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6 Abstract (250 words) 

7 Dendrometers have been widely studied for irrigation management in apple orchards, yet the 

8 high variability of dendrometer-derived parameters among trees remains a challenge for 

9 reliable irrigation control. This study quantify the variability of key dendrometer parameters 

10 commonly proposed for irrigation management usage between and within trees. In addition, 

11 continuous microtensiometer measurements of trunk water potential (Ψtrunk) and standard stem 

12 water potential measurements using a Scholander pressure chamber (Ψstem) were compared 

13 with dendrometer-derived growth and tree water deficit (TWD). The number of sensors 

14 required to achieve a 0.15 MPa (Ψtrunk) standard error was then calculated. All tree water status 

15 proxies showed higher variability than Ψstem. Dendrometer parameters showed greater 

16 variability within trees than between trees, indicating substantial heterogeneity across stem 

17 positions. When using TWDmax as Ѱtrunk predictor, nine sensors were required to achieve 0.15 

18 MPa standard error (coefficient of variation = 0.123). Tolerating a bigger variability of 0.2 MPa, 

19 5 dendrometers need to be used. Daily Ψtrunk minimum and TWDmax were well correlated (R2
m 

20 and R²c = 0.73), although this correlation was weaker and tree dependent for Ψtrunk maximum 

21 and TWDmin (R2
m = 0.06, R²c = 0.32). This reflects their shared measurement location 

22 conditions and supports the suitability of dendrometers for monitoring tree water status, 

23 especially in the middle of the day. Options to reduce the observed variability in dendrometers, 

24 especially during the night, should be studied.

25

26 Keywords: dendrometer position, microtensiometer, stem water potential, tree water deficit 
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27

28 1. Introduction

29 Automated irrigation systems in orchards typically rely on soil moisture measurements to 

30 determine the amount of water to be applied. However, many researchers have criticised this 

31 control strategy (e.g. Wheeler et al., 2023, Waldburger et al., 2025a) because soil moisture 

32 does not always reflect the actual water requirements of plants. Consequently, indicators of 

33 plant stress may offer a more reliable basis for irrigation management. One promising 

34 approach is the use of dendrometer sensors, which can detect plant water stress through 

35 changes in stem size. This has been demonstrated by the successful use of dendrometers in 

36 crops such as citrus, olives, and apples (e.g. Velez et al., 2007; Girón et al., 2016; Waldburger 

37 et al., 2025b). Dendrometers are particularly appealing due to their relatively low cost, non-

38 invasive installation, and extensive validation across multiple species (e.g. Dietrich et al., 

39 2018).

40 Dendrometers enable the continuous, high-resolution measurement of stem size by 

41 typically employing a linear potentiometer or similar sensor. Changes in stem size recorded 

42 by these instruments represent not only increments in growth but also short-term daily 

43 fluctuations in the tree’s water status (Zweifel et al., 2016). These daily expansions and 

44 contractions occur because water is temporarily stored and released within the relatively 

45 elastic outer tissues of the stem—particularly the cambial zone and phloem—which respond 

46 dynamically to variations in transpiration demand and internal water balance (Devine and 

47 Harrington, 2011). Such fluctuations capture primarily the elastic response of the stem to 

48 environmental changes and are commonly expressed as the maximum daily shrinkage (MDS; 

49 Fig. 1), defined as the difference between the maximum and minimum stem radius recorded 

50 within a given day (e.g. Naor and Cohen, 2003). Water status can also be reported by tree 

51 water deficit (TWD) (e.g. Dietrich et al., 2018), calculated as the deviation from a baseline 

52 growth obtained by extrapolating maximum stem size based on the maximum previously seen 

53 size (e.g. Girón et al., 2016; Dietrich et al., 2018; Goldhamer and Fereres, 2001; Naor and 
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54 Cohen, 2003; Fernández and Cuevas, 2010; Moriana et al., 2010; Wheeler et al., 2023). TWD 

55 calculations assume non-significant growth under stress periods, as proposed by Zweifel et 

56 al. (2016), and can be at difference of MDS and tree growth (TG), calculated at multiple times 

57 of the day (e.g. Dietrich et al., 2018).

58 Fig. 1. Example of two days of stem radius change, highlighting maximum daily shrinkage (MDS), tree growth (TG), 
59 and tree water deficit (TWD), calculated as minimum (TWDmin) and maximum (TWDmax) values. Vertical dashed 
60 lines indicate the range of stem radius variation used to calculate each parameter, while the horizontal dashed line 
61 extrapolates the maximum historical size, as in previous studies (e.g. Dietrich et al., 2018).

62 Since the stem structure of a tree is not entirely homogeneous, and slight differences 

63 can occur even within small sections of the stem, the position of the dendrometer, whether 

64 installed at varying stem heights or on branches, can substantially influence the variability of 

65 the recorded parameters. Such local variability can arise from intrinsic physiological 

66 characteristics, including differences in cell size, tissue composition, or local growth rates, as 

67 well as from external influences (e.g. Zhang et al., 2024; Houston et al., 2016).

