at 5 mm and 40 mm depths in the stem at each measurement position. The 

319 environmental data were collected at a nearby sub-site (< 2 km away) within the same 

320 experimental Scots pine stand. A HC2-S3 probe (Rotronic AG, Bassersdorf, Switzerland) 

321 installed in a ventilated radiation shield (In Situ, Ockelbo, Sweden) was used to record half-
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322 hourly mean air temperature and humidity (1.5 m aboveground). A Li-190SA PPFD-sensor 

323 (Licor Biosciences, Lincoln, NE, USA) was used to measure above-canopy PPFD.

324

325 Data analysis

326 Mass balance calculation

327 Henry’s law was used to calculate half-hourly values of the amount of CO2 dissolved in the 

328 xylem sap ([CO2*]) from the observed pH, CO2 partial pressure (pCO2) at the given date, and 

329 the continuously measured Ts at 40 mm depth in the stem segment spanning from 1.5 m to 

330 5.3 m in each tree (eq. 1):

331

332 (eq. 1)[ 2 ] = 1 +
1

10
+

1 2

(10 )2 2

333

334 where K1, K2 and KH are the solubility constants that depend on Ts. These constants were 

335 calculated according to McGuire and Teskey (2002):

336

337 (eq. 2)1 = (2.5764 × 10 7) + (3.3742 × 10 7)(1 0.0318 )

338

339 (eq. 3)2 = (2.3777 × 10 11) + (9.0041 × 10 13)

340

341 (eq. 4)= 0.0114 + 0.0661 0.0433

342

343 The transport rate of CO2 in the xylem was then determined by multiplying the difference in 

344 [CO2*] between the two measurement positions by the half-hourly observations of sap flow 

345 rate (McGuire and Teskey 2004). The total CO2 budget of the bole volume was assessed 
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346 using the mass balance approach (eq. 5, McGuire and Teskey 2004) modified to include 

347 corticular CO2 assimilation. According to this approach the total respiration from a stem 

348 segment (RS) can be expressed as,

349

350  (eq. 5)= + + +

351

352 where Ec is CO2 efflux to atmosphere measured using transparent chambers allowing for AR, 

353 which is the rate of  local corticular CO2 assimilation (i.e. refixation), FT is the net sap CO2 

354 transport flux (i.e. transport efflux – transport influx) and S the storage flux (change in mean 

355 xylem [CO2] over time). The net Ec was measured continuously at 1.5 m and 5.3 m by the 

356 chamber system and upscaled to the entire bole segment assuming linear change in Ec 

357 between the measurement heights as in Tarvainen et al. (2018). The magnitude of AR was 

358 estimated as the difference between the observed Ec and Ec in absence of refixation (Edark). 

359 Edark was predicted based on the relationship between Ec and Ts at 5 mm depth at night when 

360 no corticular CO2 assimilation occurs. First, an exponential function was fitted to night-time 

361 (above-canopy PPFD < 2 µmol m-2 s-1) measurements of Ec and Ts to obtain coefficients 

362 representing base dark respiration rate and the temperature response of the dark respiration. 

363 These coefficients were then used to predict daytime Edark based on the continuously 

364 measured Ts data (5 mm depth, see Tarvainen et al. 2018 for additional details of the fitting 

365 procedure). In order to obtain a sufficiently large temperature range for reliable curve fitting, 

366 the sensitivity of night-time Ec to Ts was determined from observations made between the 

367 25th of August and 6th of  September, thus spanning a period from two days prior to first 

368 sampling of the equilibrium tubes until two days after the last sampling. Similarly to Ec, when 

369 calculating AR of the entire bole segment the rate of corticular refixation of CO2 was assumed 

370 to increase linearly between the two heights. As shown in Tarvainen et al. (2018) AR was zero 
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371 at 1.5 m where no chlorophyll was present in the stem tissues, while at 5.3 m where the bark 

372 tissue contained chlorophyll the daily mean AR corresponded to c. 16% of the predicted Edark. 

373 The temperature response fits for the three days for which mass balance was calculated are 

374 given in Table S3.

