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Abstract 45 

Key message: The in situ 3D root architecture of Olea europea was described by a semi-automatic 3D digitising 46 

approach, which permitted the estimation of the biomass and carbon content of coarse roots in the soil 47 

environment.  48 

Abstract Coarse roots, the skeleton of the root system, are of primary importance for soil exploration and plant anchorage 49 

and only recently have been recognized as playing a major role in “long-term” carbon sequestration. Despite this role, the 50 

3D architecture of coarse roots represents a gap in knowledge on the biomass and carbon allocation within the root system 51 

and, consequently, below-ground carbon sequestration capacity. Using a semi-automatic 3D digitizing approach (3 Space 52 

Fastrak plus Long Ranger), the 3D distribution in the soil environment of coarse root biomass and C content and how 53 

these parameters were affected by manual and mechanical (trunk shaker) harvesting methods were quantified in a high-54 

density olive orchard. The below-ground C content at stand level was estimated to be 11.93 Mg C ha-1 and distributed at 55 

deeper soil layers (45-60 cm) in the form of 1st- and 2nd-order branching roots. The present study also revealed that the 56 

mechanical harvesting method significantly increased both the angle of growth (0◦ = vertically downwards) of 1st-order 57 

lateral roots and the stump biomass, but neither the biomass allocation nor the C content was increased within the first 58 

three branching orders.  59 

 60 

Keywords: root architecture, olive, harvesting method, carbon sequestration  61 



4 
 

Introduction 62 

Agricultural systems are no longer evaluated solely on the basis of the food they provide but also on their capacity to limit 63 

impacts on the environment and to provide ecosystem services such as soil and biodiversity conservation and water 64 

quality, as well as their contributions to mitigating and adapting to climate change (Smith and Olesen 2010). The 65 

agricultural strategies contributing to the mitigation of global atmospheric change rely, but not entirely, on the reduction 66 

of CO2 emissions through changes in agricultural practices (Snyder et al. 2009; Smith and Olesen 2010) and on carbon 67 

sequestration in the soil as soil organic carbon (SOC) essentially via plants (De Deyn et al. 2008; Orwin et al. 2010).  68 

For this latter strategy, the role of the root system is well recognized as a first step toward storing substantial quantities 69 

of C in terms of belowground root biomass and to delivering large amounts of C to the SOC pool by fine root turnover 70 

and/or exudates (Rasse et al. 2005). In the face of this “short-term” C storage capacity, the “long-term” carbon 71 

sequestration via coarse roots (diameter >2 mm) has been recently highlighted by several experimental results. Indeed, 72 

due to pronounced secondary growth as well as to slower turnover and decomposition rates (Zhang and Wang 2015), 73 

coarse roots showed much more C content than fine roots (Sitka spruce stands: 2.9-34 and 0.6-3.4 t C ha-1 for coarse and 74 

fine roots, respectively) (Black et al. 2009). Moreover, as structural axes of the root system, coarse roots can extend up 75 

to deep soil layers, which are more favourable for long-term soil C sequestration (Kell 2011, 2012). The extensive deep 76 

root system of the trees in a secondary vegetation permits higher and more permanent C stock in the soil compared to 77 

intensive fruit crops if maintained as part of the agriculture land-use system (Sommer et al. 2000); deep-rooted perennial 78 

legumes (Astragalus adsurgens Pall., Medicago sativa L. and Lespedeza davurica S.) used in the revegetation of damaged 79 

ecosystems significantly increase the SOC in deep soil layers (Guan et al. 2016). Hence, accurate spatial and temporal 80 

estimates of the biomass and carbon allocation towards coarse roots are critical to assessing the magnitude of carbon 81 

stores in the soils, to understanding what determines the magnitude of these stores and to exploring how these stores will 82 

respond to different external perturbations such as environmental conditions and/or anthropogenic activity.  83 

Despite their roles in long-term C sequestration, the distribution of coarse root biomass and carbon content in the soil is 84 

largely underestimated or neglected, unlike these features for fine roots, particularly for fruit crop species (Ceccon et al. 85 

2011, Turrini et al. 2017). Biomass and carbon stock in coarse roots are generally assessed at the stand level either by 86 

extracting and weighting all coarse roots located in an elementary area of the stand around each tree or from tree 87 

inventories or by allometric scaling relationships, both linear and non-linear, between the trunk diameter and the coarse 88 

root biomass of a tree (Brassard et al. 2011). These techniques are time consuming, require huge effort and destroy the 89 

3D root architecture, i.e., the explicit 3D geometric deployment of root axes, preventing the estimation of the root C 90 

spatial distribution in the soil. Since the end of the 1990s, new devices and non-destructive techniques have been 91 

developed for quantifying coarse root system architecture including root volume location technique and semi-automatic 92 
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3D digitizing approaches (3 Space Fastrak plus Long Ranger) (Danjon et al. 1999; Di Iorio et al. 2005, 2008). Although 93 

the application mainly concerns forest species, to our knowledge no study has addressed the 3D root architecture or 94 

belowground biomass and carbon stock distribution of fruit crop species.  95 

The olive tree (Olea europaea L.) is one of the most important crops in the Mediterranean region, where 97% of the 96 

world’s olive oil is produced (IOOC 2013). Calabria, in southern Italy, is the second region for olive production in Italy 97 