68 The influence of dendrometer position was investigated by Zweifel and Häsler (2001), 

69 who worked with mature subalpine Norway spruce (Picea abies L.). These authors showed 

70 that the largest daily fluctuations in stem radius occurred in the upper stem within the crown. 

71 This pattern was attributed to higher transpiration rates and greater water demand in the 

72 canopy. Conversely, the smallest fluctuations were found at the stem base, where water 

73 storage capacity and elastic tissues may buffer short-term changes, resulting in more stable 
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74 stem radius measurements. Comparable patterns have been reported in agricultural systems. 

75 For instance, Corell et al. (2014) investigated dendrometer placement on mature olive trees 

76 by comparing measurements taken on the main stem versus branches in an irrigation trial. 

77 The authors found that MDS varied significantly in stressed trees depending on the 

78 dendrometer position, whereas TG did not show significant variation across positions. 

79 Substantial between-tree variability in dendrometer measurements has been reported 

80 as one of the major challenges associated with this sensor. This issue has been widely 

81 documented in the literature (e.g. Naor and Cohen, 2003; Biondi and Rossi, 2015; Özçelik, 

82 2025). Depending on the parameter derived from dendrometers, tree-to-tree variation can 

83 reach up to 60%, normally quantified as a function of the coefficient of variation (CV, e.g. Naor 

84 and Cohen, 2003; Fernández and Cuevas, 2010). The high variability observed in 

85 dendrometer data raises important questions about how precisely these measurements can 

86 be applied to irrigation management and what strategies might help mitigate this variability. By 

87 contrast, such a high level of variability is not typically observed with the Scholander pressure 

88 chamber—the most widely used instrument for assessing plant water status. Nevertheless, 

89 some degree of within-tree heterogeneity has also been documented with Scholander 

90 pressure measurements when directly measuring water potential (Ѱ). In olive hedgerow 

91 orchards, Hueso et al. (2023) reported a vertical decline in Ѱstem of approximately 0.10 MPa 

92 m-¹ between 0.6 m and 1.3 m above ground level, and a more pronounced decline of 0.33 

93 MPa m-¹ between 1.3 m and 1.9 m. The correlation between these two, Ѱstem versus 

94 dendrometer-derived parameters, has been reported to not always be consistent, ranging from 

95 weak to strong (0.4 ≤ R2 ≤ 0.8), making it challenging to rely on Ѱstem as a universal calibration 

96 tool (e.g. Blanco and Kalcsits, 2023; Wheeler et al., 2023).

97 To enable automatic direct measurement of plant Ѱtrunk, psychrometry has been widely 

98 used (e.g. Cermak et al., 2015). Recently, a new microtensiometer has been introduced, 

99 consisting of a small sensor capsule directly implanted into the woody tissue of the trunk to a 

100 depth of at least 9 mm (e.g. Blanco and Kalcsits, 2021, Vacaro et al., 2025). Several studies 
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101 have demonstrated its applicability across a range of crops and environmental conditions, 

102 reporting that precision and accuracy vary with species- and site-specific factors, with some 

103 suggesting underestimation (Vacaro et al., 2025) or overestimation of Ѱstem (Blanco and 

104 Kalcsits, 2023; Villalobos et al., 2024).

105 Despite numerous studies linking dendrometer parameters with other measurement 

106 tools for calibration purposes, to our knowledge, no research has systematically examined the 

107 within-tree variability of dendrometer readings taken at different positions along the same 

108 stem, supported by continuous Ѱtrunk measurements. This gap limits our understanding of how 

109 point sensor placement affects the accuracy of water stress monitoring in trees. The aim of 

110 this study is to quantify the variability of dendrometer-derived parameters measured at four 

111 positions on the same apple tree stem and to assess their suitability for irrigation optimisation. 

112 We also compare these measurements with Ѱstem values and Ѱtrunk at different times of day. 

113 This comparison is intended to clarify how such variability should be further reduced to enable 

114 more reliable monitoring protocols for practical irrigation management.

115

116 2. Materials and Methods

117 2.1 Site

118 The study was conducted at Strickhof, a practical competence centre for sustainable food 

119 systems (47°26′44.9″ N, 8°40′46.3″ E), located approximately 519 m above sea level in 

120 Eschikon, Canton Zürich, Switzerland. The site experiences a mean annual temperature of 

121 approximately 10°C and receives around 1020 mm of precipitation per year. Data for this study 

122 were collected between 4 June and 20 September 2024. During this period, the total 

123 precipitation was 397.5 mm, while the mean temperature was approximately 19°C, with a 

124 recorded maximum of 33.6°C.
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125 2.2 Experimental setup

126 The research was conducted on eight individual apple trees of the Gala (Malus domestica 

127 ‘Gala Galaxy’) variety, all located within a single plot and planted in 2016 on rootstock M9 

128 T337. The plot had a tree density of 3175 trees per hectare, with individual tree spacing of 0.9 

129 m and row spacing of 3.5 m. The soil was covered with plastic sheeting to prevent direct 

130 precipitation from infiltrating the root zone, thereby maximizing the water stress on the trees. 

