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Abstract: The coarse roots of Pinus ponderosa included in the cage are the ones most involved in tree 
stability. This study explored the variations in traits, such as volume, cross-sectional area, and 
radius length of cage roots, and used those data to develop a mathematical model to better 
understand the type of forces occurring for each shallow lateral root segment belonging to different 
quadrants of the three-dimensional (3D) root system architecture. The pattern and intensity of 
these forces were modelled along the root segment from the branching point to the cage edge. Data 
of root cage volume in the upper 30 cm of soil showed a higher value in the downslope and 
windward quadrant while, at a deeper soil depth (> 30 cm), we found higher values in both 
upslope and leeward quadrants. The analysis of radius length and the cross-sectional area of the 
shallow lateral roots revealed the presence of a considerable degree of eccentricity of the annual 
rings at the branching point and at the cage edge. This eccentricity is due to the formation of 
compression wood, and the eccentricity changes from the top portion at the branching point to the 
bottom portion at the cage edge, which we hypothesize may be a response to the variation in 
mechanical forces occurring in the various zones of the cage. This hypothesis is supported by a 
mathematical model that shows how the pattern and intensity of different types of mechanical 
forces are present within the various quadrants of the same root system from the taproot to the 
cage edge. 

Keywords: root system; Pinus ponderosa; reaction wood; root architecture; annual rings; mechanical 
forces 

 

1. Introduction 

Global changes have increased the number of storms that annually affect forest ecosystems 
[1,2], inducing tree uprooting and losses of timber to an alarming level [3,4]. As a consequence, 
greater attention to tree anchorage has entered breeding and nurseries programs [5,6] and 
silvicultural practices [7–9]. While the need to stress the role played by roots not only in tree 
anchorage but also in nutrition and reserve storage [10–12] is clear, the number of studies regarding 
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coarse roots is still too small, and even important aspects of their development remain largely 
unknown. 

The lack of root studies is likely a combination of the hostile medium (i.e., the soil) where roots 
live, that hampers “in situ” investigations, and the limited commercial value of root wood. 
Nevertheless, sufficient evidence demonstrates that the three-dimensional (3D) architecture of a root 
system undergoes variation in response to the plant’s demand for water and nutrients [13]. 
Moreover, it is becoming equally clear that 3D root architecture is strongly affected by several other 
environmental factors, such as the mechanical stresses deriving from the weight of above-ground 
organs or from the wind force acting on the tree canopy. In the case of mechanical stresses, the role 
of roots is to transfer these forces into the soil rapidly (and efficiently) to avoid uprooting. Within a 
root system, the 3D architecture represents all the available and possible routes (these being the root 
axes) [14] followed by the forces to be dispersed into the soil [15–18]. Concurrent with the 
mechanical stress, other stressors, such as drought or soil’s chemical–physical properties, can affect 
root system 3D architecture [19–22]. 

Root systems have been categorized into three different groups based on their 3D architecture 
shape: heart, plate, and taproot [23]. These categories are still commonly used despite 
acknowledgement that, in consequence of the above-mentioned plasticity, the inclusion of a root 
system in a specific category represents only the final result of an adaptation to all factors that have 
affected the roots [10]. In fact, we recently demonstrated that Pinus ponderosa trees growing in the 
same stand used for this study (see Materials and Methods) can deploy three different types of root 
architecture, which could be considered as subclasses of a single taproot category as classified by 
[18]. In this study [10], we suggested that root 3D architecture could represent different responses to 
mechanical forces due to slope and wind, similar to responses observed in the 3D architecture of 
Quercus pubescens [23]; however, a review of all possible factors able to induce modification of 3D 
root architecture is well beyond the scope of this paper. 

Computer modelling in the last two decades has highlighted the importance of understanding 
the mechanical contribution to anchorage provided by each type of component present in the root 
system: taproot, shallow lateral root, oblique lateral root, and sinker lateral root [24–26]. In this 
sense, the work of Danjon et al. [27] with Pinus pinaster that suggests that the most important 
contributions to tree anchorage are provided by all the roots included in a cylindrical zone 
surrounding the taproot, i.e., the “cage”, is particularly relevant. Therefore, the development of any 
provisional model must include the role played by roots within the cage, achieved by analyzing their 
traits [28–31]. 

A good approach toward understanding the effect of mechanical forces upon root development 
is to use current knowledge concerning the response of stem tissue to mechanical forces. A large 
body of literature reports the production of reaction wood in the stem of angiosperms (named 
tension wood) and gymnosperms (named compression wood) [32,33] in response to mechanical 
stresses. Reaction wood corresponds to an anomalous production of wood richer in mechanical 
fibers with respect to normal wood, and less cellulose and more lignin in the cell walls of vessels 
than those occurring in normal wood [34]. The function of reaction wood is to counteract mechanical 
stress on the stem (or the branches), and therefore it is reasonable to assume that mechanical forces 
could induce the same effect on root tissues, too. The scarcity of literature concerning the formation 
of reaction wood in roots is somewhat surprising, given that the presence of compression and 
tension wood in roots was reported more than a half-century ago [34]. These earlier studies were 
reviewed by Timell [35], who states that the reaction wood in roots of conifers is matched by a great 
eccentricity, with the radial growth occurring mainly on the upper side of the cross-section of root 
growing parallel to the soil. This wood asymmetry has been explained as the response to mechanical 
stress resulting from stem sway [36–38]. In the same review, Timell [35] states that annual ring 
eccentricity can change direction at a growing distance from the taproot branching point with a 260° 
variation in as little as 10 cm distance [39]. 

In addition, Nicoll and Dunn [40] show in Picea sitchensis that wind has a considerable effect on 
root system carbon allocation. Creber and Chaloner [41] suggest that the wood eccentricity observed 
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in roots is always different from that observed in stems, as the amount of latewood found in roots is 
never much greater than the amount of early wood. However, the difficulties in accepting the 
occurrence of reaction wood in roots is due not only to the small number of publications available 
but also to the occurrence of a reduced amount of latewood with tracheids that tend to be round in 
their cross-section, unlike those observed in the stem [42]. In addition, the role of gravity in 
providing mechanical stress that induces the formation of compression wood in the stem overrides 
any other mechanical stimulus (including wind) [43].  

The posture control of trees in response to mechanical forces that risk their stability is still 
poorly understood and requires an integrative interdisciplinary approach, as suggested by Moulia et 
al., [44,45]. Our study objective is to better understand how the root system develops and adapts to 
its rooting environment in order to achieve an efficient mechanical anchorage to the soil. Studies 
such as this are foundational to the development of a 3D root system model [26] where the 
mechanical stability of the trees can be studied, and ideally would enable land managers and 
researchers to foresee whether the anchorage of a specific tree at a particular time is sufficient to 
resist a worsening of environmental stressors. Our work presented here attempts to understand the 
role played by the root system in the anchorage of P. ponderosa trees growing on a slope in the 
presence of a constant seasonal wind. In particular, we examined the effect of mechanical stresses 
deriving from different sources, such as aboveground biomass, wind, and slope direction. We 
focused particularly on the role played by the roots present in the cage by measuring traits such as 
radius length, volume, and cross-sectional area. We also investigated the presence of eccentricity 
and difference in wood color in root cross-sections, which might be related to the formation of 
reaction wood. Finally, we developed a theoretical model to understand the type and distribution of 
mechanical forces acting on the root system architecture. 

