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Abstract 

Our understanding of wood anatomy and radial growth in tree roots remains very 

incomplete, particularly with respect to how ecological factors affect root growth at a 

relatively small spatial scale, i.e., within a single root system. Here, we compared root 

growth with and without trampling exposure on a hiking trail. We conducted a quantitative 

analysis of radial growth and wood anatomical changes, including compression wood 

(CW) and blue rings (BRs), of two adjacent Scots pine roots in high resolution. A total of 32 
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cross sections from two roots sampled every 25 cm at the same distance from the 

respective stem were compared. The buried root (B) was completely buried and had an 

unexposed segment on a hiking trail. In contrast, the exposed root (E) had an exposed 

segment that was trampled. 1,706 growth rings were analysed for the common period 

1954-2015.  

We found that the volume of the E root in the trampling zone exceeded ten times the 

volume of the B root. The root surface area of the exposed sections of the E root was on 

average 14 times larger than that of the unexposed B root section in the trampling zone. 

The highest number of missing rings was found in the B root. Root sections sampled at the 

shortest distance from the stem showed the highest coherence in radial growth pattern, 

which decreased with increasing distance from the stem.  

BRs were recognized for the first time in tree roots. In total 25 tree rings contained BRs, 

and their occurrence was restricted to cross sections of the exposed root. BRs were 

formed over the course of 25 calendar years, i.e., in 40% of tree rings from the common 

period 1954-2015. Mean monthly temperatures for the years with and without BRs 

formation showed that colder November (p = 0. 012) and, albeit only slightly, colder 

September (p = 0.051) temperatures favoured formation of BRs in Scots pine roots. In 

addition, mean monthly precipitation in July (p = 0.017) was significantly higher for BR 

years, suggesting an impact of moisture availability on the formation of BRs in Scots pine 

roots. The study highlights a high rate of growth discrepancies within a single root system. 

Further, altered growth of trampled roots with high proportions of BRs opens a new 

challenge for future dendroecological studies on tree roots. 

 

Keywords: tree roots, cross-dating, Pinus sylvestris L., wood anatomy, compression 

wood, blue ring 

Abbreviations: B, the buried root; E, the exposed root; R1-R16, ID of root sections; PRES, the trees 

subjected to trampling pressure on a hiking trail; EX, the broader exposed root pool; REF root, the broader 
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reference root pool; ZZST, Zig-Zag Segment Tracing; RGC, radial growth coherency; MRW, mean ring width, 

PRDs, pronounced resin ducts; CW, compression wood; BR, blue ring 

 

 

1. Introduction  

Radial growth of roots and stems serves as a unique source of information on ecological 

changes in the natural environment (Cook and Kairiukstis, 1990; Schweingruber, 1996), 

however tree-ring chronologies from roots are exceptionally rare. Traditionally, studies of 

radial growth focused mainly on the tree stem (Schulman, 1945; Fayle 1968; Krause and 

Eckstein, 1993; Krause and Morin, 1995) and few analyses have been carried out on root 

chronologies, mainly because sampling of the belowground tree parts is difficult. In 

addition, analyses of roots differ from analyses of stem growth, because the radial growth 

and the anatomy of the root is potentially altered by other environmental factors than stem 

growth, such as soil conditions. This results in differences in ring-width development as 

well as in the anatomical structure of roots, which often differs significantly from the 

structure of stem wood (Glock et al., 1937; Fayle, 1968; Krause and Eckstein, 1993). 

Compared to the annual rings of a stem, the annual ring boundaries in roots are generally 

less distinct at both macroscopic and microscopic levels (Rybniček et al., 2007). However, 

the importance of the root system for tree growth becomes clear when considering its main 

functions: stabilization, absorption of water and minerals, their transport to the 

photosynthetic part of the tree, and storage of biochemical compounds (Coutts, 1983; 

Drexhage et al., 1999; Pagès, 2002; Karliński et al., 2014; Zadworny et al., 2015). There is 

a need for comprehensive knowledge of the complex root systems of trees, that would 

help to develop a better understanding of important aspects of root behaviour related to 

mechanical stress, water and nutrient transport, carbohydrate storage, and also biomass 

allocation (Pagès, 2002; Danjon et al., 2013; Jagodziński et al., 2016; Terzaghi et al., 

2016).  
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Various above- and belowground factors affect the growth of roots and stems (Fayle, 1968; 

Bohm, 1979; McMichael and Burke, 1998; Pregitzer et al., 2000). Root growth pattern is 

known to be affected by soil properties such as soil compaction, bulk density and organic 

matter content (Bohm, 1979). Root orientation, aeration, light availability, and soil moisture 

and temperature have important influences on root growth. In addition, root growth is 

known to be affected by insect defoliation (Krause and Morin, 2005), biomechanical 

weathering of rocks (Malik et al., 2019), gully and sheet erosion (Vandekerckhove et al., 

2001; Hitz et al., 2008; Malik, 2008b; Lopez Saez et al., 2011; Morawska, 2012), 

windthrows (Nicoll and Ray, 1996; Danjon et al., 2005; Montagnoli et al., 2019b) and 

trampling (Bodoque et al., 2005; Pelfini and Santili, 2006; Rubiales et al., 2008; Matulewski 

et al., 2021). 

Changes in root morphology indicate the effect of ecological factors (Bohm, 1979; Coutts, 

1987). In ecological studies, assessment of root morphological parameters, including root 

architecture, provides data on ecological conditions of root growth (Chiatante et al., 2002; 

Ostonen et al., 2007; Jagodziński and Kałucka, 2011; Jagodziński et al., 2016; Wagner et 

al., 2010, 2011). An understanding of root diameter growth provides insight into the 

relationship between soil pore size and the ability of roots to penetrate the soil (Wiersum, 

1957; Bohm, 1979). Root surface area and volume are the most important parameters for 

determining water and nutrient absorption (Ran et al., 1992; Dunbabin et al., 2002; 

Jagodzinski and Kałucka, 2010), while tree root biomass plays an important role in the 

circulation of matter and energy (Waring, Schlesinger, 1985; Vogt et al., 1995; Cairns et 

al., 1997; Jagodziński and Kałucka, 2010).  