(ISTAT, 2016). The economic sustainability of olive groves necessarily implies the reduction of production costs 98 

especially those relating to manual harvesting, which accounts for approximately 40% of the total (Abenavoli and Proto 99 

2015; Abenavoli et al. 2016). In this respect, the current trend is to use the trunk shaker, which is the mechanical harvesting 100 

method most used in fruit orchards (Torregrosa et al. 2006; Polat et al. 2007). Operating by vibration, the tree shakers 101 

must be used at the correct frequency and amplitude to avoid a drop in quality of olive oil (Castro-Garcia et al. 2015) and 102 

damage to the branches and trunk bark as observed in citrus orchards (Torregrosa et al., 2009), table olives (Castro-Garcia 103 

et al., 2015) and oil olive trees (Sola-Guirado et al. 2014; Proto and Zimballatti 2015). Although the correct frequency 104 

and amplitude to minimize trunk and branch damage are the most studied disturbing factors (Jimenez-Jimenez et al. 105 

2015), no investigations have focused on the effects of shaker-related vibrations on the spatial distribution of coarse root 106 

biomass and carbon in the soil environment.  107 

In this framework, the present work aimed to provide a detailed description of 1) the 3D root system architecture and the 108 

biomass and carbon content among the different coarse root orders and at different soil depths and radial distances in a 109 

high-density olive orchard, and 2) how these parameters are influenced by two different olive harvesting methods, namely, 110 

manual (Ma) and mechanical (trunk shaker) (Me) methods. The final objective is to understand the possible contribution 111 

of coarse roots to mitigating and adapting to climate change and to address the agronomical practices to retain soil carbon 112 

for healthier soils and improved orchard productivity. 113 

 114 

Materials and Methods 115 

Site description and plant material 116 

The experiments were conducted in an organic olive tree orchard at Satriano, Calabria (Italy). The site is located on a 117 

southwest-facing slope (300 m altitude, 38°39’ N, 16°28’E, mean slope of 20°) on a clay loam, medium calcareous soil, 118 

with pH slightly alkaline. Adult (22 years-old) olive trees (Olea europaea L.) obtained by grafting of  Carolea cultivar 119 

onto seedling, trained to the vase system and planted at a spacing of 6 x 5 m, equal to 334 tree ha-1 density, were studied.  120 

The olive trees were non-irrigated and for the other crop management practices (fertilization, tillage and crop protection), 121 

all trees were treated equally following the recommended standards for organic cultivation as indicated by EU (Reg. CE 122 

834/07 and 889/08) and national regulations (MD 18354/2009). 123 
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 124 

Experimental treatment 125 

Two tree rows 12 m distant (spaced by an edge row) and characterized by manual and mechanical harvesting methods 126 

were chosen for the experimental plot. The rows were localized close to each other to avoid variation in soil properties. 127 

Within these rows, twelve trees were selected for evaluating the influence of the harvesting method on root architecture. 128 

The selected trees included 6 trees for manual harvesting and 6 trees for mechanical harvesting. Table 1 shows the size 129 

parameters of the trees. 130 

Mechanical harvesting started when the plants were 7 years old and was routinely applied until present, i.e, for 15 years. 131 

For mechanical harvesting, a self-propelled machine (SICOM m110S, Catanzaro, Italy) was used. This trunk shaker can 132 

execute orbital and multidirectional vibrations in succession. The main characteristics of the trunk shaker were the 133 

following: an engine power of 80 kW (110 CV), four traction wheels, a very-high frequency vibrating head (2000-2200 134 

vibrations/min) and a self-braking system. Despite the weight of the trunk shaker (5800 kg), soil compaction was not 135 

considered an experimental bias because the soil within the rows of both manual and mechanical trees received the same 136 

tillage operations. 137 

 138 

Excavation and 3D root architecture measurement 139 

The root systems of the examined olive trees were freed from soil using high-pressure air lances (Air-SPADE 2000, 140 

Chicopee, MA, USA). An Air-Spade supplied with compressed air from a standard 4.25 m-3 min-1 road-works compressor 141 

loosened and removed soil from around the trunks with little or no damage to roots. Root systems were exposed to depths 142 

of 1 m and to distances of 1.5 m from the trunk (Fig. 1A). The volume of removed soil was not so large as to compromise 143 

the stability of the tree. The topology, i.e, the branching hierarchic structure, was coded according to the "acropetal-144 

development approach” with the seed-origin radicle, the primary-roots (-axis) or taproot called order zero; lateral roots 145 

emerging from the taproot were called first-order roots, second-order roots originating from these first-order laterals, and 146 

so on (Zobel and Waisel 2010). For operational efficiency, this nomenclature was adapted to the examined olive root 147 

systems with the following difference: as the taproot was not retained, this term was substituted with “stump”. 148 