131 No irrigation was provided during the experiment, other than naturally available water sources. 

132 The orchard follows traditional commercial management.

133 2.3 Measurements with dendrometers, microtensiometers, and pressure chamber

134 With the aim of evaluating the variability in dendrometer-derived parameters, two parameters 

135 were measured: water potential (Ѱ) and stem radius.

136 2.3.1 Water potential (Ѱ)

137 As a reference for tree water status, stem water potential (Ѱstem) was monitored using a 

138 Scholander pressure chamber (Scholander et al., 1965; Model M-600, Geary Stress, Albany, 

139 USA) following standard methodology (e.g. Waldburger et al., 2025b). Weekly measurements 

140 were performed between 12:00 and 13:00 on four healthy, fully shaded leaves on eight trees. 

141 Each leaf was enclosed in an aluminium-coated plastic bag for at least 30 min and excised 

142 along with its petiole. The petiole was cut with a sharp blade shortly before measurement. In 

143 the pressure chamber, compressed air was gradually applied until the xylem sap appeared at 

144 the cut end, and the required pressure, displayed in bars, was recorded.

145 To complement these measurements, trunk water potential (Ψtrunk) was recorded every 

146 20 min using microtensiometers (FloraPulse, Davis, CA, USA) in three single trees. Sensors 

147 were installed on the north-facing side of the stem on a flat surface 0.5 m above the graft 

148 union, following Blanco and Kalcsits (2024). These were connected to LoRaWAN data loggers, 

149 which sent each measurement directly to our private data server.
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150 2.3.2 Stem radius 

151 For each tree (n = 8), four dendrometer sensors were installed to monitor the stem radius at 

152 15-min intervals. The sensors were custom-built by Agroscope using linear potentiometers 

153 (Model SLPT 25 mm, Opkon, Istanbul, Turkey) mounted on an aluminium frame, allowing 

154 movement along a single horizontal plane.

155 Stem radius variations were recorded as voltage signals and logged using an 

156 Agriscope data logger (Agribase 2.327, Agriscope, Mauguio, France). Data were transmitted 

157 via a 916 MHz radio frequency and uploaded through a modem to an online server, where the 

158 signals were linearly converted to values in micrometres (µm) with a resolution of 6.1 µm. TG 

159 (Eq. 1) and MDS (Eq. 2) were calculated as shown in Fig. 1. TWD was then calculated at two 

160 different time points following the methodology of Dietrich et al. (2018): at the daily minimum 

161 value in the early morning (TWDmin; Eq. 3), closely resembling TG and similarly weather 

162 independent, and at its maximum daily value in the middle of the afternoon (TWDmax; Eq. 4), 

163 which should closely correlate to MDS and therefore highly weather dependent. This was done 

164 with the aim of pairing TWD values with the minimum and maximum daily values of Ѱ 

165 measurements respectively, if available.

166 𝑇𝐺 = 𝑆𝑅𝑑𝑎𝑖𝑙𝑦𝑚𝑎𝑥 ― 𝑆𝑉ℎ𝑖𝑠𝑡𝑜𝑟𝑖𝑐𝑎𝑙𝑚𝑎𝑥# #(1)

167 𝑀𝐷𝑆 = 𝑆𝑅𝑑𝑎𝑖𝑦𝑚𝑎𝑥 ― 𝑆𝑅𝑑𝑎𝑖𝑙𝑦𝑚𝑖𝑛 #(2)

168 𝑇𝑊𝐷𝑚𝑖𝑛 = 𝑆𝑅ℎ𝑖𝑠𝑡𝑜𝑟𝑖𝑐𝑎𝑙𝑚𝑎𝑥 ― 𝑆𝑅𝑑𝑎𝑖𝑙𝑦𝑚𝑎𝑥 #(3)

169 𝑇𝑊𝐷𝑚𝑎𝑥 = 𝑆𝑅ℎ𝑖𝑠𝑡𝑜𝑟𝑖𝑐𝑎𝑙𝑚𝑎𝑥 ― 𝑆𝑅𝑑𝑎𝑖𝑙𝑦𝑚𝑖𝑛 #(4)

170 2.4 Statistic analysis

171 2.4.1 Ѱstem and Ѱtrunk

172 Ѱstem was correlated with the continuous measurements of Ѱtrunk minimum value, as both 

173 should correlate with higher levels of daily stress. Preliminary correlations of Ѱstem with the 

174 closest time-related Ѱtrunk measurements resulted in weaker correlations (data not shown). For 

175 this, the average of each tree Ѱstem was correlated with its respective Ѱtrunk value. The 
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176 relationship between the multiple tree daily dendrometer parameters and Ѱ (Ѱstem or Ѱtrunk) 

177 was then evaluated using R2
m and R2

c as is then possible to evaluate the general effect that 

178 does not consider the specific tree effect (R2
m) and the addition of each tree effect (R2

c). For 

179 this, the model presented in Eq. 5 was used, with the intercept being independent for each 

180 tree and the replicates nested within the tree.

