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The impact of hiking in forested areas is one of the main factors affecting the condition of tree growth along
hiking trails. Trampling causes common exposure of roots and quantification of the human impact on root radial
growth and wood anatomy requires careful assessment. To accurately identify the radial growth changes in Pinus
sylvestris roots, we conducted a stepwise cross-dating using trampled roots from a hiking trail and reference roots.
Such approach was previously not applied in a lowland area. In addition, we investigated the factors that in-
fluence the root-stem radial growth coherency, including soil properties, root and trail morphology. Changes in
radial growth and wood anatomy were examined in three parts of the root system: buried, transition and
trampling zone. The radial growth for each root zone was compared with corresponding stem and reference root
and stem chronology. In total, we investigated 204 roots and 97 tree stems for the common period 1970-2015.
Missing rings were found to be a common phenomenon in all root zones, except in the exposed lateral roots in the
trampling zone. The highest number of wedging and missing rings was observed in the trampling and transition
zones, respectively. The total number of wedging rings increased with an increasing distance from the stem. The
events of root exposure in the trampling zone were highly coupled with the formation of scars (r = 0.51, p <
0.001) and pronounced resin ducts (PRDs) (r = 0.52, p < 0.001). The majority of the wood anatomical changes
(i.e., 84% of scars and 85% of PRDs) were identified in the trampling zone. The highest degree of correlation
between raw stem chronology and raw root chronology was found for the exposed trampled roots (r = 0.69, p <
0.001). In the trampling zone, the root-stem radial growth coherency was determined primarily by root type
(77.3%) and root age (17.4%), whereas in the buried zone, by the soil organic matter content (55.4%) and soil
compaction (39.7%). It has been proved that the record of radial growth and wood anatomy changes in Scots
pine roots serve as a valuable ecological archive of trampling impact with high temporal resolution.

1. Introduction

Increased trampling activity associated with hiking has a substantial
ecological impact (Leung and Marion, 2000; Cole, 2004; Marion and
Olive, 2006). Trampling effects, both from humans and animals, can
adversely impact natural habitats and forested trail surfaces (Tomczyk
and Ewertowski, 2013), commonly leading to the degradation of plant
communities (Kuss and Graefe, 1985; Sun and Walsh, 1998; Pescott and

Stewart, 2014; but see also Kidron, 2016, who reports an increase in
annual plant cover following goat trampling on dune-covered biocrusts).
Moreover, trampling activity affects soil properties through changes in
soil compaction and surface hydrology (Dadkhah and Gifford, 1980;
Pietola et al., 2005). The negative impact of human trampling is the
most visible at locations of highly concentrated tourist traffic, such as
hiking trails. Trampling activity together with natural geomorphic
processes induce common root exposure within the trail surface in

Abbreviations: stem-root RGC, stem-root radial growth coherency; PRES, tree stems subjected to trampling pressure; REF, tree stems in a reference site; REF root,
root in a reference site; MRWs, mean ring width; EREs, events of root exposure; PRDs, pronounced resin ducts.
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forested areas (Buchwat, 2009; Zhou et al., 2013; Bodoque et al., 2017).
It is known that trampling can substantially inhibit the radial growth of
trees (Zielski et al., 1998; Ciapata et al., 2014; Matulewski et al., 2019).
Both exposed tree roots and stems growing along the trail can be used for
dendrochronological analysis, although combined studies using both are
very rare.

Dendrochronology studies tree-rings in the xylem which represents
the radial growth of trees. The tree-ring data of stems and roots can serve
as valuable records of environmental changes that occurred in the past
(Alestalo, 1971; Fritts, 1976; Shroder, 1980; Schweingruber, 1996). The
tree-ring pattern of stems and roots provides reliable information on the
spatial and temporal activity of ecological processes (Zielski and Kra-
piec, 2004; Koprowski and Duncker, 2012; Koprowski et al., 2019;
Amoroso et al., 2017). Specifically, exposed roots can be used to study
the intensity and frequency of, for example, lakeshore erosion (Maleval
and Astrade, 2003; Fantucci, 2007), seashore dynamics (Rovéra et al.,
2013), gully erosion (Vandekerckhove et al., 2001; Hitz et al., 2008;
Malik, 2008; Lopez Saez et al., 2011; Morawska, 2012), or sheet erosion
(Bodoque et al., 2005, 2011; Corona et al., 2011; Ballesteros-Canovas
etal.,, 2013, 2015). In recent decades, dendrochronological studies have
begun to use exposed roots to study trampling activity, mainly in order
to assess trail erosion rates (Pelfini and Santilli, 2006; Rubiales et al.,
2008; Bodoque et al., 2017).