2. Materials and Methods 

2.1. Site Description and Tree Sampling 

We sampled eight, 32 year old P. ponderosa that were originally hand-planted on the University 
of Idaho Experimental Forest in northern Idaho, USA [lat 46.842240, long -116.871035; 1000 m 
elevation]. Dumroese et al. [10] and Montagnoli et al. [46] provide complete details of the plantation, 
soil, and site. Briefly, trees were growing on a 2 m × 2m spacing on 30–50% slopes on a northeast 
aspect. The soil was deep (~1.5 m to bedrock), having formed in volcanic ash above weathered 
granite. Annually, the mean temperature is 7.2 °C, the growing season is about 100 frost-free days, 
and precipitation is approximately 965 mL with a seasonal summer drought (July through 
September) [47]. West–southwest winds predominate during the growing season [48] (see 46 for a 
complete weather description).  

Trees were felled after inserting a screw into the stem at the ground line to record north. We 
used an air spade to excavate root systems to bedrock and to distances of approximately 1.5 m from 
the stump [10]. Roots still attached to soil were severed and the root systems were carefully moved 
to the U.S. Department of Agriculture, Rocky Mountain Research Station, Forestry Sciences 
Laboratory (Moscow, Idaho). 

2.2. 3-dimensional Analysis and Root Cage Definition 

At the laboratory, we re-oriented root systems to their original position, and then digitized all 
roots with a proximal diameter ≥ 1 cm at the base using a low magnetic digitizer, transmitter, and 
receiver. Data were encoded in a standard format (MTG) commonly used to represent branching, 
topological (i.e., branching hierarchic structure) relationships [49]. Topology was coded using the 
“acropetal-development approach” [50] with the seed-origin radicle, the primary roots (-axis) or 
taproot designated order zero. Lateral roots emerging from the taproot were designated first-order 
roots, with second-order roots originating from these first-order laterals, and so on [51]. We 
analyzed the data using AMAPmod software, specially developed to handle plant architecture [52], 
and computed root cage volume from the 3D digitizing data of the entire root system. 
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In this study, we focused on the root cage using a modified definition of cage, as defined by 
Danjon et al. [27]. In particular, the cage (Figure 1) includes all coarse roots (diameter > 1 cm) present 
in a cylindrical region centered at the taproot (or seminal root) (i.e., the largest vertical root 
connected directly to the stump). The cylinder had a diameter 2.2 times the value of the tree diameter 
breast height (DBH), as suggested by Danjon et al. [27], and a height that coincided with taproot 
length. The cylindrical region included the length of the shallow lateral roots, characterized by a 
rapid taper. The cage was divided by the crossing of two planes passing through the taproot axis, 
rotated 45° respect to the north (downslope) direction, and with northwest–southeast and northeast–
southwest direction, resulting in dividing the space surrounding the taproot into four quadrants: 
downslope (with a north direction), upslope (south), windward (west), and leeward (east) (Figure 1).  

 
Figure 1. Schematic representation of the root cage and root types at two soil depths. 

2.3. Root Volume, Radius Length, and Cross-Sectional Area (CSA) Measurements 

Extracted data from AMAPmod software were exported to other software to perform 
specialized processing for volume estimation. Lateral roots were segregated according to their 
branching order (first-, second-, and third-order) and their point of origin (i.e., depth) along the 
taproot axis (< 30 cm or > 30 cm). Moreover, we made a distinction between the lateral roots 
branching in the four quadrants (downslope, upslope, windward, and leeward). Oriana software v. 
4.02 (Kovach Computing Services; Kovach 1994) was used for the circular representation of root 
volume. 

After being digitized, every root was detached from one side at its point of origin (named 
branching point) on the taproot and at the other side at a distance, coinciding with the end of the 
cage (named cage edge). The roots present in the cage were defined as shallow lateral roots when 
they elongated parallel to the ground, sinker lateral roots when they elongated vertically within the 
root cage, or oblique lateral roots when they elongated in the soil by moving away from the taproot 
[27] (Figure 1). The shallow lateral roots presented a rapid taper characterized by a slight curvature. 
Then, we measured the CSA of the roots growing within the cage from a photograph (Canon 1200D, 
Sigma 60Macro) after cutting a transverse section (2 cm thick) of the root cut at the branching point. 
Images were analyzed by Image J. On the same image, we investigated the presence of eccentricity 
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of the annual rings by measuring the length of two radii. The first radius, RU, extended from the 
centroid of the section (the position of the oldest annual ring) upward toward the soil surface (Figure 
2A). The second radius, RD, extended from the centroid downward away from the soil surface 
(Figure 2A). A transversal line through the centroid was set to divide the cross-section into two 
parts, and in this way it was possible to divide the overall CSA into two portions: top (toward the 
soil surface, light brown in Figure 2) and bottom (downward, dark brown in Figure 2A).  

 
Figure 2. (A) Cross-sectional area was determined using software ImageJ. The first radius, RU, 
extended from the centroid of the section (the position of the oldest annual ring) upward toward the 
soil surface, whereas the second radius, RD, extended from the centroid downward, away from the 
soil surface. A transversal line through the centroid divided the cross-section into the top (light 
brown) and bottom (dark brown) portion of the wood section. (B) Compression wood (CW) occurred 
reverse of opposite wood (OW); these zones were separated by areas of normal wood (NW). 

The eccentricity of the wood due to the sum of the all annual rings was measured at both ends 
of the lateral root (branching point and cage edge) by using a digital caliper and measuring the 
distance from the centroid to the cork surface. In almost all of the shallow roots that branched from 
the taproot in the first 30 cm of soil depth, we notice that, in the zone presenting the maximum 
eccentricity, a slight difference in color was often visible. Although the investigation of reaction 
wood cannot be based solely on the presence of eccentricity and on a slight difference in wood color, 
these traits, together with anatomical structure, can be used to identify compression wood in 
conifers [35,53]. In this regard, we applied the method according to Timell [35], that consists of 
dividing the transverse section of wood into two portions, respectively indicated in Figure 2B as 
compression wood (CW) and opposite wood (OW), along with two portions of normal wood (NW1 
and NW2).  

2.4. Modelling 

Root modelling (Figure 3) was performed by means of Mecway software (version 11.0; Mecway 
Limited, New Zealand), a comprehensive user-friendly finite element analysis package [54]. A 
realistic 3D model of the root system was built by taking into account the diameters of sections 
across the taproot and lateral roots. The root diameters considered ranged from 30 cm (beginning of 
the taproot) to 20 cm (1 m deep in the ground). Four lateral roots with a diameter of 10 cm were 
included, one from each quadrant (i.e., upslope, downslope, windward, and leeward); their 
emission was set at 10 cm after the beginning of the taproot and a length of 60 cm from the emission 
point. Also, 40 cm of the shoot was included in the model. 