Three-dimensional position coordinates (X, Y, Z) of the stump and the different lateral root branching orders with a 149 

proximal diameter larger than 5 mm were measured in situ with a 3D digitizer (3 SPACE Fastrak, Polhemus Inc., 150 

Colchester, VT) using low-frequency electromagnetic field sensing. Device characteristics were broadly explained in 151 

previous works (Danjon et al. 1999; Di Iorio et al. 2005;). Briefly, the device consists of an electronic unit, a magnetic 152 

transmitter (Long Ranger) and a small hand-held receiver positioned by the first operator at each point to be measured. 153 

The receiver measures the X, Y, Z spatial coordinates within a sphere-wide electromagnetic field with a 4 m radius around 154 
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the transmitter, which is sufficient for the root systems size observed in this study. The transmitter was positioned at 155 

approximately 1.5 m above the stump with the down-slope direction in the positive X direction. 156 

The root system architecture was measured by starting from the top of the stump and following a recursive path along the 157 

branching network. Coordinates were determined for all branching points and every 10-20 cm when roots were straight 158 

or 2 cm when roots were highly bent or tapered. Additional features recorded during measurement were the occurrence 159 

of traumatic forks, here defined as multiple root axes originating from a single, lower-order severed root or killed tip. The 160 

measurement was driven by PiMgr software (Polhemus, Colchester, VT, USA). Root diameters, measured by a digital 161 

calliper, and topology were entered by the second operator on a Microsoft Excel spreadsheet. After the 3D root 162 

architecture measurement, the root systems were covered again with the original soil to reduce disturbance. 163 

 164 

Root architecture analysis  165 

Roots were assumed to be either circular or elliptical in cross-section. The geometric mean of the maximum and minimum 166 

diameter determined the mean diameter of oval shaped roots. The output data file was analysed using AMAPmod software 167 

(Godin et al. 1997), which handles topological structure and provides 3D graphical reconstruction for data checking (Figs. 168 

1A, B). The extracted data were exported to Microsoft Excel 2010 (Microsoft Office, USA) to perform specialized 169 

processing. The distance between two corresponding measurement points was used as the segment length. The segment 170 

volume was calculated as a truncated cone from its length and proximal and distal diameters. The length or volume of a 171 

root axis was the sum of length or volume of all its segments. These computations were made with macro suitably realized 172 

with Microsoft Visual Basic 6.0. 173 

In this work, the effect of treatment on symmetry of the root system was evaluated in terms of radial distribution of dry 174 

weight or centre of mass of all the first- to third-order lateral roots using a method similar to that described by Quine et 175 

al. (1991) and Nicoll and Ray (1996). To this aim, the root system was virtually located in a grid made of six 15 cm thick 176 

cylinders stump centred and stacked to 90 cm depth, roughly equalling the removed soil volume of ≈ 7 m3 (Fig. 1C). 177 

Depending on the different values of stump diameter (30 – 75 cm), cylinders were 1.15 – 1.36 m radius from the stump 178 

centre because, to allow comparison between root systems, calculations were performed at a standard distance of 1 m 179 

from the stump surface (Fig. 1C). Cylinders were divided into ten 36° wide sectors (Fig. 1D), giving 60 boxes (10 sectors 180 

x 6 cylinders) in total. Within each box, all first- to third-order lateral roots were virtually sliced and their volume was 181 

determined. The root system was aligned so that the 0-36° and 324-360° sectors coincided with the down-slope direction, 182 

and the 144-180° and 180-216° sectors coincided with the up-slope direction.  183 
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Another architectural trait investigated to evaluate differences in the growth response to mechanical stress due to the 184 

harvesting method was the angle of growth (AoG) for each first-, second- and third-order lateral root axis. It was defined 185 

by the angle between the gravity vector and the vector parallel to the segment and was measured at 10 cm length intervals. 186 

 187 

Biomass and carbon evaluation.  188 

The root biomass was estimated by conversion using the density value empirically obtained by root core samples extracted 189 

from roots of different diameters with an increment corer 0.5 cm in diameter (Haglöf Sweden AB, Sweden, 190 

www.haglofsweden.com). In detail, the green volume of root core samples was calculated (πr2 x length of core sample), 191 

and the dry mass was obtained after the samples were dried in an oven at 105 °C for 48 hours.  192 

Carbon concentration (g g-1 DW) was measured on the same root core samples with a CHN-analyser (CN628, Leco 193 

Corporation, USA).  194 

The carbon content at the tree level was calculated by multiplying the total root biomass (stump plus lateral roots) by the 195 