181 𝐷𝑒𝑛𝑑𝑟𝑜𝑚𝑒𝑡𝑒𝑟𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = Ѱ + (1| 𝑇𝑟𝑒𝑒 𝑅𝑒𝑝) #(5)

182 2.4.2 Variations within and between trees

183 Variation within and between trees for Ѱstem, Ѱtrunk and dendrometer derived parameters was 

184 quantified using their coefficient of variation (CV) to initially obtain an approximation and a 

185 graphical visualisation. CV is calculated by dividing the standard deviation by the mean. 

186 Within-tree CV was calculated using single dendrometer values, while CV between trees was 

187 calculated using the mean for each tree. CV was chosen because it provides a standardised 

188 measure of relative variability, allowing direct comparison of dispersion across different 

189 parameters and measurement scales. To corroborate such analysis, the data were further 

190 analysed using generalised linear mixed-effects models implemented in the glmmTMB 

191 package in R (Brooks, 2017), with the model in Eq. 6:

192 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = 𝐷𝑎𝑡𝑒 + (1| 𝑇𝑟𝑒𝑒 𝑅𝑒𝑝) #(6)

193 The model included date as a category and fixed effect to account for temporal variation 

194 and a nested random-effects structure, with repeated measurements nested within individual 

195 trees to account for within-tree and replicate variability. This approach allowed us to partition 

196 variation between temporal effects and hierarchical sources, providing robust estimates of 

197 variance partition while properly accounting for the non-independence of repeated 

198 measurements.

199 We then investigated the between-tree correlation of each position along the trees in 

200 the multiple studied parameters. To highlight the correlation of MDS and TWD to vapour 

201 pressure deficit (VPD), we demonstrated its correlation for 7 consecutive days using the 
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202 average value of all available microtensiometers and dendrometers, aiming to select  a period 

203 of time free of any growing tendencies.

204 2.4.3 Modelling TWD as a function of Ѱstem and Ѱtrunk

205 To investigate the relationship between TWD, Ѱstem, and Ѱtrunk at different times of the day, a 

206 linear mixed-effects model was fitted between Ѱtrunk and TWDmin. Since TWDmax is 

207 predominantly influenced by environmental conditions, the additional impact of VPD was also 

208 tested in the model, which was replicated for both Ѱstem and Ѱtrunk. In all models, a random 

209 intercept for each tree was incorporated to account for repeated measurements, enabling the 

210 estimation of the effects of water status and environmental variables on TWD. For easier 

211 visualisation and normalisation due to different tree sizes, TWD was additionally expressed in 

212 percentage units with respect to the maximum historical size.

213 2.4.4 Estimation of sensor requirements based on TWD prediction

214 Based on the previously calculated CV, we estimated the number of sensors required to 

215 achieve a CV similar to that obtained by Ѱstem measurements. To illustrate this in the context 

216 of irrigation management, we calculated the number of sensors needed to reach an equivalent 

217 standard error (SE) of 0.15 MPa, which we estimated to be an acceptable error for irrigation 

218 purposes.

219 To express this threshold with respect to TWD, we used TWDmax, as although an 

220 estimation of TWDmin would be more useful for the detection of water availability as it doesn’t 

221 include the daily weather effect, we hypothesised that TWDmin would have a stronger variation 

222 and it is additionally not equivalent to the today standard Ѱstem midday measurement. Such a 

223 threshold was expressed as the CV of TWDmax, which is inversely proportional to the slope of 

224 the previously obtained linear model based on Ѱtrunk. For simplicity, the corresponding 

225 coefficient of variation for TWDmax was then calculated for the average TWDmax and the 

226 average slope. This provides an estimate of the required detectable change in TWDmax 

227 corresponding to the chosen Ѱtrunk SE, as presented in Eq. 7.
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228
𝐶𝑉𝑇𝑊𝐷𝑚𝑎𝑥 =

𝑆𝐸𝑇𝑊𝑃𝑚𝑎𝑥

|𝑑𝑥
𝑑𝑦 𝑓(Ѱ𝑡𝑟𝑢𝑛𝑘)| ∗ ∑ 𝑇𝑊𝐷𝑚𝑎𝑥

 #(7)

229 All statistical analyses were carried out using R (version 4.4.3) and considering a 

230 significance level of 0.05.