375 We note that predicting daytime stem CO2 efflux from night-time data requires 

376 assuming that diurnally variable processes potentially affecting the response, such as changes 

377 in cell turgor (Saveyn et al. 2007, Salomón et al. 2018) or CO2 transport in the xylem, are 

378 negligible. Based on the diurnal pattern of hysteresis between stem Ec and Ts it has been 

379 suggested that xylem CO2 transport is of limited importance the trees included in the current 

380 study (Tarvainen et al., 2018). This finding will be more rigorously tested in the current 

381 study. As the mass balance calculations utilised data collected over single days change in 

382 CO2 storage within the stem volume was assumed negligible. This assumption is supported 

383 by previous studies that have estimated the storage change over 24 h to < 3% in Platanus 

384 occidentalis L. (sycamore), Liquidambar styraciflua L. (sweetgum) and Dacrydium 

385 cupressinum L. (rimu) (McGuire and Teskey 2004, Bowman et al. 2005, Teskey and 

386 McGuire 2007). We note, however, that a higher change, 8%, has been reported for Fagus 

387 grandifolia Ehrh. (American beech) (McGuire and Teskey 2004).

388 To facilitate comparisons with previous studies the mass balance fluxes are presented 

389 per unit sapwood volume of the studied bole segment. The total bole segment volume, 

390 including bark and heartwood, was calculated assuming that it was shaped as a conical 

391 frustum. This volume was multiplied by 0.84 to account for bark volume, based on previous 

392 work at the current site (Lim et al. 2015), thus yielding total wood volume. The total wood 

393 volume was then multiplied by 0.71, the sapwood fraction observed from stem discs collected 

394 at the site (Ruth Magh, personal communication), for the final sapwood volume estimate. 
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395 When estimating the rate of sap rise based on the sap flow measurements the volume was 

396 further multiplied by 0.68 to account for porosity (Usta 2003).

397

398 Results

399 Stem temperatures and sap flow

400 The variations in Ts at 40 mm depth, sap flow rate and PPFD the week before the experiment 

401 and during the three-week period during which the 13C label efflux was continuously 

402 monitored are shown in Figure 1. The mean daily Ts varied little over the experiment. Sap 

403 flow was more variable with peaks during clear days and the lowest values on cloudy days 

404 with low PPFD, the latter coinciding with low diurnal Ts amplitudes during the early part of 

405 the experiment (Figure 1).

406

407 13C enrichment

408 The 13C enrichment observed in the chamber efflux decreased strongly with height above 

409 ground (Figure 2, note the differences on y-axis scales among the measurement positions), 

410 suggesting limited upward transport of CO2 in the xylem of the studied trees. We note that 

411 very little 13C reached the breast height chamber of Tree 2 (Figure 2e). This was likely 

412 because the chamber was placed on the opposite side of the bole from the label infusion 

413 point. We suspect that the distance (0.9 m) between these two positions was too short to 

414 allow for sufficient radial dispersal of the label for a strong 13C signal to be observable in the 

415 breast height chamber. This assumption is supported by the strong 13C enrichment observed 

416 in the xylem sap (Figure 3) and phloem tissue (Figure 4) samples from this position during 

417 the first sampling that was conducted five days after the start of the labelling. However, the 

418 overall pattern of vertically decreasing label recovery is clear when comparing the other 
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419 chambers on this tree. Furthermore, the greater tissue 13C enrichment observed at 5.3 m on 

420 the 17th of September than at 1.5 m on the 27th of August (Figure 4) suggests that while the 

421 label was present in the xylem sap (Figure 3) and in the CO2 efflux (Figure 2) at 1.5 m on 

422 August 27th it was not incorporated in the phloem tissues. Overall, the tissue 13C analyses 

423 showed that the phloem became enriched at 1.5 m, albeit weakly, and at 5.3 m during the 

424 experiment while no evidence of enrichment was seen in the upper bole or the needle samples 

425 (Figure 4).The continuous observations of 13C recovery during much of the 25th of August 

426 were lost to an inopportune computer failure.