Furthermore, root parameters indicating the influence of ecological factors are radial 

growth and wood anatomical changes. Variations in root growth caused by external factors 

can lead to changes in growth patterns (Pelfini and Santili, 2006). Annual ring-widths in 

roots change substantially over the years and vary greatly between different parts of the 
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same root (Fayle, 1968; Krause, 1992). Several authors report the occurrence of irregular 

annual growth rings indicative of discontinuous wood production (Bodoque et al., 2005; 

Pelfini and Santili, 2006; Rubiales et al., 2008; Wrońska-Wałach et al., 2016). Missing, 

false and wedged rings represent a considerable problem for root dating by 

dendrochronology (Rybniček et al., 2007). Radial variations of growth irregularities are 

common in roots due to differences in cambial activity between years. They also vary 

along the horizontal profiles of the roots (Wagenführ 1999; Schweingruber 1996; Wrońska-

Wałach et al., 2016).  

Wood anatomical changes in roots have rarely been analysed, in contrast to those in 

stems and branches (Gärtner, 2007; de Zio et al., 2020). Based on the work of Fayle 

(1968), a number of exposure related anatomical changes within the annual rings of roots 

have been identified (Gärtner et al., 2001; Gärtner, 2003) and applied to 

dendrogeomorphology (Bodoque et al., 2005). The occurrence of scars and traumatic 

resin ducts in exposed roots have been described as markers for ecological and 

geomorphical process activities (Carrara and Carroll, 1979; Malik 2008a; Gärtner 2007; 

Wrońska-Wałach et al., 2016). Another possible marker in tree roots could be compression 

wood, which is developed due to mechanical stress (Panshin and de Zeeuw, 1970; 

Carrara and Caroll, 1979; Timell, 1986). The qualitative features of compression wood 

differ from those of normal wood in terms of tracheid form (i.e. they are round in cross 

section, forming intercellular spaces), tracheid cell wall thickness, ultrastructure and 

chemical composition (Lee and Eom, 1988; Ruelle, 2014). Occurrence of compression 

wood in roots is probably the result of auxin redistribution caused by the action of gravity 

(e.g., Yamaguchi et al., 1983). However, to our knowledge, quantitative studies considering 

compression wood in tree roots have not been performed.  

Another wood anatomical feature related to radial growth constraints of trees is the 

occurrence of blue rings (Piermattei et al., 2015; Matisons et al., 2020; Tardif et al., 2020). 
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Blue rings are tree-rings with some layers of cells with incompletely lignified cell walls that 

appear blue after double-staining wood sections by Astra blue and Safranin (Piermattei et 

al., 2015). Studies of blue rings occurring in tree stems indicate that their formation is 

related to years of extreme (i.e., cold) climatic and/or ecological events resulting in a 

sudden stopping of cell formation before lignification of the last cells is finished or even 

started (Piermattei et al., 2015; Tardif et al., 2020). To date, there is no study published on 

the occurrence of blue rings in roots. 

Our current understanding of radial growth patterns and wood anatomical irregularities in 

roots remains incomplete (Wrońska-Wałach et al., 2016; Matulewski et al., 2021). The 

mechanism responsible for growth irregularities in tree roots remains largely unknown 

(Montagnoli et al., 2019b). The lack of a comprehensive approach in root studies that 

could reveal growth discrepancies and wood anatomical changes limits our ability to 

describe the temporal and spatial effects of ecological factors on tree root growth. 

Moreover, the changing growth requirements within a single root system remain poorly 

understood. The ability to accurately track changes in radial growth and wood anatomy of 

roots can be facilitated by high resolution studies that examine the effects of different 

environmental conditions within the same root system.  

The goal of the present study was to investigate radial growth and wood anatomical 

changes in roots of Scots pine (Pinus sylvestris L.), subjected to direct and indirect 

impacts of trampling, at a relatively small spatial scale. For this purpose, we compared root 

morphology, radial growth and wood anatomical changes of two adjacent roots from the 

same Scots pine tree in high resolution. These roots were selected because of their 

unique, i.e. parallel position, from a bigger set of samples (204 roots from 97 trees) 

analysed for the common period 1970-2015 (Matulewski et al., 2021). The first root was 

naturally buried in the soil and was not exposed on the hiking trail, whereas the second 

root was partially exposed on the same hiking trail and was directly subjected to trampling. 
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Our main objectives were: i) to compare root morphology and biomass between the two 

roots; ii) to compare radial growth between the roots and the respective stem; iii) to 

characterize wood anatomical changes in the studied roots, specifically the occurrence of 

compression wood and blue rings. We hypothesized that the two adjacent roots 

represented a coherent radial growth pattern, but that the changes in wood anatomy would 

be more pronounced in the root exposed to direct impacts of trampling due to mechanical 

pressure and more diverse climatic conditions. 

 

2. Materials and methods 

2.1. Site description 

The study was conducted in the Brodnica Landscape Park located within the Brodnica 

Lakeland in the north-eastern Poland (Fig. 1a). The study area represents a typical 

lowland landscape with morainic hills and a high number of postglacial lakes (Niewiarowski 

and Wysota, 1986). The climate of this region is diversified depending on landforms, 

proximity to lakes and forest areas (Kondracki, 2000). According to the Köppen-Geiger 

Climate Classification, the region is located in the warm temperate, fully humid zone with 

warm summers (Kottek et al., 2006). The mean annual air temperature (as assessed for 

the period 1971-2015) was 8.2 °C (Fig. 1d), and the warmest month was July with a mean 

air temperature around 18 °C, while the coldest was February with a mean of -4.1 °C. The 

R package ’climatol’ (Guijarro, 2019) was used to produce the Walter and Lieth (1960) 

climate diagram for the study area (1971-2015) using E-OBS 20.0e climate data. The 

growing season usually lasts less than 170 days. The mean annual precipitation amounted 

to 543 mm and the number of days with precipitation ranged from 150 to 160 annually. 

July was the wettest month with average precipitation around 80 mm (Wójcik and 

Marciniak, 1993). 
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The vicinity of the sampling site represents a mixed forest mainly composed of Scots pine 

(Pinus sylvestris L.), silver birch (Betula pendula Roth), English oak (Quercus robur L.), 

black alder (Alnus glutinosa (L.) Gaertn.) and sporadic Norway maple (Acer platanoides 

L.). Scots pine is the dominant species and covers ca. 84% of the study area. The mean 

age of Scots pine trees is ca. 70 years, with some individuals over 130 years old (Bank 

Danych o Lasach, 2020). The studied trees are located in a protected stand in naturally 

regenerated forest of the Brodnica Landscape Park.  

The sampling site in the vicinity of Bachotek Lake (53°31′ N, 19°45′ E, Fig. 1b), represents 

a section of a hiking trail excluded from vehicle traffic. This trail was officially marked in 

1976 and is one of the most frequently used trails in the Brodnica Lakeland (Matulewski et 

al., 2019). The tourist season in the study area usually lasts 140 days, i.e., from May to 

mid-September. The average tourist load is up to 10,000 hikers per summer season, 

peaking from June to August (Matulewski, 2018). 