231

232 3. Results

233 3.1 Scholander pressure chamber (Ѱstem)

234 As illustrated in Fig. 2a, stem water potential measured at noon (Ѱstem) exhibited a consistent 

235 temporal pattern of decreasing values throughout the growing season. Ѱstem values ranged 

236 from approximately −0.5 MPa to −1.6 MPa across all sampling dates, without substantial water 

237 stress during the monitoring period. The within-tree CV was low, generally below 0.10, with 

238 only modest increases observed in late June (Fig. 2b). The between-tree variability was small 

239 (0.05), indicating a uniform water potential response between trees within the experimental 

240 (Fig. 2c).
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241

242 Fig. 2. (a): Individual measurements of Ѱstem (MPa) for all trees and replicates at each sampling date. (b): Coefficient 
243 of variation (CV, fraction) of Ѱstem calculated within trees across replicates on each date. Dotted points indicate the 
244 average value within trees, shaded area indicates ± standard deviation (SD), and the dotted line shows the overall 
245 average CV within trees. (c): Coefficient of variation (CV) of the mean Ѱstem between trees on each date, with the 
246 same graphical conventions (dotted points: average between trees, dotted line = overall average CV between 
247 trees).

248 3.2 Microtensiometers (Ѱtrunk)

249 Continuous monitoring of trunk water potential (Ѱtrunk) using microtensiometers showed the 

250 expected daily fluctuation corresponding to daytime water depletion and night-time recovery. 

251 Overall, the mean Ѱtrunk across trees values ranged between approximately −0.5 MPa and 

252 −1.8 MPa, indicating no water stress conditions during the measurement period. Similar to 

253 Ѱstem, from late June to August, a gradual decline in Ѱtrunk was observed in the smoothed 

254 seasonal trends in daily values (Fig. 3a) with similar daily patterns (Fig. 3b). The maximum 

255 Ѱtrunk value per day correlated with the manually measured Ѱstem with an adequate correlation 

256 (R2
m = 0.5; R2

c = 0.58), with a clear overestimation of Ѱstem.
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257

258 Fig. 3. Microtensiometer data (Ѱtrunk) showing a smoothed seasonal trend (LOESS, span = 0.3) obtained from 
259 three trees during the experiment. (b) Raw data focusing on two selected days (2025-08-25 to 2025-08-26).

260

261 3.3 Dendrometer parameters 

262 TG and TWD at its minimum daily value (TWDmin) steadily decreased and increased from early 

263 July into late summer, respectively (Fig. 4 a and c). MDS displayed a high variability, with peak 

264 values frequently exceeding 400–600 µm during mid-summer, especially in July and August, 

265 while TWD at its maximum daily value (TWDmax) exhibited patterns similar to MDS, with high 

266 variability, reaching values above 600–800 µm during the driest periods (Fig. 4b and 4d). 
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267

268 Fig. 4. Raw dendrometer-derived parameters recorded between July and September. (a) Tree growth (TG), (b) 
269 maximum daily shrinkage (MDS), (c) tree water deficit daily minimum (TWDmin), and (d) tree water deficit daily 
270 maximum (TWDmax). Each point represents an individual tree measurement.

271 3.3.1 Variations within and between trees

272 Across all parameters—TG, MDS, TWDmin, and TWDmax—within-tree (sensor-to-sensor) 

273 variability dominated the overall variation (see supplementary figures 2–5). Within-tree 

274 variability was particularly pronounced for TG and TWDmin, with observed empirical CV of 0.86 

275 and 0.73, respectively. MDS and TWDmax showed lower but still substantial empirical CV (0.36 

276 and 0.33, respectively). Mixed-effects results indicated that whereas growth and water content 
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277 dominated parameters mostly showed within-tree variability (~36%), weather-dependent 

278 parameters were totally dominated by within-tree variability (~53%).

279 The between-tree variability calculated from the average of four sensors per tree was 

280 consistently low, especially for MDS and TWDmax. TG and TWDmin showed higher variability 

281 between-tree variability (0.5 and 0.36, respectively) than MDS and TWDmax. Regarding the 

282 latest, mixed-effects modelling showed that only a negligible proportion of variance originated 

283 from differences between trees, whereas 10% and 1% of the overall between-tree variability 

284 were explained by the between-tree variability in TG and TWDmin, respectively.

285 3.3.2 Sensor position within the tree

286 To investigate whether a specific position had higher consistency, the average correlation of 

287 all pairs of trees was calculated at each specific position. Sensors were mounted as identically 

288 as possible on all trees; however, exact distances could not be maintained due to variations 

289 in stem structure, which made it challenging to install the sensors at identical points on every 

290 tree (see supplementary figure 6). The position exhibiting the most consistent measurements 

291 across trees varied depending on the parameters analysed, as summarised in Table 1. 

292 Overall, TWDmin was the least-correlated parameter across trees.

293 Table 1. Average between-tree correlation at the different sensor positions for tree growth rate (TG), maximum 
294 daily shrinkage (MDS), and min and max tree water deficit (TWD).