C concentration. The carbon content at the stand level (Mg C ha-1) was estimated by scaling-up the mean (6 replicates for 196 

each treatment) individual belowground carbon content by the tree density (334 trees ha-1).  197 

 198 

Statistical analysis 199 

Statistical analysis was conducted using SPSS Inc., V. 10.0, 2002 (SPSS Inc., Evanston, IL, USA) except where otherwise 200 

indicated. 201 

Significant differences between harvesting methods for the aboveground parameters and biomass among the different 202 

root orders were evaluated by Student’s t test at P < 0.05. 203 

Within each harvesting method, the clustering tendency of the first-, second- and third-order laterals was evaluated using 204 

circular statistical methods, namely, the Hotelling's test (Fisher 1993; Mardia and Jupp, 2000) by Oriana software v. 4.02 205 

(Kovach Computing Services; Kovach 1994). Hotelling's test calculates whether the centroid of the end points of the 206 

weighted vectors differs from the origin, i.e., whether the weighted angles have a significant mean direction at the 207 

probability level of 0.05.  208 

The occurrence of a preferred AoG for the first- to third-order lateral roots at different distances from the stump junction 209 

was evaluated using Rayleigh’s Uniformity Test. The null hypothesis is that the data are uniformly distributed. The Z 210 

value is calculated as Z = nr2, where n is the number of observations and r is the length of the mean vector. A greater 211 

mean vector length (and the resulting larger Z value) means a greater concentration of data around the mean and thus less 212 

likelihood of the data being uniformly distributed.  213 
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In the case of significant mean direction, differences between the mean AoG of the two harvesting methods were evaluated 214 

by the Watson-Williams F-Test. This test basically proceeds by comparing the lengths of the mean vectors for each sample 215 

with that of the pooled data (Gran mean vector). The resulting F statistic is the same as Fisher’s variance ratio statistic 216 

which is commonly used in linear statistics. Means were considered significantly different at P values less than 0.05.  217 

Differences in the various components of below-ground biomass between the two harvesting methods were tested by 218 

analysis of variance. Linear or non-linear regression analyses were performed to test the effects of depth of emission and 219 

of the AoG of the different root branching orders. 220 

 221 

Results  222 

3D root architecture, biomass distribution between stump and coarse root branching orders, and root C content of 223 

olive trees. 224 

The 3D root architecture of the mature olive trees was digitalized “in situ” after removing the upper soil layers and 225 

reconstructed by AMAPmod software (compare Figs. 1C, 1D). 226 

The stump biomass was on average 70.63 ± 20.19 kg DW whereas the total coarse lateral root biomass was 2.89 ± 0.33 227 

kg DW m-2 (Table 2), which was unevenly allocated among the first three investigated root branching orders (insert box 228 

in Fig. 2A). In particular, for the total coarse lateral root biomass, 1st branching order, the proximal diameter ranged by 229 

25% from 6 to 14 cm (data not shown) and accounted for 80% of the total, whereas 2nd and 3rd orders accounted for 17% 230 

and 3%, respectively (insert box in Fig. 2A; Table 2).  231 

In relation to the biomass distribution of the different root branching orders in soil depth, it was observed that most of the 232 

biomass was located in the deeper soil layers (Fig. 2A). In particular, the biomass of the 1st-branching order roots showed 233 

a peak at 45-60 cm of soil depth, unlike the 2nd (30-45 cm) and the 3rd orders which were closer to the soil surface (0-15 234 

cm) (Fig. 2A).  235 

In relation to the biomass radial distribution of the different root branching orders in the soil environment, the three root 236 

orders showed a well-defined pattern (Fig. 2B). In particular, coinciding at 0 degrees with the down slope direction, the 237 

mean growth direction of the 2nd branching order pointed to the 288-324 degree sector, whereas that of the 1st and 3rd 238 

branching orders mostly pointing to 180°, i.e., the up-slope direction, although not significantly (Hotelling’s test P>0.1) 239 

(Fig. 2B).  240 

The carbon concentration of the coarse roots resulted on average 48.9% (Table 2). Given the detailed root biomass 241 

information, it was possible to estimate the coarse lateral root C content at the tree level (2.78 ± 0.3 kg C m-2 tree-1, 242 

inferable from Table 2). Furthermore, considering the mean stump biomass and the 334 tree ha-1 density in the investigated 243 

olive orchard, the total coarse root C stock at the stand level amounted to 11.93 Mg C ha-1 (Table 2). 244 
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 245 

Effects of harvesting methods on olive 3D root architecture 246 

The harvesting methods did not influence the aboveground parameters of olive trees, with the only exception of the DBH 247 

(Diameter at Breast Height) (Table 1), as well as the biomass allocation among the different root branching orders (Table 248 

2). In contrast, the biomass of the stump and the third-branching order were significantly (P<0.001) higher and markedly 249 

lower, respectively, in manually harvested trees compared to the mechanically harvested trees (Table 2).  250 