427 Despite the differences in absolute 13C recovery between the trees, the timing of the 

428 maximum mean daily enrichment observed at the various measurement heights suggests that 

429 the xylem CO2 transport rate was similar, 0.95 m d-1, between the two trees (slope in Figure 

430 5). Although more infrequent, the xylem sap samples collected by the equilibrium tubes 

431 yielded similar estimates of the time to peak 13C enrichment (Figure 3) at 1.5 and 5.3 m as the 

432 continuous isotope data (Figure 5). Rate of sap rise calculated from sap flow data and tree 

433 dimensions was similar to the isotopic estimate, 1.09 m d-1. 

434

435 Mass balance

436 Sap pH was 6.1 in both of the studied trees, and comparable to the mean of all of the sampled 

437 trees at the site, 6.2 ± 0.1 (mean ± SD, n = 8). The [CO2] of the xylem sap on three dates 

438 during the study period are shown in Table 1. The mass balance calculation indicated that a 

439 vast majority of the local respiration diffused radially out of the stem in both sample trees 

440 and, thus, was the main driver of the observed net CO2 efflux (Ec). Corticular refixation (AR) 

441 was the second most important determinant of the CO2 budget. The relative magnitude of 

442 xylem transport (FT) compared to the total respiration (Rs) of the bole segment was less than 

443 6% (Table 2). 
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444

445

446 Discussion

447 The minute amount of the 13C tracer detected above breast height in the continuous 

448 measurements of stem effluxes strongly suggests that little labelled C was transported up the 

449 stem in the xylem of the studied mature P. sylvestris trees (hypothesis #1) and that it instead 

450 rapidly diffused out from the lower stem. This finding was supported by the mass balance 

451 calculations that indicated that most of the CO2 efflux from the bole originated from local 

452 respiration (hypothesis #2), and further by the tissue sample analyses finding no evidence of 

453 13C enrichment in the phloem contents of the upper bole or in the needles. Taken together our 

454 results support the notion that chamber-based measurements of soil and stem CO2 efflux, and 

455 foliar photosynthesis are not much biased by CO2 transport along the root-stem-leaf 

456 continuum in large P. sylvestris trees. This agrees with previous findings on other conifers 

457 (e.g. Ford et al. 2007, Ubierna et al. 2009, Powers and Marshall 2011, but see Zelawski et al. 

458 1970), but contrasts the results from studies on ring- and diffuse-porous species (e.g. Teskey 

459 and McGuire 2002, McGuire et al. 2007, Saveyn et al. 2008, Bloemen et al. 2013a, Salomón 

460 et al. 2019) 

461 Several trait differences, including sap flow rates, xylem [CO2] and pH, and tree growth 

462 rates, may contribute to such among-species differences in the importance of xylem CO2 

463 transport. Furthermore, each of these factors exhibits seasonal and/or diel variation 

464 suggesting that the timing of a given study may influence its conclusions. Sap flow rates are 

465 commonly higher in species with significant xylem CO2 transport compared to species with 

466 limited xylem transport reflecting their different wood anatomies (Ubierna et al. 2009). The 

467 current experiment, carried out from mid-August to mid-September, coincided with the 

468 period when tree-scale transpiration rate begins to decline in response to decreasing light 
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469 availability and vapour pressure deficit (Tor-ngern et al. 2017). However, with other things 

470 being equal, a 50% increase in the sap flow rate, and thus a 50% increase in FT, would still 

471 have led to relatively low FT to Rs ratios (Table 2). 

472 Xylem [CO2] has been reported to vary from close to 0% to 26.3% (Teskey et al. 2008 

473 and references therein). Our observed [CO2], ~ 0.27% to ~ 0.99%, is thus at the lower end of 

474 the reported range. Because the calculation of FT through a stem segment is based on the 

475 difference in [CO2] between the upper and lower ends of the segment, a similar relative [CO2] 

476 difference would yield higher estimates of FT if the absolute [CO2] differences were greater, 

477 and subsequently increase FT/Rs. Thus, low xylem [CO2] in conifers could explain the 

478 among-species differences in observed CO2 transport. However, although ring- and diffuse-

479 porous angiosperms account for the highest xylem [CO2] observations, it is not readily 

480 apparent from reported data that conifers would have generally lower xylem [CO2] than 