Position TG MDS TWDmin TWDmax
1 0.575 0.895 0.254 0.874
2 0.496 0.908 0.282 0.869
3 0.574 0.859 0.408 0.851
4 0.518 0.857 0.316 0.857

295

296 3.4 Parameter interactions 

297 3.4.1 VPD, Ѱtrunk and stem radius

298 The values of VPD, Ѱtrunk, and stem radius variations closely tracked one another throughout 

299 the experiment. Fig. 5 illustrates a 7-day period (20–26 August), with all variables showing 

300 synchronous cycles (Fig. 5a). Increasing VPD was strongly associated with decreases in the 
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301 average Ѱtrunk and reductions in the average stem radius. Linear regressions for this period 

302 confirmed this relationship: both Ѱtrunk and stem radius variations were highly correlated with 

303 VPD (R² = 0.874 and 0.95, respectively) (Fig. 5b). 

304

305 Fig. 5. (a) The stem radius variations (dark red) and trunk water potential (Ψ trunk, dark green) and (b) the daily 
306 dynamics of vapour pressure deficit (VPD, blue) between 20–26 August 2024. (b) The relationships of VPD with 
307 stem radius variations and Ψ trunk (green and red, respectively), including linear regressions and their corresponding 
308 coefficients of determination (R²).

309 3.4.2 Relationships between Ψ and dendrometer-derived parameters

310 The relationships between the dendrometer-derived parameters and Ѱstem were generally 

311 weak. MDS showed a weak correlation (R2
m = 0.05, R2

c = 0.44) when correlated directly with 

312 Ѱstem. Incorporating maximum VPD values per day into the linear mixed-effects models 

313 markedly improved this relationship (R2
m = 0.33, R2

c = 0.76). Similar results were achieved 

314 when correlating TWDmax or TWDmin to Ѱstem.

315 In the case of Ѱtrunk correlation with TWDmin parameter, a weak linear correlation was 

316 found (R2
m = 0.06, R2

c= 0.37) (Fig. 6a), with trees that had more negative water potentials 

317 exhibiting higher trunk shrinkage during the night. TWDmax increased sharply as Ѱtrunk declined 

318 below −1.0 MPa. The fitted model (Fig. 6, b - red line) closely captured the observed variability 

319 across trees (R2
m = 0.73, R2

c= 0.76, Fig. 6, b). The addition of VPD as a fixed factor did not 

320 have a significant effect on TWD, regardless of the selected time of day.
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321

322 Fig. 6. Relationships between tree water deficit (TWD) and Ѱtrunk measured at its minimum (a) and maximum value 
323 (b). Each point represents an individual tree measurement, where colours denote different trees. The solid red lines 
324 show the fitted regression models (linear for TWDmin, quadratic TWDmax), and the shaded areas indicate 95% 
325 confidence intervals. 

326 3.4.3 Ѱ measurements 

327 Daily measurements of Ѱstem and Ѱtrunk revealed higher variability in Ѱtrunk values. Within the 

328 same dates, significant differences in the values of Ѱstem and Ѱtrunk were found between trees 

329 (p < 0.05), whereas no significant differences were detected within trees for Ѱstem (n = four 

330 samples per tree). On average, Ѱtrunk showed lower values (more water stress) than Ѱstem. A 

331 clear positive correlation between Ѱstem values and their respective time-bounded Ѱtrunk values 

332 was identified using a linear mixed-effects model, which improved when using the minimum 

333 daily Ѱtrunk values with a Rm² of 0.5 and Rc² of 0.59 (See supplementary Fig. 7).

334 3.5 Number of sensors needed for the estimation of Ѱtrunk using TWDmax

335 To calculate the number of sensors needed to achieve a standard error of 0.15 MPa, 

336 the values of Ψtrunk and TWDmax were used. This analysis, based on the variance partitioning 

337 of TWDmax, revealed a strong dependence of total measurement uncertainty on both the 

338 number of trees monitored and the number of sensors per tree (Fig. 7). The golden contour 

339 line in Fig. 7 represents the target CV in TWDmax (≈ 0.12) required to maintain an equivalent 

340 standard error of 0.15 MPa in Ψ trunk. The red contour line corresponds to a stricter precision 

341 threshold of 0.05 CV, similar to Ѱstem. 
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342

343 Fig. 7. Total coefficient of variation (CV) in tree water deficit max (TWDmax) as a function of sampling design. The 
344 x-axis represents the number of sensors per tree, and the y-axis represents the number of trees sampled. The 
345 colour scale indicates the total CV (%) in the estimated mean TWDmax, combining within-tree, between-tree, and 
346 measurement noise variability components. The red contour line marks the 5% CV threshold, and the gold contour 
347 line represents the target CV required to achieve an equivalent uncertainty of ±0.15 MPa in trunk water potential 
348 (Ψ trunk).