 

2.2. Root and stem sampling 

Root sampling was performed within the frame of a bigger study in June 2015 (Matulewski 

et al., 2021). For the detailed study presented here, we selected an atypical Scots pine 

tree that was growing at a relatively short distance (ca. 3.0 m) from a hiking trail with two 

parallel roots crossing the trail, one buried (unexposed) and one partially exposed root 

within the trail (Fig. 1c). By excavating both roots, we confirmed that they emerged from 

the same tree. These two second-order roots, that sprouted from a main lateral root (i.e., 

first-order root) at a distance of 1.2 m from the stem, were named as the buried (B) and 

the exposed (E) root. The B root grew completely buried in the soil, whereas the E root 

had an exposed part on the hiking trail in the trampling zone (Fig. 1c). Sampling of the B 

and E roots was performed by applying serial sectioning (Kolishchuk, 1990; Krause and 

Morin, 1995, 1999; Wrońska-Wałach et al., 2016). For this purpose, a root disc sample 
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(i.e., individual root cross section) was taken every 25 cm along the length of the root. In 

total 32 cross sections, i.e. 16 cross sections per root sampled from exactly the same 

distances from the stem, were analysed. In each root, cross sections were labelled in the 

same way, i.e., from R1 (located closest to the stem) to R16 (positioned in the outermost 

location from the tree stem) (Fig. 1c). Cross sections from R13 to R16 were located in the 

trampling zone (Fig. 1c, Fig. 3b). The R13 to R16 parts of the B root were buried naturally 

in the soil (and excavated only for the purpose of sampling) while those parts of the E root 

were exposed due to trampling on a hiking trail. 

Each root was sampled at a minimum distance of 1.0 m from the base of the tree stem (R1 

sections) and up to 4.11 m apart from the stem, i.e., as far as the outer edge of the 

trampling zone (R16 sections). The minimum distance of 1.0 m from the stem was chosen 

for two reasons: (i) the movement of the stem base pulling roots upwards, and (ii) roots 

close to the stem base often experience bending stress due to stem displacement 

(LaMarche, 1968; Gärtner et al., 2001; Scuderi, 2017). Complete root discs were collected 

using a hand saw, avoiding bent root parts or spurs. 

The B and the E root tree-ring series were cross-dated with the corresponding stem 

(STEM) chronology and compared with a site chronology (PRES). The PRES chronology 

was constructed as an arithmetic mean using tree-ring series of 18 trees sampled within 

the hiking trail, i.e. subjected to trampling. Two to four cores were taken at breast height 

(1.3 m) from each tree stem using a Pressler incremental corer.  

Additionally, to compare the calendar years of both CW and BR occurrences in the B and 

E roots with other trees, we randomly sampled 18 buried (REF root) and 18 exposed roots 

(EX). 18 buried roots were sampled from 9 trees growing outside of the hiking trail, i.e., 

reference site. Both the buried and exposed roots were sampled at maximum distance of 

150 m away from the E and B roots. Based on these roots a reference root chronology 

(REF root) was established and compared with the B and E root chronologies. 
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2.3. Root characteristics 

For each root cross section of both roots a description of the root morphology was made, 

which included an assessment of the mean root diameter, root circularity, root eccentricity, 

and root surface area (Supplementary Material, Table S1). The depth of the unexposed 

roots, i.e., the distance between the upper side of the root and the soil surface or the 

distance between the upper side of the exposed root and the current soil surface were 

determined. Root circularity C was obtained following the equation by Kojima et al. (1971),  

𝐶 = 4𝜋𝐴 𝑃2⁄  

where: A - root surface area, and P - root surface perimeter. 

Root eccentricity was calculated as a difference between the geometric centre and the 

actual centre of the root, presented as a percentage of the radius of a circle having the 

same area as the root cross section (Wrońska-Wałach et al., 2015). 

Root surface area was vectorized using a scanned image of each root and then calculated 

using ImageJ software (Rasband and ImageJ, 1997-2018). To calculate the root volume, 

the B and the E roots were divided into 15 segments. The average length of a root 

segment was 27.4±6.3 cm. The volume of each root segment, expressed in cubic 

centimetres, was measured using the Cylindrical Huber Formula (Grochowski 1973; 

Pazdrowski et al., 2009), 

𝑉 =  𝜋𝑙𝑟2 

where: l - length of root segment, r - Huber radius.  

Huber radius is the arithmetic mean of the two radii measured at the beginning and end of 

the root segment. Cumulative root volume was calculated by summing the volume of all 

segments for the B and the E roots separately. 
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2.4. Laboratory work 

To ensure an accurate examination of annual growth rings in roots, microscopic analyses 

were conducted on thin sections. Each root disc was sectioned according to standard 

protocol (Gärtner and Schweingruber, 2013). In total, 104 thin sections were prepared 

including multiple sequential cuts taken from root discs of large size. Each 15-20 μm thick 

section was prepared using a GSL1 sledge microtome (Gärtner et al., 2014). We 

immersed all the thin sections in sodium hypochlorite (NaOCl) and then stained them with 

a mixture of Safranin and Astra blue, which enhanced the contrast between the lignified 

(stained red by Safranin) and non-lignified (stained blue by Astra blue) components of the 

roots’ anatomical structure. After staining, the thin sections were gradually dehydrated with 

ethanol (50%, 75%, 96%) and rinsed with xylene. The stained root sections were mounted 

on glass slides, embedded in Canada balsam, and dried at 60°C for 24 h (Schweingruber, 

1990; Gärtner et al., 2001; Gärtner and Schweingruber, 2013). Each thin section was 

photographed at 40x magnification using an Olympus BX43 microscope and SC30 

Olympus camera.  

 

2.5. Radial growth measurements and cross-dating 

High resolution digital images of root thin-sections were used for ring-width and wood 

anatomical measurements (Fig. 2). Ring-widths were measured using WinCELL software 

(Regent Instruments, Canada) with a precision of 0.001 mm. To assure the detection of all 

growth rings, each root cross section was divided into four quarters. One of the quarters 

always included the longest radius of a cross section, potentially representing the most 

complete radius. To trace all radial growth irregularities, the Zig-Zag Segment Tracing 

(ZZST) method was used (Wrońska et al., 2016). Four radii were measured per individual 

root cross section and up to eight radii were measured in roots that exhibited highly 

irregular growth patterns. Measurements of growth rings width did not include  scars and 
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injured parts of the root. Annual ring dates of the same cross section were assigned by 

visual cross-dating, including the identification and comparison of well-developed, 

complete rings between the quarters of the same root cross section. For each root section, 

the total number of missing and wedging (i.e., discontinuous) rings was calculated on the 

cross-section level (Matulewski et al., 2021).  