Differences emerged at the architectural level in terms of the spatial distribution of the root biomass in the soil 251 

environment (Figs. 3, 4). In fact, in relation to soil depth, the 1st branching order biomass showed a depth-skewed 252 

Gaussian-like pattern for both harvesting methods (Figs. 3A, 3B). Unlike the 1st root order, the biomass of the 2nd and, to 253 

a lesser extent, the 3rd branching orders of the mechanical-treated trees, but not manual ones, showed a normal-like 254 

distribution due to a higher biomass contribution within the first 45 cm of soil depth (Fig. 3B).  255 

The radial distribution of the biomass of the three different root branching orders markedly differed between the two 256 

harvesting methods, though not significantly (Fig. 4). For the 1st branching order in particular, the radial distribution 257 

showed a higher clustering tendency in mechanically treated trees (Hotelling’s test P=0.197) than manually treated trees 258 

(Hotelling’s test P=0.735); and the growth direction pointed towards the 144-216-degree sectors (Fig. 4), i.e., those 259 

located in the up-slope direction.  260 

The AoG of the three root branching orders did not significantly change along the axis, resulting in a significant mean 261 

growth direction (Rayleigh’s Uniformity Test, P<0.001) for both manually and mechanically treated trees (Figs. 5A, 5B, 262 

5C). Comparing the two harvesting methods within each branching order, the mean AoG of the first branching order was 263 

significantly (Watson-Williams F-test, P<0.001) wider in mechanically treated trees (80.02°) than manually treated trees 264 

(68.29°) (Fig. 5A). Conversely, no significant difference (P>0.1) occurred for the 2nd and 3rd orders (Figs. 5B, 5C), the 265 

mean direction of which was ≈ 77° for all.  266 

The AoG linearly decreased with soil depth independently from the position on the root axis (Fig. 6) but differently 267 

between the two harvesting methods. In fact, the regression slope was significantly steeper in mechanically treated trees 268 

only for the 2nd branching order roots (P=0.024 in Table 3; Sokal and Rohlf 1995), highlighting a pronounced decrease 269 

from the surface to the deeper soil layer. Conversely, no difference occurred for the 1st (P=0.149) and the 3rd branching 270 

order (P=0.065), although the latter partially missed the significance (Table 3). Moreover, the R-square in mechanically 271 

treated trees was slightly higher than that in manually-treated trees independent of the root branching order, in accordance 272 

with the narrower 95% confidence range.  273 
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The C concentration did not differ between the two harvesting methods (48.7 % and 49.1%, respectively), whereas the C 274 

content was more than 3-fold higher (P=0.016) in manually treated trees compared to mechanically treated trees both at 275 

the tree and stand levels (Table 2). 276 

 277 

Discussion 278 

3D root architecture in situ, biomass distribution between stump and coarse root branching orders, and root C content 279 

of the olive trees. 280 

Using Fastrak technology and AMAPmod software, the 3D root architecture of the mature olive trees was reconstructed 281 

in situ for the first time (Figs. 1C, 1D). 3D root architecture digitalization in situ has already been performed in different 282 

species (Quercus: Di Iorio et al. 2005; Pinus: Danjon et al. 1999, 2005; Picea: Nicoll et al. 2006; Spartium: Di Iorio et 283 

al. 2008; Zea mais: Wu et al. 2015; Jathropa curcas: Valdés-Rodríguez et al. 2013) but not in fruit orchards. The in situ 284 

digitalization and the subsequent 3D root architecture reconstruction made it possible to non-destructively estimate 1) the 285 

biomass allocation within the root system and 2) how this root biomass was spatially distributed in the soil.  286 

Within the root system, most of the biomass was allocated to the stump down to 40 cm soil depth (Table 2) in the form 287 

of new characteristic protuberances (tissue hyperplasia; electronic supplementary information 1), which usually extrude 288 

from the collar of adult trees (Fabbri et al. 2004). To our knowledge, there is no evidence in the literature for the occurrence 289 

of these protuberances at greater soil depths.  290 

The observed biomass allocation pattern, characterized by more biomass in the 1st rather than in the higher branching 291 

orders (insert box in Fig. 2A), may influence the long-term carbon sequestration by the coarse roots in olive trees. In fact, 292 

larger roots feature a slower decomposition rate (Zhang and Wang 2015; Luo et al. 2016), longer life spans and greater 293 

resource conservation compared to fine roots (Eissenstat et al. 2000; Withington and Reich 2006; McCormack et al. 294 

2012). In terms of carbon stocks, for example, across a Sitka spruce (Picea sitchensis (Bong.) Carr.) chronosequence (9–295 

45-years old), the C-stocks of coarse roots (2.9-34 Mg C ha-1) were significantly higher than those of fine roots (0.6-3.4 296 

Mg C ha-1) (Black et al. 2009). 297 

The coarse root biomass of the examined olive trees showed a depth-oriented distribution of the 1st and, to a lesser extent, 298 