349 4. Discussion
350 4.1 Relationship between Ѱstem and Ѱtrunk

351 No water stress was observed throughout the experiment, with an adequate relationship 

352 between the two measurements, Ѱstem and Ѱtrunk without or with the inclusion of the 

353 independent tree effect (R2
m = 0.50 /R2

c = 0.58). This is consistent with the precision reported 

354 by Vaccaro et al. (2025). However, other researchers have reported stronger correlations 

355 between these parameters (R2 > 0.8 by Blanco and Kalcsits, 2023; R² = 0.86 by Conesa et al., 

356 2023). The lower correlation in the present study could be partly explained by differences in 

357 the timing of peak water stress: the most negative Ѱtrunk values typically occurred around 

358 16:00, whereas Ѱstem measurements are conventionally taken at midday (12:00). Despite the 

359 lower correlation, our study showed the same bias as reported by Blanco and Kalcsits (2023), 

360 who demonstrated that the Ѱtrunk values tended to underestimate the water stress expressed 

361 by Ѱstem. This contrasts with the findings by Conesa et al. (2023) and Vaccaro et al. (2025), 

362 who reported an overestimation of water stress. This lack of accuracy could also be explained 

363 by sensor calibration parameters, which previous authors have linked to installation factors, 

364 including the use of mating paste (Vaccaro et al., 2025).
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365 4.2 Variability in dendrometer data

366 The analysis of the average correlations across sensor positions (Table 1) revealed that 

367 measurement consistency varied independently of the specific position. Although sensors 

368 were installed following a standardised configuration, structural differences between trees, 

369 such as stem curvature and bark irregularities, made it impossible to maintain identical sensor 

370 positions. Nevertheless, good correlations were found for MDS and TWDmax, suggesting 

371 representative measurements across trees when these were mainly dominated by weather 

372 conditions.

373 Our finding suggests that TG and TWDmin, are more sensitive to individual tree 

374 conditions, which may include growth-related and nocturnal refiling or structural differences at 

375 the measurement point, than to between tree variation. Moreover, calculating TWDmin from TG 

376 had a negative effect due to the loss of information, as TWDmin values are cap to the maximum 

377 historical size. This aligns with the hypothesis that TWDmin is mainly indicative of rehydration, 

378 depending on soil water conditions that may not be well-synchronised across individuals 

379 (Zweifel et al., 2016). Therefore, it is significantly harder to accurately assess TWDmin than 

380 MDS and TWDmax, as such variables are mostly dominated by weather-dependent effects. 

381 Variance analysis revealed that contrary to TG and TWDmin, most of the variability in 

382 MDS and TWDmax occurred within individual trees rather than between trees. Similar results 

383 were reported by Zweifel et al. (2021), who documented pronounced radial and axial 

384 heterogeneity across the entire stem. This supports the robustness of MDS as an indicator of 

385 daily water transpiration at the stand level under non-stress conditions, as exemplified by the 

386 close relationship between MDS and VPD (Fig. 5). By contrast, the higher CV within trees for 

387 TG and TWDmin suggest that micro-scale tissue properties and internal tree anatomy may be 

388 important sources of variation to be considered when determining the extent of daily stem 

389 variations, as mentioned above.
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390 4.3 Relationships between parameters

391 As Ortuño et al. (2010) summarised and as presented in this study, Ψ stem correlate better per 

392 tree (R2
c) than as a general effect (R2

m) with the multiple dendrometer-derived parameters. 

393 This confirms the known per-tree calibration for the prediction of Ψ stem when directly using 

394 dendrometer-derived parameters as a tool for irrigation prediction. Nevertheless, an additional 

395 effect that may have diminished such relationships was short periods of additional increases 

396 in stem radius of around 100 µm after a rain event (data not shown). This was followed by 

397 slow stem radius decreases that lasted for approximately two days, which we attributed to the 

398 drying of the bark, as only little water stress was observed during these periods. This may 

399 have also affected the Ψ trunk measurements too as this effect was not evident in the 

400 relationship between dendrometer-derived parameters and Ψ trunk. This implies that even a 

401 small amount of rain can increase the thickness of the bark, affecting not only dendrometer 

402 measurements but also the measurement of microtensiometers. This aligns with observations 

403 by Zweifel et al. (2016), who emphasised that Ψ stem primarily reflects the status of conductive 

404 xylem tissues, capturing the dynamic balance between transpiration demand and hydraulic 

405 supply, whereas dendrometer parameters can reflect changes in elastic tissues, such as the 

406 cortex, phloem, and bark, whose fluctuations depend strongly on their previous hydration 

407 status.

408 In our study, the correlation between Ψ trunk and TWDmin (R2
c = 0.37), which, thus far, is 

409 not commonly found in the literature, was limited by a lack of stress in our experiment. Higher 

410 water stress could increase the range of nocturnal Ψ trunk, helping to better understand the 

411 correlation between Ψ trunk and TWDmin, particularly as it is known that such correlation 

412 increases exponentially beyond –2 MPa (Beikircher, 2013; Ziegler, 2024; Girona et al., 2025). 