Cores were acquired from the studied tree stems using a standard procedure (Zielski and 

Krąpiec, 2004). Polished cores were scanned at 1200 DPI using an Epson Perfection 

V700 Photo. Annual growth rings were measured on a scanned image with an accuracy of 

0.01 mm using CooRecorder (www.cybis.se). A mean tree-ring curve for each tree stem 

studied was obtained by applying an arithmetic mean over the two to four cores measured 

per stem. 

A stepwise cross-dating procedure was performed to identify radial growth irregularities in 

each studied root. In the first step, all radial measurements performed for a single root 

cross section were compared to detect all wedging rings. Following this approach, average 

tree-ring series for each root cross section was determined as an arithmetic mean. The 

second step involved cross-dating between mean tree-ring curves obtained for all root 

cross sections, to detect missing rings. The third step consisted of cross-dating the mean 

tree-ring curve of the roots with the stem growth curve.  

The correspondence between an individual root section and a stem radial growth, so 

called radial growth coherency (RGC, Matulewski et al. 2021), was determined using 

Pearson’s correlation coefficients. For this purpose, raw chronologies (i.e., arithmetic 

means) for the B and the E root, together with raw stem and site chronologies (PRES) 

were used for RGC calculation for a common study period (1970-2015). In addition, RGC 

was calculated for each root section pair, i.e., for two root sections sampled from the B and 

the E root at the same distance from the stem.  
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2.6. Wood anatomical features and blue rings 

The following wood anatomical parameters were measured on each root cross section: (i) 

percentage of latewood, (ii) year of scar formation, and (iii) year of occurrence of 

pronounced resin ducts (PRDs) (Matulewski et al., 2021). Additionally, the time of root 

exposure was assessed based on changes in the earlywood lumen area and the 

percentage of latewood, following the protocol established by Gärtner (2003). Moreover, 

number of growth rings with formation of compression wood (CW) and blue rings (BRs) 

were quantified, starting from the first annual growth ring for which CW and BR formation 

was documented (i.e., for the period 1971 - 2015). For each annual growth ring the mean 

width of the CW and/or the BR zone (Fig. 2) was measured manually along 30 randomly 

chosen radial files using ImageJ software. The CW and BR zones were expressed as a 

percentage of total annual ring-width.  

The frequency distributions of mean percentage of CW and BR zones were plotted (Fig. 7) 

for the common period (1971-2015). For all histograms mean percentage of CW and BR 

zones assessed per calendar year was used and plots were composed using the 'hist' 

function from the ‘graphics’ package (Becker et al., 1988; Murrell, 2005) in R version 4.0.0 

(R Core Team, 2020).  

Climatic conditions for BR years were compared using mean monthly air temperature and 

precipitation data. Climate data were acquired via Climate Explorer (Trouet and van 

Oldenborgh, 2013) and calculated from the daily gridded observational dataset E-OBS 

20.0e (Haylock et al., 2008) obtained for the 19-20° E and 53-54° N grid. The t-test was 

used to compare differences in mean monthly temperature and precipitation between BR 

and non-BR years. 
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3. Results 

3.1. Root characteristics 

The total length of the B (i.e., buried unexposed) root was 5.7 m, whereas the E root (i.e., 

partly exposed root) was 1.8 m longer. The mean depth of the unexposed sections of both 

roots was 13.44±2.91 cm. 33% of the E root length was exposed within the hiking trail and 

the mean height of the exposed sections of the E root was 1.65±0.11 cm and all of them 

were in contact with the soil surface (Fig. 5). The mean diameters of the B and E roots 

were 2.40±1.01 cm and 3.52±1.09 cm, respectively. The mean root surface areas of the B 

and E roots were 5.36±4.22 cm2 and 10.78±6.46 cm2, respectively. The unexposed cross 

sections of the B and E roots (i.e., R1-R9) located at a distance of <3.6 m from the tree 

stem, had almost equal root surface areas (Fig. 3a). In contrast, the root surface areas of 

the exposed cross sections of the E root were, on average, 14 times larger than those of 

the unexposed cross sections of the B root, located in the trampling zone, i.e. at a distance 

of 4.6 to 5.3 m from the tree stem (Fig. 3b). The root surface area ratio for root section 

pairs increased with increasing distance from the tree stem (r2 = 0.61, p > 0.001). The total 

volumes of the B and E roots were 2.28 cm3 and 4.19 cm3, respectively. The mean 

circularity of the B root (0.93±0.02) was higher than that of the E root (0.88±0.06). The 

mean root eccentricity for the B root (34.8%±15.6) was lower than for the E root 

(48.8%±30.5). The root eccentricity increased with distance from the stem for both the B 

and E roots (Fig. 4a). 

 

3.2. Root age and mean ring-width 

The mean age of the studied B root cross sections was 52.3±8.6 years, whereas for the E 

root it was 54.3±4.7 years. The unexposed sections of the B and E roots were of similar 

age and ranged from 50 to 62 years (Supplementary Material, Table S1). The exposed 
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root cross sections of the E root were, on average, eight years older than the ones of the 

unexposed root samples of the B root; both were located in the trampling zone at the same 

distance (i.e., >4.40 m) from the tree stem. The mean ring-width (MRW) of unexposed 

cross sections (i.e., R1-R12) of the B and E roots were 0.31±0.16 mm and 0.33±0.17 mm, 

respectively (Supplementary Material, Table S1). In the trampling zone (i.e., R13-R16 

cross sections), the MRW was up to four times greater for the E root than for the B root.  

 

3.3. Missing and wedging rings 

The mean number of missing rings was 13% and 6% for the B and E root, respectively. All 

the unexposed cross sections of both roots (i.e., R1-R12) had missing rings, except for the 

R1 cross sections obtained from both roots, located 1.25 m from the studied tree stem 

(Fig. 4c). In the trampling zone (i.e., in R13-R16 cross sections) there were no missing 

rings encountered in the exposed samples of the E root, whereas cross sections from the 

B root had an average of 11.4% missing rings.  

The mean number of wedging rings in the B and E roots was 33.4% and 52.0%, 

respectively. The number of wedging rings in both roots gradually increased with 

increasing distance from the tree stem (Fig. 4b). In the trampling zone the mean number of 

wedging rings in the E root equaled 88% and was, on average, 40% higher than in the B 

root. Considering the B root only, the number of wedging rings was positively correlated 

with the number of missing rings (r = 0.88, p < 0.001). No such correlation was observed 

for the E root (r = -0.35, p = 0.184).  