Plant material was considered elastoplastic with a density of 1000 kg/m3, Young’s modulus of 
5GPa, and a Poisson ratio of 0.3, as previously reported [55]. Meshes constructed on plant diameter 
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were used to construct a two-dimensional section that was revolved on its longitudinal axis in order 
to derive the 3D model. Lateral roots were obtained by extruding meshes on the surface of the 
taproot. Tree self-loading was applied uniformly on the top of the model. Tree loading related to the 
slope was included in the model as a pressure directed orthogonally at 45° in respect to the 
longitudinal axis of the shoot. The wind was included as a pressure orthogonal to the shoot, with a 
latitudinal angle of 45° with respect to the slope. Tension and compression forces were evaluated.  

 
Figure 3. Model representing the distribution of mechanical forces affecting a root system formed by 
the taproot axis and four lateral roots branching from the taproot and elongating in the four cardinal 
directions. 

2.5. Statistical Analysis 

Mean and cumulative CSA and radius length data were neither normally distributed nor did 
they meet the assumption of homoscedasticity. Thus, data were square-root or log-transformed to 
ensure normal distributions and equal variances to allow the use of parametric statistics. A one-way 
ANOVA was used to compare root data obtained from different quadrants. Post hoc Least 
Significant Difference (LSD) tests were conducted to detect overall differences between upward and 
downward CSA values for all quadrants. Analyses were applied to a 95% significance level. 
Statistical analysis was carried out using a statistical software package SPSS 17.0 (SPSS Inc., Chicago, 
IL). Tension and compression forces were evaluated and plots and statistical analyses of stresses 
among upward and downward sides of each lateral root were derived by R environment. Stresses 
were compared by a t-student test (p < 0.05).  

3. Results 

3.1. Radius Length, CSA, and Lateral Root Volume 

During the removal of lateral roots from the taproot, we noticed the presence of eccentricity of 
the annual rings in the traces left by all the lateral roots along the taproot axis. This eccentricity was 
particularly evident when referring to the shallow lateral roots (i.e., lateral roots branching in the 
first 30 cm of taproot depth). Little or no eccentricity was found in sinker or oblique lateral roots. 

We found that all the traces presented an RU length significantly higher (p < 0.05) than RD in all 
the roots belonging to the four quadrants of the 3D root architecture (Figure 4). Moreover, the RU 
length was significantly higher (p < 0.05) in the roots belonging to the downslope and windward 
quadrants than those in the upslope and leeward quadrants. This was true also for the RD length, 
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with the highest values measured for the roots belonging to the downslope and windward 
quadrants, although in the case of wind- and lee- ward quadrants this difference was not significant. 

 
Figure 4. Length of RU (radius oriented upward toward the soil surface), RD (radius oriented 
downward away from the soil surface), and cross-sectional area (CSA) for the top and bottom 
portion of the traces left from the lateral roots on the taproot after their removal in the four cardinal 
quadrants of the 3D root architecture. Letters within each quadrant, and portion combination 
indicate significant differences (p < 0.05); vertical boxes represent approximately 50% of the 
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observations and lines extending from each box are the upper and lower 25% of the distribution. 
Within each box, the solid horizontal line is the median value and the dotted line is the mean. 

The analysis of the CSA of all traces left on the taproot by the lateral roots followed the same 
pattern observed with RU and RD length. In fact, the highest values were observed in the top 
portion of the CSA (toward the soil surface) for the roots belonging to all four quadrants. The bottom 
portion of the CSA showed the highest values for the roots belonging to the downslope and 
windward quadrants. Cumulative values of CSA of all the traces of the lateral roots belonging to the 
same quadrant also showed the highest values in the top portion with respect to the bottom portion. 
When cumulative CSA was measured in the four quadrants, the highest values were obtained for 
the roots belonging to the downslope and windward quadrants. In particular, the cumulative CSA 
measured for the roots belonging to the downslope quadrant showed a significantly higher value 
than those in the upslope quadrant and the CSA values measured for the roots belonging to the 
windward quadrant were significantly higher than those in the leeward quadrant. 

 
Figure 5. Volume of lateral roots present in the cage according to branching order (left column), 
pulled together (right column), and at different depths (< 30 cm upper panels, > 30 cm lower panels) 
in each quadrant. Letters within each order, quadrant, and soil depth combination indicate 
significant differences (p < 0.05); absence of letters reflects that no significant difference was detected. 
Vertical boxes represent approximately 50% of the observations and lines extending from each box 
are the upper and lower 25% of the distribution. Within each box, the solid horizontal line is the 
median value and the dotted line is the mean. 
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Regarding the root volume, the first-order lateral roots presented a higher volume in the 
downslope and windward quadrants with a significantly lower value in the leeward quadrant 
(Figure 5). Also, the volume presented by the second-order lateral roots showed a higher value in the 
downslope and windward quadrant, although differences were scarcely significant. Regarding the 
third-order lateral roots, the values observed were too low to be of any importance. At soil depth > 
30 cm we found the opposite situation for the first-order lateral roots, with higher values found in 
both upslope and leeward quadrants. The value of the volumes of the second- and third-order lateral 
roots was very low. The pattern of volume values shown by the different branching order at both 
depths was more clearly visible when all lateral roots were put together (Figure 5). 

 
Figure 6. Variation in annual ring eccentricity in the shallow root within the cage. Panel A shows the 
cross-sectional area (CSA) at the branching point (A). Panel B shows the tapering of the lateral root 
axis from the branching point to the cage edge (B). The yellow line connects the two centroids of the 
CSA. Panel C shows the annual ring eccentricity at the cage edge (C). 

3.2. Variation of the Eccentricity of the Annual Rings 

We observed annual ring eccentricity in the traces left on the taproot after the lateral roots were 
removed, and also at the cuts on the lateral roots at the edge of the cage. The direction of the 
eccentricity at either end of the lateral roots was, however, completely different (panel A and C in 
Figure 6). In particular, the eccentricity at the taproot branching point showed an upward (toward 
the soil surface) direction (panel A in Figure 6), whereas at cage edge the eccentricity was directed 
downward, away from the soil surface (panel C in Figure 6). These results indicated that the change 
in annual ring eccentricity occurred within the length of the lateral root, coinciding with the distance 
from the branching point to the cage edge, and was visible as an upward transition of the centroid 
(panel B in Figure 6). The eccentricity of annual rings was accompanied by a different amount of 
early wood and latewood (Figure 2). In the portion of the annual rings showing the maximum 
eccentricity, the measurement of the thickness of early wood and latewood under the 
stereomicroscope showed that the ratio between the two wood types was always higher than 1 (data 
not shown).  