413 As mentioned above, the strong correlation between Ψ trunk and TWDmax (R²c = 0.71) reflects 

414 the fact that both measurements capture the effect of daily weather conditions (VPD) on water 

415 status at essentially the same location on the stem, reducing spatial divergence and improving 

416 correspondence. Thus far, most of the reported correlations between microtensiometers and 
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417 dendrometer-derived parameters have been associated with MDS. For instance, Blanco and 

418 Kalcsits (2023) reported that MDS and Ψ trunk were strongly related at the onset of deficit 

419 irrigation (R² = 0.63), but this relationship weakened when the entire season was evaluated 

420 (R² = 0.44). The same authors obtained similar results (R² = 0.42) in a second experiment 

421 (Blanco and Kalcsits, 2024).

422 4.4 Sensor optimisation and practical implications

423 In the present study, a 0.15 MPa uncertainty in Ѱtrunk corresponded to a 0.123 CV, attainable 

424 with a combination of 9 sensors distributed within and between trees. For example, for 

425 commercial purposes, a simpler setup using five trees equipped with one sensor each can 

426 maintain an overall uncertainty of 0.2 MPa in Ѱtrunk (CV = 0.16). Although deploying multiple 

427 sensors per tree may not be feasible in commercial settings, such an approach can be valuable 

428 to reduce within-tree variability and to provide better insights into the sources and magnitude 

429 of physiological variation among trees. Based on our results, such an option would help to 

430 reduce variability within trees, which would require further validation, especially as band 

431 dendrometers have not demonstrated such capacities (e.g. Corell et al., 2014).

432 Our experiment demonstrated that TWDmax is strongly explained by Ψ trunk and can 

433 therefore be used to determine an optimal number of sensors. However, because TWDmax is 

434 mainly driven by VPD, it remains strongly influenced by environmental conditions rather than 

435 plant water status. To develop a more reliable model, TWDmin could also be considered, as it 

436 may better reflect water availability independently of short-term environmental fluctuations. 

437 Such an approach would improve the ability to capture both the full daily cycle of tree 

438 hydraulics and night-time stem refilling, although a higher number of sensors may be required. 

439 However, as suggested in our previous work (Waldburger et al., 2025a), the lack of correlation 

440 between TWDmax and VPD occurring during periods of water stress could be used as an 

441 indicator of stress.
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442 The continuous measurements provided by the microtensiometers allowed for a 

443 broader and more detailed assessment of their correlation with relative stem radius changes 

444 and VPD, which was not achievable with the intermittent measurements obtained from the 

445 Scholander chamber. Nevertheless, the current generation of microtensiometers, particularly 

446 the model used in this study, is not suitable for widespread commercial deployment. Their 

447 installation requires invasive procedures that cause permanent damage to the tree, the 

448 sensors have a limited operational lifespan, and their costs remain high compared with 

449 dendrometers (Di Biase et al., 2025). Moreover, the strong correlation between 

450 microtensiometer measurements and dendrometer data supports dendrometers as a reliable 

451 tool for monitoring tree water stress, whereas microtensiometers may be more appropriate as 

452 research instruments than as practical options for routine on-farm irrigation management.

453 To enhance comparability, the implementation of standardised sensor installation 

454 protocols, particularly regarding sensor height above ground and the potential use of multiple 

455 sensors per tree, could substantially reduce measurement inconsistencies, further advancing 

456 water usage efficiency in the context of irrigation.

457 5. Conclusion

458 In the present study, all variables showed a higher variability than Ψ stem, independent of 

459 whether these were triggered by growth or nocturnal refilling (TG, TWDmin, Ψtrunk) or by 

460 environmental conditions, particularly via VPD (MDS, TWDmax, Ψtrunk). For all the studied 

461 dendrometer-derived parameters, within-tree variability was always greater than between-tree 

462 variability. MDS and TWDmax showed consistent responses across different sensor positions 

463 between individual trees, whereas TWDmin varied substantially, reflecting differences in growth 

464 or night-time recovery between trees. Bringing dendrometer derivate parameters variability in 

465 line with Ψ stem variability would necessitate increased replication, either through a greater 

466 number of sampled trees or multiple sensors per tree. Nevertheless, allowing for an uncertainty 

467 of 0.15 MPa in Ѱtrunk prediction when using dendrometers, nine sensors could be used, 

468 whereas five sensors would still allow for an acceptable 0.2 MPa error in Ѱtrunk.
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469 Stem radius measurements were additionally influenced by rainfall causing hydration 

470 of the bark, which may have affected the correlation of Ψstem and Ψtrunk. Given the strong 

471 correspondence between Ψtrunk and TWDmax, we hypothesise that microtensiometers capture 

472 the same water status dynamics at the same stem location as dendrometers, which include 

473 bark conditions.

474 6. Data availability

475 Data for the experiment, together with other previously published work data on apple ecophysiology, 

476 are available on www.zenodo.org under the following DOI: 10.5281/zenodo.18383899
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