2nd branching orders (Fig. 2A), i.e., the largest coarse roots, in the soil environment. This biomass distribution pattern was 299 

in accordance with those obtained with soil coring methods by Turrini et al. (2017), Chiraz (2013) and Michelakis and 300 

Vougioucalou (1988). Furthermore, this distribution could be very important for the C stock capability of the olive 301 

orchards because deeper soil layers are considered a conservative environment with a low organic decomposition rate 302 

(Sommer et al. 2000; Schrumpf et al. 2013; Guan et al. 2016).  303 
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The radial distribution of the coarse root biomass showed an elongation direction preferentially oriented up-slope, 304 

although not significantly (Fig. 2B). In steep slope condition, a prevalent distribution of Quercus sp. thicker lateral roots 305 

in the upslope soil sector was observed (Chiatante et al. 2003, Di Iorio et al. 2005 and Danjon et al. 2008), a spatial 306 

arrangement the authors related to the mechanical stability function of coarse roots and, probably, the uneven soil water 307 

distribution around the tree due to the downward flow direction. In this study, the lack of significance in the clustering 308 

tendency particularly for the first-order lateral roots was probably due to the moderate inclination of the slope. 309 

This study also revealed that the carbon content estimated at the stand level (11.93 Mg C ha-1) is in accordance with that 310 

observed in the coarse roots of forest species estimated by the current Canada national greenhouse gas inventory (12.35 311 

Mg C ha-1, Smyth et al. 2013) and climate-derived predictions (12.20 Mg C ha-1, Reich et al. 2014) and of mature 312 

Nothofagus antarctica (8.2-13.5 Mg C ha-1; Peri et al. 2010). 313 

 314 

Effects of harvesting methods on olive 3D root architecture: biomechanics and C stock capability 315 

Depth of emission partially explains the root localization in the soil layers, as it is the direction of its elongation, i.e., the 316 

AoG, that determines the final root position in the soil environment. The trunk shaker harvesting method caused the 317 

“surfacing” of the biomass, particularly in the first branching order roots, i.e., the most important roots for tree anchorage, 318 

whereas a higher stump biomass occurred in manually harvested trees (Fig. 5).  319 

It could be assumed that most of the measured first-order roots, i.e., the largest ones, were already present at the onset of 320 

the mechanical harvest, when trees were 7 years old; for example, in Quercus cerris (Di Iorio et al. 2007), structural roots 321 

with a proximal diameter of 8-9 cm can reach lengths greater than 1 m during the first year of growth. Therefore, the 322 

smaller range of AoG variation at a given soil depth (see the R2 in Table 3) together with the significantly wider AoG of 323 

the 1st branching order roots for the mechanically harvested trees (Fig. 5) highlighted how the mechanical action 324 

constrained the morphogenesis of those roots most important for anchorage. Root system architecture, in fact, can be 325 

considered as the network of directions followed by aboveground-acting forces during their transfer to the ground (Ennos 326 

1993). Clearly, these dynamic forces stimulate acclimation processes in terms of both basal diameter and rigidity increases 327 

in those roots lying along the axis of unidirectional forces such as wind (Stokes et al. 1995; Goodman and Ennos 1998) 328 

or sloping terrain (Di Iorio et al. 2005). Recent investigations and simulations on root architectural components that best 329 

contribute to anchorage show that root secondary thickening increases anchorage strength by 58% (Yang et al 2016) and 330 

that preferential acclimation occurs in the middle of the taproot and in windward and leeward shallow roots within their 331 

zone of rapid taper (Danjon et al. 2008; Yang et al 2016), where stresses are higher. Therefore, the wider AoG measured 332 

in this study could be due to 1) the asymmetric secondary growth along the root axis and/or 2) the small displacement 333 

occurring when lateral roots were pushed and bent into the soil during trunk shaking. From a mechanical point of view, 334 
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trunk shaking differs from the unidirectional loadings characterizing the slope and wind stressors in that it combines very 335 

high periodical force with an extremely high number of individual perturbations per minute (2000-2200 vibrations/min 336 

in this study). Depending on their orientation into the soil, roots generally undergo tensile, compressive or flexural 337 

bending loads, the latter within the zone of rapid taper (Goodmann and Ennos 1998, Yang et al. 2017). The root bending 338 

stiffness and the maximum bending stress increase with the fourth and third power of the root diameter, respectively, 339 

whereas the tensile force to break roots increases only with the square of the root diameter (Yang et al. 2017 and references 340 

therein). Therefore, a small difference in root diameter, although potentially resulting in the lack of a significant difference 341 

in terms of biomass, as in the case of this study, may lead to increased flexural rather than tensile stiffness and, 342 

consequently, visible changes in its contribution to tree anchorage. The significantly wider AoG of the surface roots in 343 

the mechanically treated trees suggests a higher load in bending than in tension for these roots. Considering that a small 344 

increase in root diameter determines higher flexural rather than tensile stiffness (Goodman and Ennos 1998), the wider 345 