For three randomly selected roots, we cut four slices (2 cm thick) of wood perpendicular to the 
root axis. The first slice was at a distance of 2 cm from the taproot branching point, the second was 2 
cm from the edge of the cage, and two more slices were cut, respectively, at a position one-third 
(named intermediate 1) and two-thirds (named intermediate 2) of the length measured between the 
branching point and the edge of the cage. When we measured the RU and RD length in the four 
wood slices (branching point, intermediate 1, intermediate 2, edge of the cage) of each root sample, 
we observed that the value of RU decreased whereas the value of RD increased as we proceeded 
from the branching point to the edge of the cage (Table 1). The sum obtained by adding RU to RD for 
each wood slice indicated that the roots underwent a considerable tapering in the distance, occurring 
between the branching point and the edge of the cage.  
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Table 1. A schematic of the eccentricity of three randomly selected roots and the actual radius 
lengths (cm). RD, radius length moving from the centroid (black dot in Figure 2) downward, away 
from the soil surface. RU, radius length moving from the centroid upward toward the soil surface. 
For each root, moving left to right is the branching point on the taproot to the cage boundary. The 
four dots from left to right represent, respectively, the position of the centroid: first dot on the left at 
the branching point; second dot from the left at 1/3 of the root length (intermediate 1), third dot from 
left at 2/3 of the root length (intermediate 2), fourth dot from the left at the edge boundary. 

 

 
Location  Root 1  Root 2  Root 3  

  RD RU  RD RU  RD RU  
Branching point  3.8 9.4  7.5 22.8  9.2 19.0  
Intermediate 1  5.1 5.9  9.9 13.6  14.6 11.7  
Intermediate 2  5.4 2.9  10.8 6.5  15.0 7.5  
Cage boundary  6.1 2.8  10.5 5.3  16.0 4.9  

3.3. Modelling Mechanical Forces 

The model showed an even distribution across the four quadrants of the mechanical forces due 
to the self-loading on the lateral roots. In particular, compression forces (negative values in Table 2 
and blue colors in Figure 7A) were acting on the top portion and tension forces (positive values in 
Table 2 and red colors in Figure 7C) on the bottom portion of the four theoretical lateral roots. 
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Figure 7. Model representing the distribution of mechanical forces along the top and bottom portion 
of four theoretical lateral roots extending in the four cardinal directions. Upper panel (A) shows the 
distribution of compression forces. The highest intensity of the blue color represents where the 
maximum compression force is present. The lower panel (C) shows the distribution of tension forces. 
The highest intensity of the red color represents where the maximum tension force is present. The 
theoretical lateral root is divided into 10 cm long blocks, extending from the branching point to the 
cage boundary. The central rod represents the taproot. Intermediate panel (B) indicates the 
distribution of theoretical compression and tension mechanical forces (MPa) on the upper (top of the 
root) and lower (bottom of the root) side of the lateral root along the distance from the branching 
point (cm). 

These mechanical forces were higher near the branching point and decreased moving toward 
the cage boundary. The theoretical values of compression- and tension-forces are highlighted in 
Figure 7B, with a peak in forces occurring at 10 cm in the top portion of the root and around 20 cm in 
the bottom portion of the root. In general, the tension forces acting on the bottom portion of the 
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lateral roots (red–yellow line) were of lower magnitude, almost fivefold smaller, then compression 
forces (blue–light blue line) occurring in the top portion (Figure 7B). 

When mechanical forces were analyzed in the four quadrants and along each theoretical lateral 
root (Table 2), data showed that, in the top portion of the lateral roots elongating in the downslope 
quadrant, the mean values of mechanical forces were significantly higher than upslope. When the 
mechanical forces acting on the lateral roots elongating in the windward were compared with those 
elongating in the leeward quadrants, the compression forces (blue colors) acting on the top portion 
of the lateral root did not differ. Instead, the tension forces (red colors) acting on the bottom portion 
of the lateral roots were significantly higher in the windward quadrant with respect to the leeward 
quadrant.  

Table 2. Values of compression (blue colors in Figure 7) and tension forces (red colors in Figure 7) 
acting on the four theoretical lateral roots extending in the four different 3D quadrants. Mean ± 
standard deviation of the mechanical force (MPa) distribution obtained by the model along the 
lateral root axis (0–60 cm). The differences in force intensity values measured in the upper 
(compression forces—blue colors) and lower side (tension forces—red colors) of each lateral root 
extending in the four 3D quadrants (upslope, downslope, windward, and leeward) are presented. P 
values are indicated in italic, and in bold only when indicate significant differences (p < 0.05). 

 
Quadrant 

Upslope Downslope Windward Leeward 
Top: Toward soil surface −17.08 ± 6.92 −17.10 ± 6.92 −17.09 ± 6.92 −17.09 ± 6.92 

  >0.0001 >0.0001 >0.0001 
   >0.0001 >0.0001 
    0.0714 
     

Bottom: Away from soil surface 3.60 ± 1.41 3.60 ± 1.41 3.60 ± 1.42 3.60 ± 1.41 
  0.1655 0.0045 0.0005 
   0.0001 0.0046 
    0.0004 

4. Discussion 

4.1. Root System Architecture and Root Cage 

In the last two decades, we conducted investigations on both the fine and coarse root fraction of 
several species of angiosperms and gymnosperms [10,23,56–62]. In the present work, our objective is 
to elucidate the effect of mechanical forces on tree anchorage with a long-term goal of providing 
information useful to modelers constructing reliable models that predict the level of resistance to 
environmental stressors as provided by a particular 3D root system architecture. In P. ponderosa, we 
found that mechanical forces, due to in situ wind or the slope of the terrain, modify the 3D root 
system architecture [10]. Danjon et al. [27,63] suggested that roots included in the cage were the most 
important to ensure a firm anchorage of a tree to the soil. In our study, the greater volume of shallow 
roots in the cage and within the first 30 cm of taproot depth suggests that the loading forces are 
particularly intense in the first few centimeters of soil. Such mechanical forces acting on the root 
system can be smoothly (and rapidly) transferred into the ground [64] through the shallow lateral 
roots before any root is broken or pulled from the soil [65,16]. In particular, we observed that the 
lateral roots belonging to the first branching order present the highest percentage of the total volume 
of the entire root system in the downslope and windward quadrants of the 3D root system 
architecture. This suggests that the roots belonging to these quadrants are affected. Interestingly, we 
recently showed [10] that the shallow roots present in the first 30 cm of taproot depth are those that 
originated along with the taproot during the first phases of seedling establishment, indicating that 
adaptation to mechanical stress begins during the first phase of root system development. 
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The rapid taper we observed in the shallow first-order lateral roots within the limit of the cage 
concurs with Stockes and Mattheck [14]. The large volume near the taproot could increase root–soil 
contact, allowing the shallow lateral roots to rapidly dissipate the loading forces without danger of 
being bent or broken, given that the bending strength of a root is proportional to its diameter to the 
third power [14]. Moreover, species with plate root systems have relatively stronger wood farther 
along the lateral root (at a distance of 50–100 cm along the root) compared to roots from heart or tap 
root systems, and the root–wood strength decreased farther away from the tree after a strength 
maximum had been reached [14]. In cages with few shallow lateral roots, the stability seems, 
therefore, more dependent upon a long taproot that could be assisted by a number of sinkers, with 
the taproot behaving like a pole inserted in the soil and the shallow lateral roots serving as guy lines 
[55,66]. Our data on lateral volume within the cage show a shift in the position of maximum volume: 
in the first 30 cm of the taproot, lateral root volume is greatest in the downslope–windward 
quadrants, whereas volume is greatest in the upslope–leeward quadrant at depths exceeding 30 cm, 
suggesting the formation of a 3D root system architecture of a bi-lateral fan shape, as reported by 
Chiatante et al., [62] and Lombardi et al., [63]. 