Even though roots play a significant role in the stability and water
uptake in trees (Coutts, 1983) their growth patterns are still not fully
understood (Coutts, 1987; Polomski and Kuhn, 1998; Krause and Morin,
2005), including the relation between root growth and trampling (Pel-
fini and Santilli, 2006). Tree ring chronologies of roots have only been
studied to a limited extent (LaMarche, 1963; Fayle, 1968; Krause and
Eckstein, 1993; Wronska-Watach et al., 2016). Moreover, although
previous studies have examined geomorphological processes by pro-
ducing ring series of roots (Fayle, 1968; Fritts, 1976), only a few have
analysed the radial growth pattern along the horizontal root profile
(Krause and Morin, 1995, 1999a, 1999b, 2005; Wronska-Watach et al.,
2012, 2016). The existing dendrogeomorphological literature agrees
that common radial growth irregularities, such as missing and wedging
rings, hamper precise root dating (Larson, 1956; Krause and Morin,
1995; Bodoque et al., 2011; Wronska-Watach et al., 2012, 2016; Zie-
lonka et al., 2014). Incomplete root tree-ring series might lead to dating
errors of ecological events, including human impact.

In the literature, dendrochronological analyses of root radial growth
have mainly been focused on the occurrence of growth irregularities in
single cross-sections (Lyford and Wilson, 1964; Fayle, 1968, 1975a,
1975b; Carrara and Carroll, 1979; Bodoque et al., 2005; Zhou et al.,
2013). Only a few authors have attempted to compare the pattern of
radial growth between the stem and corresponding root system in
coniferous trees (Krause and Morin, 1995; Pelfini and Santilli, 2006;
Wronska-Watach et al., 2012, 2016). Specifically, in Abies balsamea,
Krause and Morin (1995) reported a temporal delay in the response of
tree stems and roots to the same environmental factor such as defoliation
caused by spruce budworm. Additionally, the annual growth of stem and
roots was found to vary as a result of root exposure for Pinus sylvestris and
Pinus pinaster, where wider ring formation was found in the exposed part
of the root (Alestalo, 1971; Bodoque et al., 2011).

Dendrochronological dating of roots is inherently challenging due to
the common anatomical changes encountered in roots (Krause and
Eckstein, 1993). Radial growth irregularities in the roots are often
caused by differences in cambial activity along the root length and
within the entire tree (Fritts, 1976; Schweingruber, 1996). In fact, in a
study conducted on Picea mariana (Thibeault-Martel, et al., 2008), the
duration of xylogenesis was found to be 22 days longer in the roots in
comparison with the stem. Cambial activity in roots may depend on root
age (Fayle, 1968), competition (Bodoque et al., 2005) or the rockiness of
the soil (Grissino-Mayer, 2002). Missing and wedging rings can occur
due to deficiencies in availability of nutrients and growth hormones
during growth ring formation (Larson, 1956; Fayle and Farrar, 1965;
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Panshin and de Zeeuw, 1970; Thibeault-Martel, et al., 2008; Wronska-
Watach, et al., 2016). In addition, the orientation of the root, aeration,
light availability, soil moisture and temperature are known to induce the
formation of wedging and missing rings in the roots (Fayle, 1968; Krause
and Eckstein, 1993). The radial growth irregularities of roots have not
yet been quantified in relation to these factors, which might be further
modified by human impact.

The radial growth of trees, and especially roots, is known to be
affected by hiking (Pelfini and Santilli, 2006; Rubiales et al., 2008;
Buchwat, 2009; Matulewski et al., 2019). Analyses of radial growth and
wood anatomical changes in exposed roots offer a great opportunity to
determine the exact time of the root exposure (Gartner et al., 2001;
Gartner, 2003). Studies on exposed roots from hiking trails have mainly
carried out quantitative analysis of erosion rate in mountain areas
(Bodoque et al., 2005, 2017; Pelfini and Santilli, 2006; Rubiales et al.,
2008; Buchwat, 2009; Zhou et al., 2013), and similar studies in the
lowlands are missing. Moreover, detailed quantitative and qualitative
information on the changes in radial growth and wood anatomy in tree
roots and stems subjected to human impact is still unexplored.