AoG in the mechanically treated trees could be a thigmomorphogenic acclimation (Telewski 2006) achieved through 346 

secondary growth, aimed at improving the tree anchorage for a given mass investment. Nevertheless, the reduced diameter 347 

of the stump in the mechanically harvested trees could reduce its resistance to rotation because the bending strength of a 348 

root axis is proportional to the third power of the diameter. Anyhow, the occurrence of both a symmetric radial distribution 349 

of the shallow roots and near vertically oriented lateral roots from the bottom of the stump reduces the contribution of the 350 

stump size to the tree anchorage (Ennos 1993). 351 

In addition to biomechanical acclimation, differences in the root system architecture between the two harvesting methods 352 

could affect the C sequestration capability of the olive orchard. The mechanically treated trees characterized by both 353 

higher biomass of the lateral coarse roots in the upper soil layers and smaller sized stump exhibited lower C content (Fig. 354 

3 and Table 2), suggesting a lower C sequestration capability than the manually treated ones. In fact, deeper soil layers 355 

are considered a conservative environment with a low organic decomposition rate and play a crucial role in sequestering 356 

C belowground (Kell 2011, 2012; Schrumpf et al. 2013). Moreover, given the lack of significant differences between the 357 

two harvesting methods for the biomass of the three examined branching orders, the stump appears to play a crucial role 358 

in carbon sequestration if olive trees are manually harvested as the biomass and, consequently, C content were lower in 359 

the mechanically harvested trees. 360 

 361 

Conclusion 362 

Through the 3D reconstruction of the root architecture of mature olive trees in situ, this study shows how the coarse roots, 363 

i.e., the skeleton of the root system, were localized in the soil environment of a high-density orchard and how the 364 

harvesting methods may partially affect their deployment. Moreover, by extrapolating the biomass and the relative C 365 
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concentration from the measured wood density, the 3D root architecture revealed spatial variation in the soil C stocks 366 

pointing out the role of the olive trees in the C sequestration capacity. Indeed, the higher root biomass (1st-and 2nd-367 

branching order roots) preferentially located at deeper soil layers (45-60 cm), combined with the estimated belowground 368 

C stock at the stand level (11.93 Mg C ha-1), highlighted an important role of olive orchards in “long-term” carbon 369 

sequestration, as observed in other fruit orchards (Scandellari et al., 2016). 370 

The present study also revealed that the olive harvesting methods affected the size of the stump and, to a lesser extent, 371 

the biomass distribution of the coarse lateral roots, but these methods affected neither the biomass allocation within the 372 

three branching orders nor the C content. Moreover, the root pattern along the soil layers of the mechanically treated trees 373 

was slightly different from that of the manually treated trees: the root pattern of the former exhibited a more superficial 374 

distribution but with a steeper AoG, especially for the 1st branching order, at deeper soil layers. The results of this 375 

investigation suggest that at least to some extent, this root pattern may weaken the C sequestration capacity of the 376 

mechanically treated olive trees. 377 
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Figure captions 513 

Figure 1 3D image reconstruction of the olive root system and sketch of the virtual grid within which all first- to third-514 
order lateral roots were virtually sliced and their volume determined. Comparison of the images of the olive root system 515 
obtained (A) by camera and (B) by 3D reconstruction from digitizing using the AMAPmod software. The viewing 516 
configuration is identical for both images, with the horizontal red axes oriented down-slope. C) Lateral view showing the 517 
virtual 15 cm thick soil layers stacked to 90 cm depth and to 45 cm height (the latter in the case of upwardly growing 518 
roots in the up-slope direction). D) Top view showing the ten 36° wide sectors. The X+ axis is oriented down-slope 519 
parallel to the slope direction (0° in angular values). Calculations were performed a 1m radial distance from the bark 520 
surface (1.2 – 1.63 m from the stump centre). 521 

Figure 2 Dry mass distribution (kg m-2) of 1st, 2nd and 3rd branching order roots of Olea europea (A) at different soil 522 
depths (the insert illustrates the relative percentage (%) on the total lateral dry mass basis ) and (B) within 1 m radial 523 
distance from the bark surface in 36° sectors. For each sector, values account for 90 cm soil depth. 0◦ coincides with the 524 
down-slope direction. The black arrows from the centre indicate the mean direction (centre of mass) for each root order. 525 
Values are the mean of 12 replicates ± 1SE 526 

Figure 3 Dry mass distribution (kg m-2) in 15-cm soil layer increments to 90-cm soil depth of the 1st, 2nd and 3rd branching 527 
order roots of Olea europea trees characterized by manual (A) and mechanical (B) harvesting methods. Values are the 528 
mean of 6 replicates ±1SE. *Indicates a significant difference at P < 0.05. 529 