 

3.4. Radial Growth Coherency 

Ring-width chronologies were developed for the period 1954-2015 (Fig. 6a). The 

correlation between the raw stem chronology and the raw root chronologies was higher for 

the E root (r = 0.84, p < 0.001) than for the B root (r = 0.78, p < 0.001). The correlation 
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between the B and E root chronologies was r = 0.69 (p < 0.001). The strongest correlation 

between the B and the E root radial growth was noted for the R2 root sections located 1.58 

m from the tree stem. Overall, the RGC of root section pairs decreased with increasing 

distance from the tree stem (r = -0.95; p < 0.001) and was not significant for all the cross 

sections located in the trampling zone (i.e., >4.60 m from tree stem) (Fig. 6b). The 

correlation between the B root and the REF root chronology was r = 0.63 (p < 0.001). 

3.5. Wood anatomical changes 

The unexposed cross sections of the B and E roots (i.e., R1-R12) had, on average, less 

than 30% latewood in the annual rings, whereas the exposed samples of the E root had, 

on average, more than 60% of latewood. In the trampling zone, the E root had on average 

three times more latewood than the B root (Fig. 5). All exposed cross sections (i.e., R13-

R16) of the E root were exposed in 1971 (Fig. 6a). Root exposure was caused by 

secondary growth sensu Gärtner (2007) and numerous wood anatomical changes were 

formed in the E root only after the exposure event. These included 15 scars and 28 PRDs 

detected exclusively in the exposed part of the E root. Over 70% of the scars (n = 13) and 

PRDs (n = 20) were formed in the course of seven calendar years, i.e., 1972, 1973, 1976, 

1986, 1990, 2002 and 2004. A total of 84% of the scars were formed in the middle of the 

vegetation period, i.e., at the transition between early- and latewood. No scars and no 

PRDs were formed in the unexposed cross-sections of both roots.  

CW was identified only in the exposed parts of the E root (i.e., R13-R16 cross sections, 

Fig. 7a) and was always found in the lower part of the root. In total, 29 (i.e., 47%) annual 

rings with CW were documented. The highest occurrence of CW was detected in the 

periods 1971-1988 and 1995-2000. The mean width of the CW zone within the annual 

growth ring was 49% (Fig. 7a). The maximum width of the CW zone was 72% and was 

detected in 1998. In 14 calendar years the width of the CW zone was higher than 50%. 
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The mean width of the annual growth rings with CW was 25% greater than that in the other 

rings. The occurrence of CW between the E roots and broader exposed root pool (EX) was 

fairly coherent, i.e., in 61% (n = 25) of all calendar years CW was documented in both root 

pools for the common period 1971-2015 (Fig. 7b). CW was not found in the broader 

reference root pool (REF root).  

3.6. Blue rings 

BRs were identified only in six root cross sections acquired from the E root. These 

included all exposed (i.e., R13-R16) and two adjacent unexposed sections (R11-R12) of 

the E root positioned less than 5 cm below the soil surface within the hiking trail. The BRs 

were formed over the course of 25 calendar years, i.e., in 40% of growth rings from the 

common period 1954-2015. Considering exposed roots only, the highest frequency of BRs 

was observed in the following calendar years and periods: 1973-1975, 1980-1981, 1984-

1985, 1987-1988, 1993, 1995, 1998, 2001 and 2002. The calendar years of BR 

occurrences between the E root and broader exposed root pool (EX) were highly 

overlapping, i.e., in 82% (n = 23) of all calendar years BRs were noted in both root pools 

for the common period (1971-2015) (Fig. 7d). BRs were not found in the broader reference 

root pool (REF root). 

The maximum number of BRs was recorded in the exposed part of the E root (i.e., R14) 

and corresponded to 50% (n = 25) of calendar years. In ten cases the width of the BR 

zone was greater than 10% of the total tree-ring width (Fig. 7c). The mean width of the BR 

zone was 7.8% and 10.1% of tree-ring width for the buried (i.e., R11-R12) and exposed 

(i.e., R13-R16) cross sections of the E root, respectively. For five calendar years, i.e., 

1973-1975, 1978 and 1980, the mean width of the BR zone comprised over 15% of tree-

ring width.  

A comparison of mean monthly temperatures for years with (n = 25) and without (n = 14) 

BRs formation (for the common period 1971-2009) revealed significant difference in mean 

Jo
ur

na
l P

re
-p

ro
of



November (p = 0. 012) and marginally significant difference in mean September (p = 

0.051) air temperatures (Fig. 8a). The mean November air temperature for BR years was 

2.7 °C (sd = 2.0) and 1.6 °C lower than that for years without BRs. The largest difference 

in mean November air temperature was found for the year 1978 in which the width of the 

BR zone equaled 19% of the annual ring-width. Difference in mean September air 

temperatures was lower and amounted to 1 °C, with a mean September air temperature of 

12.8 °C (sd = 1.3) and 13.8 °C (sd = 1.7) for BR versus non-BR years, respectively. 

Significant differences in mean monthly precipitation between BR versus non-BR years 

were calculated for July (p = 0.017). Mean monthly precipitation was higher for July (mean 

= 82.5 mm, sd = 33.7) in BR years (Fig. 8b) versus non-BR years (mean = 55.9, sd = 29). 

 

4. Discussion 

4.1. Root characteristics 

Unexposed root cross sections obtained from the B and E roots were characterized by 

similar morphologic features. In contrast, high discrepancies in the morphology between 

the two roots were noted in the trampling zone. The sections of the E root increased their 

size due to pronounced secondary growth after root exposure. The volume of the exposed 

part of the E root in the trampling zone was more than ten times larger than that of the 

unexposed B root, suggesting a key impact of trampling and root exposure on root 

biomass allocation. It is known that biomass and secondary growth are not evenly 

distributed within the tree-root system and can become altered in response to abiotic 

factors, such as soil conditions (Schroth, 1998; Puhe, 2003; Helmisaari et al., 2007; 

Stokes et al., 2009; Ji et al., 2012; Ghestem et al., 2011), geomorphologic processes 

(Fayle 1976), and trampling (Bodoque et al., 2005; Pelfini and Santili 2006; Rubiales et al., 

2008). However, the effect of trampling on root biomass alteration was to our knowledge 

not previously quantified. Also, root biomass partitioning may depend on an optimal 
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distribution of available resources (Stokes and Mattheck, 1996). Nicoll et al. (2006) and 

Montagnoli et al. (2019a, b) noted that spatial variation in root biomass may be caused by 

continuous changes in environmental factors. The literature suggests that environmental 

factors such as light intensity and temperature affect the level of carbohydrates in roots 

(Tromp, 1983; Reid et al., 1983) which might induce higher biomass allocation in exposed 

root parts. In addition, observations by Nicoll et al. (1995) and Stokes et al. (1995) 

demonstrated that mechanical stress plays a fundamental role in the development of root 

architecture, causing significant changes to root biomass allocation that may impact 

overall tree stability. 