The main goal of our study was thus to characterize the radial growth
and wood anatomical changes in the roots of Scots pine (Pinus sylvestris
L.) subjected to trampling on a hiking trail in the lowland area of the
Brodnica Lakeland, NE Poland. For this reason, we first quantified
growth irregularities and wood anatomical changes in three root zones:
i) the exposed zone with roots subjected to trampling and a partially
exposed root system within the hiking trail; ii) the buried zone, outside
of the trampling impact, with roots growing naturally in the soil at a
close distance to the tree stem; iii) the buried transition zone located
between the trampling and the buried zone. We then aimed to identify
the factors that influence the radial growth coherency (RGC) between
roots and respective stems, taking into account selected soil properties,
root and trail morphology. In order to perform a precise dendrochro-
nological dating of roots, a stepwise cross-dating procedure was con-
ducted, including the comparison of tree ring series from different root
zones with i) the corresponding stem, ii) stem chronology constructed
from trees subjected to trampling pressure on a hiking trail, iii) reference
stem chronology, and iv) reference root chronology. We hypothesized
that trampling causes pronounced changes in radial growth and wood
anatomy in Scots pine roots along the hiking trail, which can serve as a
quantitative indicator of human impact in forest recreation areas. In
addition, we hypothesized that root-stem RGC in each root zone depends
primarily on soil properties.

2. Materials and methods
2.1. Study area

The study was conducted in the Brodnica Landscape Park located in
the Brodnica Lakeland, NE Poland (53°31’ N, 19°45’ E) (Fig. 1). The
landscape of the Brodnica Lakeland was strongly affected by the Scan-
dinavian ice-sheet, which resulted in diversified landforms. The mean
annual temperature of the study area is 7 °C, as assessed by using climate
data from Gaj-Grzmigca meteorological station (located ca. 4 km from
the study site) for the period 2000-2015. The warmest month is July
while the coldest is January, with a mean air temperature of 18 °C and
—3.8 °C, respectively. The mean June-July-August temperature is 15 °C.
The growing season usually lasts 170 days (Puwalski, 2007). The mean
annual precipitation is 570-600 mm.

The study area represents a mixed forest stand of Scots pine (Pinus
sylvestris L.), European white birch (Betula pendula Roth), English oak
(Quercus robur L.), European alder (Alnus glutinosa Gaertn.) and sporadic
Norway maple (Acer platanoides L.). P. sylvestris, which commonly grows
on sandy and highly permeable soils, is the dominant species and covers
ca. 84% of the study area. The studied trees are located in a protective
stand, i.e., naturally regenerated forest. The mean age of trees in the
study site is ca. 70 years, with some individuals being more than 130
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ROOT POOL 1 (P. sylvestris L. exposed roots)
ROOT POOL 2 (P. sylvestris L. tress with root zones)
ROOT POOL 3 (P, sylvestris L. reference roots)
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Fig. 1. Pinus sylvestris stem and root sampling locations in the Brodnica Lakeland, NE Poland. The sampling strategy consisted of i) ROOT POOL 1: random sampling
of exposed roots (black circles) along the hiking trail (dashed orange line); ii) ROOT POOL 2: selected root systems sampling in buried, transition and trampling root
zones (purple circles); iii) ROOT POOL 3: reference (i.e., non-trampled) roots sampling (green circles) (see Fig. 2).

years old (Danych and o Lasach, 2019). Rusty soils, classified as Brunic
Arenosols (IUSS Working Group WRB, 2014), poor in nutrients cover the
largest part of the area.

The research plot was selected in the Brodnica Lakeland and
encompassed ca. 400 m of the hiking trail located in the north-eastern
part of the Bachotek Lake (Fig. 1). The analysed part of the hiking
trail stretches perpendicularly to the slopes at a relatively small altitu-
dinal range (71.2-76.3 m a.s.l.). This hiking trail, excluded from vehicle
traffic, 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 — from May to mid-
September. The average tourist load during summer is up to 10,000

hikers per season, and is the highest in the period from June to August
(Matulewski, 2018).

2.2. Root sampling

In total 204 root discs were sampled from 45P. sylvestris trees. The
sampling strategy consisted of three designated root sampling pools i.e.,
i) ROOT POOL 1: random sampling of exposed roots performed along
the hiking trail where only trampling root zone was considered (Fig. 1);
ii) ROOT POOL 2: root system sampling with buried, transition and
trampling root zones (Figs. 1 & 2) and iii) ROOT POOL 3: root sampling
from the reference trees growing under natural conditions and not

hiking trail

Ml Mt

© TRAMP[ING' TRANSITION
ZONE ZONE

first-
order root

4

hird-
0

Fig. 2. Pinus sylvestris stem and root sampling design. Dendrochronological sampling consisted of i) tree stems taken from trees subjected to trampling pressure
(PRES); ii) tree stems sampled in a reference site (REF), i.e., from non-trampled trees; iii) root systems with three root zones, i.e. buried zone (C zone; located outside
of the hiking trail), transition zone (B zone; located at the edge of a hiking trail) and trampling zone (A zone; located within the hiking trail); iv) reference lateral
roots (REF root) located outside of the trampling zone. Root types in the trampling zone were aggregated into lateral roots (i.e., first-order roots) and branches of