Figure 4 Stacked rose of dry mass distribution (kg m-2) of 1st, 2nd and 3rd branching order roots for Olea europea trees 530 
characterized by manual (A) and mechanical (B) harvesting methods measured within 36° wide soil sectors. The black 531 
arrows originating from the centre indicate the mean direction (centre of mass) for each root order. Zero degrees coincides 532 
with the down-slope direction. Values are the mean of 6 replicates. 533 

Figure 5 Rose of frequency distribution of the angle of growth (AoG) measured at 10 cm length increments along each 534 
root axis of the first three root branching orders [1st (A); 2nd (B); 3rd (C)] for Olea europea trees characterized by manual 535 
(dark grey bar) and mechanical (light grey bar) harvesting method. The width of the wedge is 15 degree. Zero degrees 536 
coincides with the direction of gravity. P values indicate the probability level of significant difference (Watson-Williams 537 
F-test at P<0.05) between the mean AoG direction (black arrows) of the two harvesting methods. 538 

Figure 6 Relationship between the Angle of growth (AoG) versus the soil depth of the first three root branching orders 539 
[1st (top panels); 2nd (middle panels); 3rd (bottom panels)] of Olea europea trees characterized by manual (left column) 540 
and mechanical (right column) harvesting methods. Each point represents the AoG value measured at 10 cm length 541 
increments along each root axis up to a length of 150 cm. The symbol size indicates root diameter for illustrative purposes 542 
only. The dashed lines indicate 95% confidence interval of the trendline. The regression details are reported in the Table 543 
3.  544 
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Table 1 – Aboveground parameters of olive trees characterized by manual (Ma) and mechanical 

harvesting method (Me). DBH (Diameter at Breast Height). Different letters along the columns 

indicated difference at P<0.05 (t-Student test) between means of 6 replicates (SE).  

 

Treatment DBH (m) Plant Height (m) Trunk Height (m) Canopy Area (m2) 

     

Ma 0.227 (0.012)a 4.7 (0.9)a 1.00 (0.19)a 13.1 (3.3)a 

Me 0.183 (0.015)b 3.7 (0.4)a 0.87 (0.14)a 8.8 (2.4)a 

 

 

Table 1



Table 2 – Dry mass at stump (kg DW) and branching order (kg DW m-2) level, carbon concentration 

(%) and carbon content of the whole root system at tree (Mg C tree-1) and hectare (Mg C ha-1) level 

for olive trees subjected to manual (Ma) and mechanical harvesting method (Me). Pooled data at 

orchard level is also inserted. For each parameters, different letters indicate significant differences 

between the two harvesting methods at 0.05 level (t-Student test). Values are the mean of 6 or 12 

replicates for each harvesting method or for pooled data, respectively (SE). 

 

 

 

 Stump 

(kg DW) 

1st root branching 

order  

(kg DW m-2) 

2nd root 

branching order  

(kg DW m-2) 

3rd root 

branching 

order  

(kg DW m-2) 

Root carbon 

concentration 

(%) 

Root carbon 

content per 

tree  

(kg C tree-1) 

Root carbon 

content per 

hectare  

(kg C ha-1) 

        

Pooled 
data 

70.63 
(20.19) 

2.33 
(0.28) 

0.48 
(0.06) 

0.09 
(0.02) 

48.88 
(0.30) 

35.94 
(9.91) 

11.93 
(3.31) 

        
Ma 112.48 

(14.85)a 
2.39 

(0.57)a 
0.45 

(0.12)a 
0.06 

(0.03)a 
48.70 
(0.46)a 

56.18 
(7.52)a 

18.77 
(2.51)a 

Me 28.78 
(8.21)b 

2.28 
(0.24)a 

0.51 
(0.06)a 

0.11 
(0.03)a 

49.06 
(0.35)a 

15.54 
(3.96)b 

5.19 
(1.32)b 

Table 2



Table 3. Linear regression equations for the relationship between the Angle of growth (AoG) versus the 

soil depth of different lateral root orders of Olea europea trees characterized by manual and mechanical 

harvesting method. The linear curves are shown in Figure 6. Regression slopes resulted statistically 

significant for all the examined equations (data not shown). P values indicate the probability level of 

significant difference (P<0.05) between the regression slopes of the two harvesting methods (Sokal and 

Rohlf, 1995).   

 Manual Harvesting 
 

Mechanical Harvesting 
Slope 

comparison 

 Regression equation F R
2 

 
Regression equation F R

2 P 

1
st

 order y= -0.503x + 91.06 F1, 361 0.133  y= -0.65x + 108.19 F1, 326 0.188 0.149 

2
nd

 order y= -0.353x + 92.73 F1, 455 0.049  y= -0.637x + 99.34 F1, 327 0.115 0.024 

3
rd

 order y= -0.453x + 97.34 F1, 126 0.055  y= -0.825 + 101.52 F1, 178 0.203 0.065 
 

 

Table 3



Electronic Supplementary Material 1 – Root system of a manual harvested tree. It is evident the numerous

protuberances (indicated by arrows) in the large stump.