481 angiosperms (see Table 1 in Teskey et al. 2008). In addition to among-species variation, 

482 xylem [CO2] has also been shown to vary seasonally and diurnally (e.g. Etzold et al. 2013, 

483 Erda et al. 2014, Salomón et al. 2016). Such patterns have been related to variation in 

484 temperature and are, over the seasonal scale, also influenced by the timing of growth (Etzold 

485 et al. 2013). Furthermore, seasonal and diel changes in water availability and humidity 

486 influence the radial diffusion velocity of CO2 (Sorz and Hietz 2006, Steppe et al. 2007), and 

487 naturally also sap flow rates. Accordingly, increased xylem [CO2] has been observed after 

488 rain events and attributed in part to reduced radial diffusion (Salomón et al. 2016). 

489 There was considerable variation in the xylem sap [CO2] determined from samples 

490 collected using equilibrium tubes among the trees, measurement heights and dates (Table 1). 

491 Several factors may have contributed to such variation. Potential mechanistic causes include 

492 differences in: i) the stem temperatures, ii) the depths at which the equilibrium tubes were 

493 inserted, iii) the rates of corticular refixation of CO2 (Tarvainen et al. 2018), and iv) the rates 
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494 of stem growth during the studied late summer period. Furthermore, the infusion of the 

495 bicarbonate solution used in the labelling and its movement within the xylem, as well as a 

496 time lag between changes occurring inside the xylem and observable changes in the 

497 equilibrium tubes may have affected the veracity of the xylem [CO2] observations. Also, CO2 

498 use in local biosynthesis reactions involving PEPC (Berveiller and Damesin 2008, Hilman et 

499 al. 2019) could bias mass balance derived estimates of xylem CO2 transport rates. We further 

500 note that we determined AR in the modified mass balance equation by a comparison of night- 

501 and daytime stem efflux data. This comparison could be biased by diurnal variation in cell 

502 turgor pressure (Saveyn et al. 2007, Salomón et al. 2018) or in xylem CO2 transport. We did 

503 not evaluate the former but note that we previously found no diurnal hysteresis between Ec 

504 and Ts in the lower stems where refixation was hindered by the thick bark and lack of light 

505 (Tarvainen et al. 2018), suggesting the absence of significant turgor pressure or xylem 

506 transport related changes in Ec at this site. In addition, the findings of this study suggest that 

507 xylem CO2 transport was of limited importance for the stem CO2 budget. Despite such 

508 potential confounding factors, the mass balance calculations and the isotopic method led to 

509 similar conclusions regarding the sources and the fate of xylem CO2 in the current study. The 

510 uncertainties associated with the determination of the xylem sap [CO2] and role of within-

511 stem CO2 cycling, however, highlight the usefulness of isotope ratios for assessing CO2 

512 dynamics in tree stems as labelling causes the isotope ratios to rise into a range that would 

513 otherwise never occur thereby removing any ambiguity regarding the observations.

514 Naturally, there are also uncertainties associated with methods that use isotopes to infer 

515 stem CO2 budgets as was done here. As the outgassing 13CO2 passed through the bark, some 

516 portion would be refixed by the chlorophyllous tissues in the periderm (Pfanz et al. 2002, 

517 Wittmann et al. 2006, Tarvainen et al. 2018) as noted in our formulation of the mass balance 

518 equation. The refixed 13CO2 would presumably be loaded into the phloem, where it would 
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519 show up in the phloem samples (Figure 4). Notably, the refixation, and thus label 

520 incorporation in the phloem tissue, was greater at 5.3 m (c. 16 % refixation) than at 1.5 m (< 

521 2.5 % refixation) (Tarvainen et al. 2018 and Figure 4, respectively). That phloem label would 

522 be entrained in the downward transport in the phloem (Powers & Marshall, 2011). The 

523 remainder of the outgassing label diffused out into the atmosphere and was therefore detected 

524 by the Picarro analyser connected to the stem chambers. Any missing CO2 was presumably 

525 carried in solution upwards in the xylem stream. Note that if the xylem stream contained 

526 dissolved 13CO2, it would show up in the equilibration tubes, which provided a headspace in 

527 contact with the xylem water in the stem (Figure 3).