4.2. Mechanical Forces and Annual Ring Eccentricity 

We observed considerable levels of eccentricity in the annual rings of shallow roots, manifested 
in an external eccentricity lost rapidly within the limit of the cage, i.e., through considerable taper. 
While Bodoque et al. [67] attributed this phenomenon in Pinus sylvestris to the loss of soil cover that 
exposed the root to direct atmospheric contact, this was not the case in our study because all the 
roots we examined were well below the soil surface and eccentricity was observed upward and 
downward, in contrast to atmospheric-induced asymmetry that is only observed upward. Stokes 
and Mattheck [14] suggested that tree stability increases when biomass allocation is distributed with 
a greater wood density in areas of the root system where mechanical stresses are stronger, with the 
consequent induction of eccentricity between the upper or lower sides of the root. These authors and 
others [68–70] suggested that the consequent formation of eccentrically shaped roots under 
mechanical stress improves tree stability, as these roots resist imposed bending stresses more 
efficiently than roots, with a more even distribution of secondary thickening around their 
circumference. Therefore, the eccentricity in root shape we observed in our shallow lateral roots 
could be regarded as a response to mechanical forces. Based on the research of Mattheck and Breloer 
[71] for roots of other conifers, we therefore suggest that reaction wood in P. ponderosa forms in 
response to mechanical forces and may be visible in the eccentricity of the annual rings and root 
shape. 

Although Timell [35] suggests that annual ring eccentricity in stems and branches is usually 
associated with compression wood development, this is not always the case [35,72,73]. Compression 
wood has been classified or described using wood density, the qualitative and quantitative 
anatomical features, based on the chemical and physical organization of tracheid cell walls, wood 
color, and the ratio of late-to-early wood [34,35,74]. In our roots, we observed a darker color in an 
eccentric cross-section, similar to the results of Kim et al. for stems [75], and always in the top 
portion of the root section (radius toward the soil surface). However, our observation that the top 
portion of the root section in P. ponderosa (characterized by eccentricity in Figure 2B) was only 
slightly darker than that found in the opposite portion (opposite or normal wood in Figure 2B), 
combined with the observation that compression wood color varies across conifer species [34,35], 
leads us to concur with Bräuning et al. [53] that color alone cannot be used as a unique element for 
compression wood classification. 

We noted low rates of taper within our sinker lateral roots, suggesting that they are under the 
influence of mechanical forces dissipated to the soil without any preferential direction (i.e., equally 
around the root girth), similar to the results noted for horizontal conifer stems artificially exposed to 
uniform mechanical forces [35]. Furthermore, a change in the direction of the annual ring 
eccentricity in our lateral roots from their branching points at the taproot to the extreme edge of the 
cage was also observed. As a close contact exists between the root surface and the soil, we believe 
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this change in eccentricity is not caused by the slow torsional movement of the root, especially if one 
considers that this root segment is connected on one side to the taproot, and on the other side to the 
rest of the root system that extends for a considerable distance. Furthermore, this change in 
eccentricity direction cannot be interpreted as “spiral compression wood” that forms in rotating 
stems as described by Telewski [76] because the one-time change in eccentricity in our roots is 180° 
(i.e., from upward to downward direction). Therefore, we suggest that the change of eccentricity 
direction within the cage represents a response to a change in the mechanical forces acting on the 
root system (e.g., stem sway [38]).  

A hypothesis is that one force is dominant on the initial portion of the root axis from the 
branching point to the first intermediate point. In this case, the response to the mechanical force 
could be the induction of an eccentricity of annual rings in the top portion (upward direction) of the 
root cross-section. This force weakens with distance and near the second intermediate point is 
dominated by a second force that induces the formation of annual ring eccentricity in the bottom 
portion, with a downward direction. According to this hypothesis, the annual ring eccentricity, for 
the first centimeters after the branching point and in the top portion of the root, could assume the 
function of pushing the root into the soil to avoid exiting from the soil [65], whereas at a further 
distance (i.e., cage edge), and in the bottom portion, could assume the function of imposing on the 
root a continuation of horizontal growth. 

4.3. Modeling of Mechanical Forces within the Root Cage  

Although the exact nature of these two forces remains unclear, modeling of the forces affecting 
our root systems shows a design that is coherent with our direct measurement. In particular, our 
model shows the occurrence of compression and tension forces, respectively, in the top and bottom 
portion of the root as results of the load due to self-loading (i.e., the weight of stem, branches, and 
leaves). Force distribution is similar in all quadrants, and this suggests that self-loading might be 
considered as the dominant source of mechanical force acting on the root systems independently 
from their topological orientation. These findings concur with the occurrence of annual ring 
eccentricity in the top portion of the root section (toward the soil surface) for all the shallow roots 
present in the four quadrants. Furthermore, our model suggests that the magnitude of negative and 
positive forces is greater closer to the branching point and dissipates as the root grows away from 
the branching point (i.e., approaching the cage edge), as one should expect, because the self-loading 
influence is decreasing. This dissipation of mechanical forces at an increasing distance from the 
branching point also explains our observed reduction in annual ring eccentricity.  

Low [77] suggested that compression wood in conifer stems forms in response to wind and 
slope, and our lateral root trait data appears to confirm this for roots. Despite compression forces 
acting within all four quadrants, their intensity is much higher in the downslope quadrant with 
respect to the upslope. Similarly, tension forces act on all quadrants too, but they are significantly 
higher in the windward quadrant with respect to leeward. The difference in the downslope–upslope 
comparison might be explained by assuming that, besides self-loading, another additional 
compression force is active only on the downslope quadrant, likely derived from the slope. In the 
case of windward–leeward comparison, the difference could be explained by assuming that the 
additional force is the wind, which increases the tension forces only in the windward quadrant. Low 
[77] further suggests that when wind and slope forces are acting together on the same tree, the stem 
response to wind dominates the response to slope, whereas our results suggest an opposite reaction 
in roots: the response to slope exceeds that of wind.  