4.2. Radial growth discrepancies 

The unexposed root sections obtained from the B and E roots were of similar age and 

MRWs; however, large discrepancies between these roots were noted in the trampling 

zone. Despite the similar ages of both roots at close distances to the tree stem, the 

exposed parts of the E root were, on average, eight years older than the unexposed 

sections of the B root located at exactly the same distance from the tree stem. This might 

be related to the fact that the E root was 1.8 m longer than the B root, which suggests that 

increased light intensity stimulates primary growth and elongation of the E roots. These 

results are similar to those reported by Michniewicz and Stopińska (1980a, 1980b) for 

Pinus sylvestris. 

Maximum ring-widths were observed, as expected, in the exposed cross sections 

subjected to increased light intensity and temperature (Gärtner, 2003, 2007) and 

mechanical stress (Bodoque et al., 2005) associated with trampling. The largest radial 

growth changes were previously observed in the exposed roots, but no missing rings were 

noted in the exposed second-order roots. Moreover, wedging rings were more frequently 

noted in the exposed root cross sections than in the unexposed ones. This was related to 

increased root biomass and the mechanical function of the root that began to dominate 
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over the conduction function once the root was exposed (Fayle, 1968; Pérez-Rodríguez et 

al., 2007). These growth irregularities are typical for roots that commonly manifest very 

irregular radial growth patterns, both in the longitudinal and cross-sectional profile (Fayle, 

1968, 1975; Krause and Morin, 1995, 1999, Wrońska-Wałach et al., 2016). P. sylvestris 

roots are not an exception in this respect, as shown in the previous study on exposed 

roots of this species from central Spain (Bodoque et al., 2005). Common radial growth 

irregularities in roots may be due to a delay or a deficiency in availability of growth 

hormones during earlywood formation (Panshin and de Zeeuw, 1970) or due to the 

progressive reduction in ring-widths as the age of the tree increases (Fritts, 1976). 

Moreover, common growth irregularities in roots may result from different cell division 

patterns along the root circumference caused by mechanical stress (Montagnoli, et al., 

2019b). Mechanical impacts on root growth may be generated by trampling, as previously 

reported by Bodoque et al. (2005), Pelfini and Santili (2006) and Rubiales et al. (2008), 

and may cause the frequent formation of wedging rings. In our study root eccentricity was 

observed in both roots, but the greatest root eccentricity was found in the exposed cross 

sections of the E root subjected to mechanical stress. This agrees with previous 

observations of Pinus ponderosa (Montagnoli et al., 2019b) and Picea abies roots 

(Wrońska-Wałach et al., 2016) exposed, however, by natural geomorphic processes rather 

than by trampling.  

 

4.3. Cross-dating and radial growth coherency  

The stepwise root cross-dating method employed in this study was similar to that used by 

Wrońska-Wałach et al. (2016), and therefore it was possible to obtain high root-stem RGC. 

The highest root-stem RGC for a single root section was noted for the exposed part of the 

E root, which was characterized by the lowest number of missing rings. In contrast, 

previous studies have revealed relatively weak correlations between a root and a 
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corresponding stem tree-ring series (Bodoque et al., 2005; Pelfini and Santili, 2006). There 

are several key reasons that may explain low RGC between the roots and stem of the 

same tree. Most radial growth discrepancies may be due to divergent growth formation in 

roots and stems (Fayle 1968; Krause and Morin, 1995). This, in turn, may be related to 

differences between root and stem functions and differences in intrinsic regulation of 

cambial growth (Savidge, 2000). Numerous studies (e.g., LaMarche, 1968, Alestalo, 1971; 

Gärtner, 2003, Malik 2005, Bodoque et al., 2005, 2011; Corona et al., 2011; Ballesteros-

Cánovas et al., 2013, 2015) have also broadly emphasized the role of geomorphologic 

processes, which may cause common growth discrepancies in roots subjected to 

exposure. Root exposure often results in increased ring-widths in exposed root parts and 

decreased radial growth in unexposed parts (Alestalo, 1971; Gärtner, 2003; Bodoque et 

al., 2011; Wrońska-Wałach et al., 2015). Moreover, the response of tree stems and roots to 

the same ecological and geomorphologic factors can often be temporally delayed (Krause 

and Morin, 1995) or even absent (Pelfini and Santili, 2006). In our study we observed 

growth constraints between the stem and roots, including differences between trampled 

and non-trampled roots. In addition, it should be noted that decreased radial growth in the 

tree stem often occurs after root exposure (Zielski et al., 1998; Gärtner, 2003; Ciapała et 

al., 2014; Matulewski et al., 2019). Despite reduced growth in tree stems and/or high 

discrepancies in radial growth in roots shown by this study we would like to emphasize that 

stepwise root cross-dating (Wrońska-Wałach et al., 2016) supplemented by serial-

sectioning (Kolishchuk, 1990) enables reliable dendrochronological dating of tree roots 

and substantially minimizes dating errors.  

4.4. Compression wood 

Mechanical stress causes a change in cell division and cell dimensions which also leads to 

eccentric growth of tree-rings (Mattheck and Breloer, 1992; Bodoque et al., 2015). Such 

asymmetric ring-width distribution in the tree stem and branches is often related to the 

Jo
ur

na
l P

re
-p

ro
of



presence of CW (Westing, 1965; Timell 1986; Mattheck and Breloer, 1996; Fischer et al., 

2019). Our findings confirmed such results in Pinus sylvestris roots, especially in the root 

sections located within a hiking trail. In all exposed root cross sections from the E root, CW 

was always formed in the lower root part, i.e., in the opposite direction to the mechanical 

stress induced by trampling. By contrast, CW was not observed in the unexposed root 

cross sections of both roots. The formation of CW in exposed sections of the E root was 

strongly associated with the formation of wedging rings that substantially increased the 

total root volume. In fact, the volume of the exposed part of the E root was ten times 

greater than the volume of the unexposed part of the B root, both being located in the 

trampling zone and at the same distance from the stem. This key finding designates not 

only highly altered growth of exposed roots, but more importantly, documents that radial 

growth and biomass allocation of roots is substantially modified by trampling. 