528 Based on the extensive literature about vertical CO2 transport (e.g. McGuire and 

529 Teskey 2004, Teskey et al. 2008, Bloemen et al. 2013a, Salomón et al. 2019), one might 

530 expect that the bolus of saturated bicarbonate solution would carry the label far up the tree. 

531 This is particularly true because the water would move under piston flow (Marshall et al., 

532 2020), with relatively little mixing into the surrounding xylem water; the water contents of 

533 the tracheids would be replaced by root water being pulled up from below. One might worry 

534 that the low buffering capacity of xylem water would be slow to titrate the alkalinity in the 

535 bolus, allowing the label to continue up the stem as highly soluble bicarbonate, but this would 

536 overestimate the upward flux and underestimate radial diffusion. Alternatively, one might 

537 worry about a release of labeled CO2 so rapid that it would leave the stem before it had had a 

538 chance to dissolve into the xylem. However, we saw a strong label signal in the CO2 efflux 

539 approximately 1 m above the injection point. For this to be the case, the label must have 

540 moved upward through or around the xylem contents. It would be surprising if the label could 

541 move diagonally upward and radially outward without at least partially dissolving into the 

542 water in the tracheids. It therefore seems likely that the label had the opportunity to dissolve 

543 into the xylem water and be carried up the stem; it is only that the alternative, the radial 
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544 diffusion path out of the stem, was so much faster. Of course, this relates directly to the 

545 relatively minor role of vertical dissolution transport in these pine trees. 

546 The [CO2*] increases rapidly when pH increases above ~ 6 (e.g. Levy et al. 1999, Erda 

547 et al. 2014) in response to increasing solubility of the HCO3
- species of the carbonate 

548 equilibrium system. Reports on xylem pH in trees span from < 4 to > 7 (Teskey et al. 2008). 

549 Therefore, systematic variation in sap pH could explain the among-species differences in 

550 xylem transport of CO2 and its equilibrium species. However, few studies have compared the 

551 sap pH of different species exposed to the same environmental conditions. Thomas and 

552 Eamus (2002) measured the xylem pH of six savanna tree species; two each of evergreen, 

553 semi-deciduous, and deciduous. The observed pH ranges were similar for all of the studied 

554 species. A study on 22 perennials grown under controlled conditions in pots found among 

555 species differences in xylem pH that exceeded three pH units under well-watered conditions 

556 (Sharp and Davies 2009). In addition, like [CO2], sap pH exhibits seasonal and diel variation 

557 of up to 0.5 pH units (e.g. Erda et al. 2014, Salomón et al. 2016). Thus, the timing of the sap 

558 sampling may also affect the estimates of xylem CO2 transport capacity. The pH observed 

559 here is similar to data from other P. sylvestris stands (Perks et al. 2002, Tarvainen 

560 unpublished data). We note that, with all other things being equal, 0.5 unit lower pH would 

561 have reduced FT by 20 - 25%, while 0.5 unit higher pH would have increased FT by 65 - 70% 

562 in Table 2. Given the low [CO2*] of the studied trees this would, however, have yielded 

563 relatively minor changes for the importance of FT (mean FT-to-RS % for -0.5 pH, observed 

564 pH and +0.5 pH: 2.1%, 2.6% and 4.4%, respectively).

565 Collectively, the expected seasonal variations in sap flow, xylem [CO2] and pH make it 

566 likely that more CO2 is transported by the xylem of the studied P. sylvestris trees during the 

567 months when stem and root growth are the strongest. This would agree with the findings of 

568 Etzold et al. (2013) who studied sap flow and xylem [CO2] in Picea abies L. Karst. (Norway 
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569 spruce) trees and suggested that xylem CO2 transport may be seasonally variable, peaking 

570 during most active root growth. However, local respiration will also be greater during the 

571 main growing period in response to both the growth itself and the high summertime 

572 temperatures increasing growth and maintenance respiration (Stockfors and Linder 1998), 

573 respectively. Furthermore, it has been shown that stem CO2 efflux rates may vary along the 

574 bole in response to vertical growth patterns (e.g. Araki et al. 2010, Tarvainen et al. 2014) 

575 suggesting that mass balance-based estimates relying on measurements made only in the 

576 lower bole may not be representative of the entire tree during the growing season. Thus, 

577 confidently assessing the net effect of seasonality in xylem CO2 transport on stem CO2 fluxes 

578 would require long-term measurements made at several positions along the bole and the 

579 branches. 