5. Conclusions 

For 32 year old Pinus ponderosa trees growing on slope conditions with a seasonally dominant 
wind, we analyzed their root cages in four quadrants (upslope, downslope, windward, and leeward) 
and used these data to explore the nature and intensity of mechanical forces acting on the root 
system through a theoretical model. Our intention is that our model can be integrated with other 



Plants 2020, 9, 181 15 of 18 

 

published models (reviewed by Moulia and Foirnier [45]) to achieve an improved understanding of 
how root architecture changes to increase root–soil anchorage.  

Our cross-section analysis, measured proximal to the branching point, showed that, 
independently of the quadrant analyzed, roots developed eccentrically with a higher vertical radius 
and cross-sectional area in the top portion of the root section, closer to the soil surface. However, this 
eccentricity inverted along the root axis toward the cage edge. Further, this eccentricity and overall 
root volume was higher in the downslope and windward quadrants with respect to their 
counterparts. The asymmetrical distribution of root volume was lower and opposite at the greater 
soil depth, showing classical fan-shape architecture.  

Along the root axis, our theoretical model showed that compression mechanical forces were 
acting on the top portion of the root whereas tension occurred in the bottom. While these forces were 
uniform around the modeled root system, the highest values for compression and tension were 
found downslope and windward, respectively. Also, forces were highest near the branching point 
and dissipated along the root axis. These findings suggest that mechanical forces might be 
responsible for the eccentrically wood production in the root section, and for the asymmetrical 
volume distribution around the root.  

We conclude that the self-loading of the above ground biomass acts as the main source of 
mechanical force triggering wood eccentricity in roots emanating from the taproot. The highest 
values of compression forces in the downslope quadrant may explain why the eccentricity is the 
highest. Also, the highest value of tension forces in the windward root might be equally responsible 
for the higher eccentricity by increasing the inhibition of cambium activity in the lower part of the 
root. Finally, the dissipation of forces along the root axis is in accordance with the change in 
direction of the eccentricity toward the cage edge. Thus, in addition to the self-loading intensity, the 
forces caused by wind and slopes are further superimposed, enhancing the wood eccentricity of 
roots growing in those quadrants. An interaction of compression (stimulation) and tension 
(inhibition) forces drives the asymmetrical cambial activity. 

Our work highlights how, in response to mechanical forces originated from self-loading, slope, 
and wind, the root systems of Pinus ponderosa adopt a complex mechanism that includes an increase 
in root section eccentricity in combination with root volume asymmetry. These modifications 
progressively diminish along the root axis as mechanical forces dissipate. 

Author Contributions: Conceptualization, A.M., R.K.D., G.S.S, and D.C.; methodology, A.M., M.T. and D.C.; 
software, B.L. and G.S.; validation, A.M., B.L. and G.S.; formal analysis, A.M., B.L., G.S., and D.C; investigation, 
A.M., R.K.D., D.C., and M.T; resources, D.C. and A.M.; data curation, B.L., G.S., M.T.; writing—original draft 
preparation, D.C. and A.M.; writing—review and editing, A.M. and R.K.D.; visualization, R.K.D.; supervision, 
A.M., D.C., G.S.S.; project administration, R.K.D. and A.M.; funding acquisition, R.K.D. All authors have read 
and agreed to the published version of the manuscript. 

Funding: This study was supported by the University of Insubria, the University of Molise, the U.S. 
Department of Agriculture, Forest Service (USFS) Rocky Mountain Research Station, and the USFS National 
Center for Reforestation, Nurseries, and Genetic Resources. 

Acknowledgements: We thank Jim Marin for the visualizations in this paper. This study was supported by the 
University of Insubria, the University of Molise, the U.S. Department of Agriculture Forest Service (USFS) 
Rocky Mountain Research Station, and the USFS National Center for Reforestation, Nurseries, and Genetic 
Resources. We are in debt to Antonino Di Iorio at the University of Insubria for assistance with Oriana software 
and the circular representation of the root volume. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Seidl, R.; Dominik, T.; Kautz, M.; Martin-Benito, D.; Peltoniemi, M.; Vacchiano, G.; Wild, J.; Ascoli, D.; 
Petr, M.; Honkaniemi, J.; et al. Forest disturbances under climate change. Nat. Clim. Chang. 2017, 7, 395–
402. 2. Dale, V.H.; Joyce, L.A.; McNulty, S.; Neilson, R.P.; Ayres, M.; Flannigan, M.D.; Hanson, P.J.; Irland, L.C.; 
Lugo, A.E.; Peterson, C.J.; et al. Climate change and forest disturbances: Climate change can affect forests 



Plants 2020, 9, 181 16 of 18 

 

by altering the frequency, intensity, duration, and timing of fire, drought, introduces species, insect and 
pathogen outbreaks, hurricanes, windstorms, ice storms, or landslides. BioScience 2001, 51, 723–734. 

3. Nabuurs, G.J.; Masera, O.; Andrasko, K.; Benitez-Ponce, P.; Boer, R.; Dutschke, M.; Elsiddig, E.; 
Ford-Robertson, J.; Frumhoff, P.; Karjalainen, T.; et al. Forestry. In Climate Change 2007: Mitigation. 
Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate 
Change; Metz, B., Davidson, O.R., Bosch, P.R., Dave, R., Meyer, L.A., Eds.; Cambridge University Press: 
Cambridge, UK; New York, NY, USA, 2007. 

4. Masiero, M.; Pettenella, D.; Boscolo, M.; Barua, S.K.; Animon, I.; Matta, J.R. Valuing Forest Ecosystem 
Services: A Training Manual for Planners and Project Developers; Forestry Working Paper No. 11; FAO: 
Rome, Italy, 2019; p. 216. 

5. Montagnoli, A.; Dumroese, R.K.; Terzaghi, M.; Pinto, J.R.; Fulgaro, N.; Scippa, G.S.; Chiatante, D. Tree 
seedling response to LED spectra: Implications for forest restoration. Plant Biosyst. 2018, 3, 515–523. 

6. Telewski, F.W.; Moore, J.R. Trait selection to improve windfirmness in trees. CAB Rev. 2016, 11, 1–10. 
7. Brown, P.; Pröbstl-Haider, U.; Koch, N.E. Social and political aspects of sustainable forestry. In Reference 

Module in Earth Systems and Environmental Sciences; Elsevier Inc. Cambridge, MA, USA, 2016. 
8. Cameron, A.D. Importance of early selective thinning in the development of long-term stand stability and 

improved log quality: A review. Forestry 2002, 75, 25–35. 
9. Lindgren, D. The role of tree breeding in reforestation. Reforesta 2016, 1, 221–237. 
10. Dumroese, R.K.; Terzaghi, M.; Chiatante, D.; Scippa, G.S.; Lasserre, B., Montagnoli, A. Functional traits of 

Pinus ponderosa coarse-roots in response to slope conditions. Front. Plant Sci. 2019, 10, 947. 
11. Montagnoli, A.; Dumroese, R.K.; Terzaghi, M.; Onelli, E.; Scippa, G.S.; Chiatante, D. Seasonality of fine 

root dynamics and activity of root and shoot vascular cambium in a Quercus ilex L. forest (Italy). For. Ecol. 
Manag. 2019, 431, 26–34. 