Gärtner (2007) found that the anatomical structure of roots changes due to transformation 

of its function triggered by exposure and modification of its position, i.e., below or above 

the soil surface. Our findings confirm that a tree adjusts its radial growth in the exposed 

portion of the root in response to modified environmental conditions (Carrara and Carroll, 

1979), such as soil habitat or light availability. However, the identification of the dominant 

factor, i.e., mechanical forces or gravity, responsible for CW formation in the roots remains 

challenging (Lopez Saez et al., 2014). Despite this, our study clearly suggests that the 

occurrence of CW in the trampled sections on the E root acts as a proxy of the mechanical 

impact associated with trampling, since CW formation was commonly observed only in the 

exposed parts of the E root.  

Analyses performed for CW using the broader root pool, suggests that CW formation is 

triggered by a wider range of ecological factors than climate itself. We still lack systematic 

knowledge of the potential influence of thermal and/or moisture conditions affecting CW 

formation in roots. CW formation is potentially influenced by either interrelated climatic 
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and/or ecological factors, including human impacts. CW formation is strongly affected by 

environmental conditions (Westing, 1965) and is commonly found in tree roots exposed by 

various geomorphic processes (Carrara and Caroll, 1979; Bodoque et al., 2005; Hitz et al., 

2008; Malik and Wistuba, 2012), which can abruptly change soil cover stability and the 

root habitat. In the case of CW formation in exposed roots on a hiking trail, we 

hypothesized that natural geomorphic processes might act together with trampling activity, 

thus inducing greater instability of root growth conditions. For example, during summers 

hiking intensity not only increases soil compaction, but the mechanical impact of trampling 

triggers opening of little cracks in the trail surface and removes the soil from the roots 

located near the surface. As a consequence, the erosion intensity may increase within the 

hiking trail, especially during high precipitation events which have the potential to intensify 

surface erosion, deepen the trail and increase root exposure. This yields higher 

susceptibility of exposed roots to mechanical damage and CW formation. Findings 

reported by Lopez Saez et al. (2012) for a landslide area suggest that the onset of CW 

formation in tree stems coincides with intense summer precipitation. However, the lack of 

root-specific research hampers direct comparisons of CW observations performed in our 

study with other geographic regions or tree species. 

 

4.5. Blue rings  

BRs represented the most pronounced anatomical feature in the exposed cross sections 

of the E root (Fig. 2). BRs have been recently reported from tree stems (e.g. Piermattei et 

al., 2015; Tardif et al., 2020; Björklund et al., 2021; Edwards et al. 2021) and, to our 

knowledge, they have not yet been observed in tree roots of any conifer species. 

Numerous previous studies have indicated annual growth rings with unusually thin-walled 

latewood cells with incompletely or non-lignified tracheid cell walls called ‘light’ rings (e.g. 

Filion et al., 1986; Yamaguchi et al., 1993; Hantemirov et al., 2000; Tardif et al., 2011). 
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Thanks to the use of the double-staining procedure for preparation of wood sections, that 

includes the application of Astra blue and Safranin (Gärtner and Schweingruber, 2013), 

such rings are sometimes (not always, see Piermattei et al., 2020) highlighted by the 

presence of blue-stained axial tracheid cell walls, thus called ‘blue’ rings (Piermattei et al., 

2015). These not fully lignified annual growth rings are often attributed to climatic factors, 

such as low growing season temperatures and/or cool springs (Yamaguchi et al., 1993; 

Szeicz, 1996; Montwé et al., 2018; Gurskaya, 2019; Piermattei et al., 2020; Tardif et al., 

2020). For example, Girardin et al. (2009) noted the importance of late onset of the 

growing season (i.e. cool April and May), generally cool conditions, and early radial growth 

cessation (cool August and September) for frequent formation of light rings in a mixed 

boreal forest in central Canada. Furthermore, many studies sometimes link incompletely 

lignified and frost rings, to global climatic events such as long-term cooling effects after 

major volcanic eruptions (e.g. LaMarche and Hirschboeck, 1984; Hantemirov et al., 2004; 

Janecka and Kaczka, 2015; Piermattei et al., 2020; Tardif et al., 2020). Regardless of the 

precise cause for their formation, the occurrence of light and blue rings is mainly reported 

for temperature-limited habitats such as boreal forests or upper treelines in mountain 

ranges. BRs studies in lowland temperate areas, such as our study, are not common (cf. 

Vitas, 2018; Matisons et al., 2020).  

Examination of air temperature conditions prevailing in BR versus non-BR years in our 

study showed that BRs occurred in years characterized by lower September and 

November temperatures (Fig. 8a). These observations are coherent with previous studies 

that have shown high correlation between light rings formation and below average 

temperatures at the end of the growing season, i.e. lower September and October 

temperatures for Picea abies growth in the Austrian Alps (Gindl, 1999) and lower August-

September temperatures for Picea mariana growth in northern Quebec (Filion, 1986). 

Given that BRs were found mainly in the exposed part of the E root, we hypothesize that 
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the exposed roots are subjected to more severe microclimatic conditions than the roots 

naturally buried in the soil. Indeed, only two cross sections of the E root (i.e. R11 and R12) 

located at the edge of the hiking trail and positioned less than 5 cm below the soil surface 

had BRs. In these two cases, only ca. 4% of annual growth rings had BRs, whereas BRs 

in the exposed cross sections of the E root were ten times more frequent. Exposed roots, 

and to a lesser extent shallow roots, are subjected to higher daily amplitudes and lower 

minimum temperatures than the adjacent buried roots, that grow under less variable soil 

temperature conditions. Buried roots are not exposed to high amplitudes of ambient 

temperatures, thus their habitat is more favorable for undisturbed cell wall deposition and 

lignification than the habitat of exposed roots within the hiking trail.   

In contrast, some not-fully lignified growth rings examined in a semi-arid region located in 

northern China were not associated with cold temperatures but with severe droughts 

(Liang and Eckstein, 2006). Similarly, a recent study conducted along an altitudinal 

gradient in Bulgaria showed drought-induced light ring formation in stems of Pinus 

sylvestris (Panayotov, 2013). In our study, higher occurrence of BRs in exposed roots was 

significantly related to higher mean July precipitation. However, this relationship might be 

partially explained by the high collinearity between mean temperature and precipitation in 

July (r = -0.47, p < 0.001) and almost significantly (p = 0.087) lower air temperatures in BR 

years compared to non-BR years (Fig. 8a). Nevertheless, it has been previously 

recognized that trampled roots are more prone to drought stress that may further hamper 

cambial activity in these roots (Montagnoli et al., 2019a). In comparison to tree stems, 

exposed roots often lack a thick layer of bark and are more likely exposed to colder ground 

temperatures and other external stressors such as insects and pathogens. Furthermore, 

we cannot exclude the detrimental effect of trampling as a triggering or co-triggering effect 

for the formation of BRs in roots growing in hiking areas. Considering the high frequency of 

BRs in exposed sections of the E root, future studies should aim to investigate possible 
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effects of both climate and ecological impacts on commonness of BR formation in tree 

roots. 