580 Overall, we agree with Salomón et al. (2019) in that the isotopic approach has great 

581 potential for informing about CO2 movement in stems, including in mature field-grown trees 

582 as reported here. Future studies will benefit from using chambers that enclose the entire stem 

583 circumference to ensure that label is not missed in cases where the vertical spread is slow, as 

584 also recommended by Salomón et al. (2019) based on their glasshouse study. The spatial and 

585 temporal flux patterns presented here may guide experimental design regarding along stems 

586 and among-trees replication as well as the choice of the type and vertical positioning of the 

587 chambers to improve the robustness of the findings of future studies. Furthermore, we note 

588 that when measuring the CO2 budgets of conifers it will important to pay close attention to 

589 resin production to avoid loss of xylem water [CO2] or 13C enrichment data.

590 In summary, we combined, for the first time, isotopic labeling and CRDS technology to 

591 study stem carbon cycling in field-grown trees. We used this methodology and two other 

592 independent methods, mass balance calculations and tissue sampling, to evaluate xylem 

593 transport of dissolved CO2 in mature P. sylvestris trees. All the methods indicated that little 
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594 CO2 was transported up the bole during the studied late summer period. Furthermore, mass 

595 balance calculations showed that most of the local respiration diffused radially to the 

596 atmosphere and was included in the observed stem CO2 efflux. Based on these results, and 

597 the previous work on conifers yielding similar findings, we conclude that the concerns 

598 regarding the suitability of chamber-based methods for estimating the partitioning of root and 

599 stem respiration, due to sap-mediated vertical movement of CO2, may be unwarranted for 

600 mature conifer stands. It is, however, still unclear what causes the observed differences in the 

601 importance of xylem CO2 transport between species with tracheid and ring- or diffuse-porous 

602 anatomies. Therefore, we suggest that future work on xylem CO2 transport should include 

603 experiments where species with different wood anatomy are studied with the same methods 

604 under the same environmental conditions.
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796 List of Figures

797 Figure 1 a) Stem temperature (°C) at 40 mm depth, and b) sap flow rates (l hr-1) and above-

798 canopy photosynthetic photon flux density (PPFD,  m-2 s-1) between 16th of August and 

799 13th of September 2014. Stem temperature and sap flow were measured at 1.5 m in the two 

800 studied Pinus sylvestris trees. Solid lines: Tree 1; Dashed lines: Tree 2; in (b) upper half of 

801 the sub-panel: PPFD. The dashed vertical lines indicate the start of the 13C label infusion on 

802 the 22nd of August.

803

804 Figure 2 Variation in observed 13C efflux to a) the top of the canopy needle chambers, and 

805 b-e) stem chambers along the boles of the two studied Pinus sylvestris trees. Solid lines: Tree 

806 1; Dashed lines: Tree 2. The dashed vertical lines indicate the start of the 13C label infusion 

807 on the 22nd of August. Note the change in y-axis scale among the sub-panels.

808

809 Figure 3 Observed 13C enrichment ( 13C) of the xylem sap at 1.5 m (circles) and 5.3 m 

810 (squares) in the two studied Pinus sylvestris trees. Filled symbols and solid lines: Tree 1; 

811 Open symbols and dashed lines: Tree 2. Note the log-scaling of the y-axis. The dashed 

812 vertical line indicates the start of 13C label infusion. 

813

814 Figure 4 Needle and phloem tissue 13C content following label infusion near the tree base on 

815 the 22nd of August. Samples were collected on 27th of August (5 days after the labelling), 17th 

816 of September (26 days after the labelling) and 22nd of September, phloem only (31 days after 

817 the labelling). Filled symbols: Tree 1; Open symbols: Tree 2. The dashed vertical line 

818 indicates the start of 13C label infusion. 