12. Terzaghi, M.; Di Iorio, A.; Montagnoli, A.; Baesso, A.; Scippa, G.S.; Chiatante, D. Forest canopy reduction 
stimulates xylem production and lowers carbon concentration in fine roots of European beech. For. Ecol. 
Manag. 2016, 379, 81–90. 

13. Dupuy, L.; Gregory, P.J.; Bengough, G.; Root growth models: Towards a new generation of continuous 
approaches. J. Exp. Bot. 2010, 61, 2131–2143. 

14. Stokes, A.; Mattheck, C. Variation of wood strength in tree roots. J. Exp. Bot. 1996, 47, 693–699. 
15. Ennos, A.R.; Fitter, A.H. Comparative functional morphology of the anchorage systems of annual dicots. 

Funct. Ecol. 1992, 6, 71–78. 
16. Ennos, A.R. The mechanics of root anchorage Adv. Bot. Res. 2000, 33, 133–157. 
17. Mattheck, C. Trees. In The Mechanical Design. Springer: Berlin/Heidelberg, Germany, 1991; p. 121. 
18. Busgen, M.; Munch, E.; Thomson, T. The Structure and Life of Forest Trees; Chapman and Hall: London, 

UK, 1929. 
19. Fry, E.L.; Evans, A.L.; Sturrock, C.J.; Bullock, J.M.; Bardgett, R.D. Root architecture governs plasticity in 

response to drought. Plant Soil 2018, 433, 189–200. 
20. Wasaya, A.; Zhang, X.; Fang, Q.; Yan, Z. Root phenotyping for drought tolerance: A Review. Agronomy 

2018, 8, 241. 
21. Canales, F.J.; Nagel, K.A.; Mu ̈ller, C.; Rispail, N.; Prats, E. Deciphering root architectural traits involved to 

cope with water deficit in Oat. Front. Plant Sci. 2019, 10, 1558. 
22. Fromm, H. Root plasticity in the pursuit of water. Plants 2019, 8, 236. 
23. Di Iorio, A.; Lasserre, B.; Scippa, G.S.; Chiatante, D. Root system of Quercus pubescens trees growing on 

different sloping conditions. Ann. Bot. 2005, 95, 351–361. 
24. Mairhofer, S.; Zappala, S.; Tracy, S.; Sturrock, C.; Bennett, M.; Mooney, S.J.; Pridmore, T. RooTrak: 

Automated recovery of three-dimensional plant root architecture in soil from X-ray microcomputed 
tomography using visual tracking. Plant Physiol. 2011, 158, 561–569. 

25. Yang, M.; Défossez, P.; Danjon, F.; Fourcaud, T. Tree stability under wind: Simulating uprooting with 
root breakage using a finite element method. Ann. Bot. 2014, 114, 695–709. doi:0.1093/aob/mcu122. 

26. Yang, M.; Défossez, P.; Danjon, F.; Dupont, S.; Fourcaud, T. Which root architectural elements contribute 
the best to anchorage of Pinus species? Insights from in silico experiments. Plant Soil 2016, 411, 275–291. 

27. Danjon, F.; Fourcaud, T.; Bert, D. Root architecture and wind-firmness of mature Pinus pinaster. New 
Phytol. 2005, 168, 387–400. 



Plants 2020, 9, 181 17 of 18 

 

28. Lynch, J.P. Root phenes for enhanced soil exploration and phosphorus acquisition: Tools for future crops. 
Plant Physiol. 2011, 156, 1041–1049. 

29. Lynch, J.P.; Brown, K.M. New roots for agriculture: Exploiting the root phenome. Philos. Trans. R. Soc. B 
2012, 367, 1598–1604. 

30. York, L.M.; Nord. E.A.; Lynch, J.P. Integration of root phenes for soil resource acquisition. Front. Funct. 
Plant Ecol. 2013, 4, 344–355. 

31. Felten. J.; Sundberg. B. Biology, chemistry and structure of tension wood. In Cellular Aspects of Wood 
Formation; Fromm, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 203–224. 

32. Groover. A. Gravitropisms and reaction woods of forest trees—Evolution, functions and mechanisms. 
New Phytol. 2016, 211, 790–802. 

33. Scurfield. G. Reaction wood: Its structure and function. Science 1973, 179, 647–655. 
34. Westing. A.H. Formation and function of compression wood in Gymnosperms. Bot. Rev. 1968, 34, 51–78. 
35. Timell, T.E. Compression Wood in Gymnosperms; Springer: Berlin/Heidelberg, Germany, 1986. 
36. Fayle, D.C.F. Extension and longitudinal growth during the development of red pine root systems. Can. J. 

For. Res. 1975, 5, 109–121. 
37. Fayle, D.C.F. Distribution of radial growth during the development of red pine root systems. Can. J. For. 

Res. 1975, 5, 608–625. 
38. Fayle, D.C.F. Stem sway affects ring width and compression wood formation in exposed root bases. For. 

Sci. 1976, 22, 193–194. 
39. Fayle, D.C.F. Radial growth in tree roots. In Faculty of Forestry; Technical Report No. 9; University: 

Toronto, ON, Canada, 1968; p. 183. 
40. Nicoll, B.C.; Dunn, A.J. The effects of wind speed and direction on radial growth of structural roots. In 

The Supporting Roots of Trees and Woody Plants: Form, Function and Physiology; Stokes, A., Ed.; Kluwer 
Academic Publishers: Dordrecht, The Netherlands, 2000; pp. 219–225. 

41. Creber, G.T.; Chaloner, W.G. Influence of environmental factors on the wood structure of living and fossil 
trees. Bot. Rev. 1984, 50, 357–448. 

42. Donaldson, L.; Singh, A.P. Reaction wood. In Secondary Xylem Biology; Kim, Y.S., Ed.; Elsevier: Oxford, 
UK, 2016; pp. 93–110. 

43. Fischer, U.; Kucukoglu, M.; Heeliarutta, Y.; Bhalerao, R.P. The dynamics of cambial stem cell activity. 
Annu. Rev. Plant Biol. 2019, 70, 293–319. 

44. Moulia, B., Coutand, C., Lenne, C. Posture control and skeletal mechanical acclimation in terrestrial 
plants: Implications for mechanical modeling of plant architecture. Am. J. Bot. 2006, 93, 1477–1489. 

45. Moulia, B., Fournier, M. The power and control of gravitropic movements in plants: A biomechanical and 
system biology view. J. Exp. Bot. 2009, 60, 461–486. 