 

5. Conclusions 

Our study revealed altered growth between trampled and non-trampled roots of Pinus 

sylvestris in the lowland area in Poland. We identified a number of radial growth and wood 

anatomical changes in the longitudinal profile of two adjacent roots. Large discrepancies in 

root morphology, radial growth, and wood anatomy were noted in two parallel roots within 

the same root system. Detailed analyses performed in high spatial resolution found that 

the volume of the exposed portion of the E root was ten times greater than that of the 

unexposed B root, located at the same distance from the tree stem. Our results suggest 

that root exposure caused by trampling strongly amplifies biomass allocation in tree roots. 

Thus, exposed roots may play an important role in the carbon cycle of forest ecosystems 

used for recreational purposes.  

Large discrepancies in RGC were observed between the B and the E roots, i.e. two 

adjacent roots of similar age. Root section pairs sampled closest to the tree stem showed 

the highest level of coherency in the radial growth pattern, which decreased with 

increasing distance from the stem. Nevertheless, the highest RGC between root and stem 

growth was noted for the exposed part of the E root, which was characterized by the 

lowest number of missing rings. 

Our study has shown fairly ubiquitous formation of both CW and BRs in exposed Pinus 

sylvestris roots. We showed that the occurrence of CW in the exposed roots was probably 

caused by ecological factors like mechanical stress and human impact. Furthermore, we 

documented the occurrence of BRs in the roots, which were commonly formed in the 

exposed root sections of the E root. Both climatic and non-climatic factors require careful 

assessment in future studies on BR formation in tree roots. A very high share of BRs in 
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exposed root sections suggests their high potential for future dendroecological studies. 

Thus, our study opens new questions regarding the ecology of tree roots. Future studies 

should focus both on other tree species and higher sample replication in order to confirm 

or verify the outcomes this study. 
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Fig. 1. Pinus sylvestris L. stem and root sampling locations in a) the Brodnica Lakeland, 
NE Poland. The sampling strategy consisted of b) two roots subjected to serial sectioning 
(black circle with orange margins), and 18 exposed roots subjected to trampling (blue 
area) and 18 reference roots (white area) sampled outside the hiking trail (dashed red 
line). c) The sketch of the studied tree (STEM) with the two roots (B - the BURIED root; E - 
the EXPOSED root) partially located within the hiking trail (trampling zone). The E root 
represents the root partially exposed within the hiking trail (grey ellipse), whereas the B 
root represents a non-exposed root. From each root there were 16 cross sections sampled 
at exactly the same distances from the stem. In each root, cross sections were labelled in 
the same way, i.e., from R1 (i.e., those located closest to the tree stem) to R16 (i.e., 
positioned in the outermost part from the tree stem). Cross sections from R13 to R16 were 
located in the trampling zone. These sections in the B root were non-exposed (and 
excavated only for the purpose of sampling) while the ones of the E root were exposed 
due to trampling on a hiking trail. d) Walter-Lieth climate diagram for the study area (1971-
2015) with blue horizontal bars indicating the months with likely (dark blue) and probable 
frost (light blue) 
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Fig. 2. Thin section of the exposed E root (R14 cross section) with compression wood 
(CW, yellow arrows) and blue rings (BRs, blue arrows). The percentage of the CW and the 
BR zones was assessed in relation to total width of the annual growth ring (RW, black 
arrow). 
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Fig. 3. Comparison of a) Pinus sylvestris root surface area between the B (buried root, 
black bars) and the E (exposed root, yellow bars) root performed on 16 cross-sections 
(R1-R16) acquired from each root at the same distance from the tree stem and at 25 cm 
long intervals. b) Root volume differences between the B and the E root observed in the 
trampling zone. The B root was non-exposed and was excavated only for sampling 
purpose, while the E root was exposed due to trampling on a hiking trail. 
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Fig. 4. Comparison of the root eccentricity (a), percentage of wedging rings (b) and 
missing rings (c) presented for the B and E roots. The results for the B root (buried root, 
black dots) and the E root (exposed root, yellow dots) are presented in relations to the 
distance from the tree stem. 
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Fig. 5. Proportion of the mean percentage of latewood (left y-axis) between the B (buried 
root, black bars) and the E (exposed root, yellow bars) root cross-sections with the position 
of the B and the E root (black and yellow dots, respectively) assessed in relation to soil 
surface (right y-axis). 
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Fig. 6. Comparison between raw Pinus sylvestris stem and root tree-ring width (TRW) 
chronologies: a) chronology from the trees subjected to trampling pressure on a hiking trail 
(PRES; grey dotted line), stem chronology (STEM; black dotted line) with the B root 
chronology (black solid line), the E root chronology (yellow solid line) and the REF root 
chronology (grey solid line). Pearson’s correlation coefficients computed for the common 
period (1970-2015) between stem and each root chronology are presented in the top right 
corner. Red dot marks the E root exposure year. b) Correlation coefficients between the B 
and the E root sections sampled at the same distances from the stem. Significance levels: 
*** - p < 0.001; ** - p < 0.01; * - p < 0.05. 
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Fig. 7. Frequency distribution of a) percentage of compression wood (CW), and c) 
percentage of blue ring (BR) zones assessed in relationship to the total width of annual 
growth rings of the E root. N – total number of growth rings with ID of root section below. 
Comparison of b) CW and d) BR occurrences for calendar years between the E root 
(darker colours, all cross sections with BRs counted) and broader root pool (EX, n = 18 
roots) (lighter colours, individual roots counted).  
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Fig. 8. Differences in mean monthly air temperature (a) and precipitation (b) for blue ring 
(BR) years. The years in which BRs (blue) were formed were compared with the non-BR 
years (black). Study period (1971-2015); total number of growth rings with BRs was 25. 
Significant differences in means are marked with black squares. 
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Graphical abstract: 
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Highlights 

 The volume of exposed root exceeded ten times that of the unexposed root.

 29 calendar years with compression wood (CW) were found only in the exposed

roots.

 For the first time, blue rings (BRs) were recognized in tree roots.

 40% of growth rings in exposed root subjected to trampling had BRs.
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