819
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820 Figure 5 Number of days from the start of labelling until the maximum observed daily mean 

821 13C efflux along the boles of the two studied Pinus sylvestris trees. Filled symbols: Tree 1; 

822 Open symbols: Tree 2. Regression line fitted to data pooled from both trees. The slope, 0.95 

823 m day-1, estimates the upward flux rate of xylem water in the stem.



Table 1 CO2 concentrations (%) of the xylem sap determined from samples collected 5, 10 

and 13 days after the 13C label insertion using equilibrium tubes at two heights along the 

boles of the two studied Pinus sylvestris trees.

Tree Height (m) 27 Aug 1 Sep 4 Sep

1 5.3 0.55 0.58 n.a.

1.5 0.11 0.71 n.a.

2 5.3 0.79 0.99 0.67

1.5 0.27 0.54 0.44



Table 2 Carbon dioxide budgets of the 1.5 m to 5.3 m bole section in the two studied Pinus 

sylvestris trees calculated according to eq. 5. Ec = observed net CO2 efflux to the atmosphere, 

AR = corticular refixation of CO2, FT = net sap CO2 transport flux, and Rs = total stem 

respiration (= Ec + AR + FT with storage,  in eq. 5, assumed negligible). All numbers for 

the CO2 budget components are given as mol CO2 m-3 sapwood d-1.

Tree Date Ec AR FT RS Ec /Rs (%) AR /Rs (%) FT /Rs (%)

1 27 Aug 1.15 -0.14 0.06 1.07 107.3 -12.8 5.5

1 Sep 0.78 0.03 -0.02 0.79 98.2 4.1 -2.3

4 Sep 0.97 0.16 n.a. n.a. n.a. n.a. n.a.

2 27 Aug 1.84 0.12 0.08 2.04 90.3 5.8 3.8

1 Sep 1.39 0.17 0.07 1.63 85.5 10.3 4.2

4 Sep 2.00 0.19 0.05 2.24 89.2 8.6 2.0



 

Figure 1 a) Stem temperature (°C) at 40 mm depth, and b) sap flow rates (l hr-1) and above-canopy 
photosynthetic photon flux density (PPFD,  m-2 s-1) between 16th of August and 13th of September 
2014. Stem temperature and sap flow were measured at 1.5 m in the two studied Pinus sylvestris trees. 

Solid lines: Tree 1; Dashed lines: Tree 2; in (b) upper half of the sub-panel: PPFD. The dashed vertical lines 
indicate the start of the 13C label infusion on the 22nd of August. 
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Figure 2 Variation in observed  efflux to a) the top of the canopy needle chambers, and b-e) stem 
chambers along the boles of the two studied Pinus sylvestris trees. Solid lines: Tree 1; Dashed lines: Tree 2. 
The dashed vertical lines indicate the start of the 13C label infusion on the 22nd of August. Note the change 

in y-axis scale among the sub-panels. 
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Figure 3 Observed 13C enrichment  of the xylem sap at 1.5 m (circles) and 5.3 m (squares) in the 
two studied Pinus sylvestris trees. Filled symbols and solid lines: Tree 1; Open symbols and dashed lines: 
Tree 2. Note the log-scaling of the y-axis. The dashed vertical line indicates the start of 13C label infusion. 
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Figure 4 Needle and phloem tissue 13C content following label infusion near the tree base on the 22nd of 
August. Samples were collected on 27th of August (5 days after the labelling), 17th of September (26 days 
after the labelling) and 22nd of September, phloem only (31 days after the labelling). Filled symbols: Tree 

1; Open symbols: Tree 2. The dashed vertical line indicates the start of 13C label infusion. 
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Figure 5 Number of days from the start of labelling until the maximum observed daily mean  efflux 
along the boles of the two studied Pinus sylvestris trees. Filled symbols: Tree 1; Open symbols: Tree 2. 

Regression line fitted to data pooled from both trees. The slope, 0.95 m day-1, estimates the upward flux 
rate of xylem water in the stem. 

149x120mm (600 x 600 DPI) 