46. Montagnoli, A.; Terzaghi, M.; Chiatante, D.; Scippa, G.S.; Lasserre, B., Dumroese, R.K. Ongoing 
modifications to root system architecture of Pinus ponderosa growing on a sloped site revealed by 
tree-ring analysis. Dendrochronologia 2019, 58, 125650. 

47. Soil Survey Staff, 2013. Available online: https://soilseries.sc.egov.usda.gov/OSD_Docs/V/VASSAR.html 
(accessed on 24 January 2019). 

48. Western Regional Climate Center, 2019. Available online: https://wrcc.dri.edu (Accessed on 1 October 
2019). 

49. Godin, C.; Caraglio, Y. A multiscale model of plant topological structures. J. Theor. Biol. 1998, 191, 1–46. 
50. Danjon, F.; Khuder, H.; Stokes, A. Deep phenotyping of coarse root architecture in R. pseudoacacia reveals 

that tree root system plasticity is confined within its architectural model. PLoS ONE 2013, 8, e83548. 
51. Zobel, R.W.; Waisel, Y. A plant root system architectural taxonomy: A framework for root nomenclature. 

Plant Biosyst. 2010, 144, 507–512. 
52. Godin, C.; Costes, E.; Caraglio, Y. Exploring plant topological structure with the AMAPmod software: An 

outline. Silva Fenn. 1997, 31, 357–368. 
53. Bräuning, A.; De Ridder, M.; Zafirov, N.; García-González, I.; Dimitrov, D.P.; Gartner, H. Tree-ring 

features: Indicators of extreme event impacts. IAWA J. 2016, 37, 216–231. 
54. Mecway. 2014 Manual. Mecway Finite Element Analysis. 
55. Fourcaud, T.; Ji, J.N.; Zhang, Z.Q.; Stokes, A. Understanding the impact of root morphology on 

overturning mechanisms: A modelling approach. Ann. Bot. 2008, 101, 1267–1280. 



Plants 2020, 9, 181 18 of 18 

 

56. Montagnoli, A.; Terzaghi, M.; Di Iorio, A.; Scippa, G.S.; Chiatante, D. Fine-root morphological and 
growth traits in a turkey-oak stand in relation to seasonal changes in soil moisture in the Southern 
Apennines, Italy. Ecol. Res. 2012, 27, 1015–1025. 

57. Montagnoli, A.; Terzaghi, M.; Di Iorio, A.; Scippa, G.S.; Chiatante, D. Fine-root seasonal pattern, 
production and turnover rate of European beech (Fagus sylvatica L.) stands in Italy Prealps: Possible 
implications of coppice conversion to high forest. Plant Biosyst. 2012, 146, 1012–1022. 

58. Montagnoli, A.; Di Iorio, A.; Terzaghi, M.; Trupiano, D.; Scippa, G.S.; Chiatante, D. Influence of soil 
temperature and water content on fine root seasonal growth of European beech natural forest in Southern 
Alps, Italy. Eur. J. For. Res. 2014, 133, 957–968. 

59. Chiatante, D.; Scippa, G.S.; Di Iorio, A.; Sarnataro, M. The influence of steep slopes on root system 
development. J. Plant Growth Regul. 2003, 21, 247–260. 

60. Di Zio, E.; Trupiano, D.; Montagnoli, A.; Terzaghi, M.; Chiatante, D.; Grosso, A.; Marra, M.; Scaloni, A.; 
Scippa, G.S. Poplar woody taproot under bending stress: The asymmetric response of the convex and 
concave sides. Ann. Bot. 2016, 118, 865–883. 

61. Chiatante, D.; Sarnataro, M.; Fusco, S.; Di Iorio, A.; Scippa, G.S. Modification of root morphological 
parameters and root architecture in seedlings of Fraxinus ornus L. and Spartium junceum L. growing on 
slopes. Plant Biosyst. 2003, 137, 47–56. 

62. Lombardi, F.; Scippa, G.S.; Lasserre, B.; Montagnoli, B.; Tognetti, R.; Marchetti, M.; Chiatante, D. The 
infuence of slope on Spartium junceum root system: Morphological, anatomical and biomechanical 
adaptation. J. Plant Res. 2017, 130, 515–525. 

63. Danjon, F.; Reubens, B. Assessing and analyzing 3D architecture of woody root systems, a review of 
methods and applications in tree and soil stability, resource acquisition and allocation. Plant Soil 2008, 
303, 1–34. 

64. Coutts, M.P. Root architecture and tree stability. Plant Soil 1983, 71, 171–188. 
65. Wu, T.H. Investigation of landslide on Prince of Wales Island Alaska. Department of Civil Engineering, 

Ohio State University, Columbus. Geotech. Eng. Rpt. 1976, N5, 93. 
66. Ennos, A.R. The scaling of root anchorage. J. Theor. Biol. 1993, 161, 61–75. 
67. Bodoque, J.M.; Diez-Herreo, A.; Martin-Duque, J.F.; Rubiales, J.M.; Godfrey, A.; Pedraza, J.; Carrasco, 

R.M.; Sanz, M.A. Sheet erosion determined by using dendrogeomorphological analysis of exposed tree 
root: Two examples from central Spain. Catena 2005, 64, 81–102. 

68. Cannell, M.; Courts, M.P. Growing in the wind. New Sci. 1988, 21, 42–46. 
69. Mattheck, C.; Breloer, H. Der wurzelquerschnitt als protokoll der lastgeschichte. (Root cross-sections tell 

the load history). Allg. Forst. Jagdztg. 1992, 163, 142–145. 
70. Stokes, A. Responses of Young Trees to Wind: Effects on Root Architecture and Anchorage Strength. 

Ph.D. Thesis, University of York, Heslington, UK, 1994. 
71. Mattheck, C.; Breloer, H. The Body Language of Trees—A Handbook of Failure Analysis; HMSO: London, UK, 

1996. 
72. Duncker, P.; Spiecker, H. Cross-sectional compression wood distribution and its relation to eccentric 

radial growth in Picea abies [L.] Karst. Dendrochronologia 2008, 26, 195–202. 
73. Duncker, P.; Spiecker. H. Detection and classification of Norway spruce compression wood in reflected 

light by means of hyperspectral image analysis. IAWA J.2009, 30, 59–70. 
74. Yumoto, M.; Ishida, S.; Fukazawa, K. Studies on the formation and structure of the compression wood 

cells induced by artificial inclination in young trees of Picea glauca. IV. Gradation of the severity of 
compression wood tracheids. Res. Bull. Coll. Exp. For. Hokkaido Univ. 1983, 40, 409–454. 

75. Kim, Y.S.; Funada, R.; Adya, P. Secondary Xylem Biology: Origins, Functions, and Applications; Academic 
Press: Massachusetts, USA, 2016. 

76. Telewski, F.W. Intra-annual spiral compression wood: A record of low frequency gravitropic 
circumnutational movement in trees. IAWA Bull. 1988, 9, 269–274. 

77. Low, A.J. Compression wood in conifers. A review of literature. For. Abstr. 1964, 25, 35–43. 
 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 