lateral roots (i.e., second- and third-order roots).
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subjected to trampling (Fig. 1). In ROOT POOL 1 we collected 88
exposed roots from 34 individual trees subjected to trampling pressure
within the hiking trail (A zone). Among 88 exposed roots sampled, we
identified 41 lateral roots (i.e., first-order roots) and 47 branches of
lateral roots (i.e., 24 s-order and 23 third-order roots) (Fig. 2). All the
exposed roots were in contact with the soil surface. In ROOT POOL 2
there were 97 root discs sampled from nine root systems, including
exposed and not exposed root segments. Specifically, root samples were
taken from three designated root zones: i) 31 roots from the buried zone
located close to the tree stem with the roots growing outside of the
trampling zone (C zone); ii) 26 roots from the transition zone with
naturally buried roots located adjacent to the trampling zone (B zone);
and iii) 40 exposed roots from the trampling zone (A zone) (Fig. 2). In
addition, in ROOT POOL 3 there were 19 lateral root discs sampled from
two trees growing under natural conditions. These roots were acquired
in order to establish a reference root chronology (REF root) used in the
cross-dating with other root chronologies.

@ The following criteria were used for root sampling (ROOT POOL 1
and 2): presence of exposed roots along the hiking trail;

@ presence of buried root systems, adjacent to the exposed roots, with
various root types (i.e., first- to third-order roots, see distinction
below);

@ possibility for partially exposed root identification, with the
respective tree stem;

@ exclusion of trees with injuries and those in poor health conditions;

@ elimination of roots with root centre damage.

All root samples were collected at a minimum distance of 0.8-1.0 m
away from the base of the tree stem, avoiding the roots exhibiting radial
growth disturbances caused by stem displacement (LaMarche, 1963;
Gartner et al., 2001; Scuderi, 2017). Complete root discs were collected
using a hand saw. In ROOT POOL 2 from 8 to 14 cross-sections were
taken from each root system, depending on the root length, with a mean
of 11 + 2.2 cross-sections sampled per root. The mean interval of root
disc extraction was 26.7 &+ 10.9 cm. In addition, the root type has been
determined in the field where three main root types were recognized.
The lateral roots emerging from the taproot were designated as i) first-
order roots, and branches of those roots were assigned according to
their order, i.e., ii) second-order, and iii) third-order roots (Fig. 2).

2.3. Root characteristics and trail morphology

We have determined selected root morphology characteristics, such
as: mean root diameter, root area, root circularity and root eccentricity.
Root area was vectorized using a scanned images of each root and
calculated using ImageJ program (Rasband and ImageJ, 1997-2018).
Root circularity was obtained following the equation by Kojima et al.
(1971), while root eccentricity was measured using the equation pro-
posed by Wronska-Watach et al. (2015). In addition to trail width
measurements the aspect of each exposed root relative to the hiking trail
axis was determined. A detailed description of the methods used to
obtain the trail and root morphology characteristics is presented in
Table S1.

The total length of the analysed roots was 45 m. In ROOT POOL 2,
the longest and shortest roots were 536.8 and 311.4 cm long, respec-
tively. The lengths of root exposures ranged from 17 to 187 cm, with a
mean of 57.4 + 41.4 cm. The mean length of the hiking trail (A zone)
was 143.7 £ 23.6 cm.

2.4. Soil sampling

For each root zone we have determined the basic soil properties, such
as: soil compaction, soil organic matter content and soil bulk density.
Soil compaction was measured at two points adjacent to each root using
a hand penetrometer. In total, there were 176, 52 and 62 penetrometer

Ecological Indicators 121 (2021) 107095

soundings performed in the A, B and C zones, respectively. Soil organic
matter content was assessed at each root and there were 102, 34 and 51
samples acquired in zones A, B and C, respectively. The cylinder method
was used to determine the soil bulk density. In total, there were 65, 18
and 22 cylinders taken in zones A, B and C, respectively. A detailed
description of the methods used to assess the soil properties is presented
in Table S1.

2.5. Laboratory work

In order to ensure precise detection of annual growth rings in the
roots, microscopic analyses were conducted on thin-sections of the roots.
The roots were sectioned according to the standard protocol (Gartner
and Schweingruber, 2013). In total, 530 cross-sections, with a thickness
of 15-20 pm were prepared using a GSL1 sledge microtome (Gartner
et al., 2014). All thin sections were immersed in sodium hypochlorite
(NaOCl) and stained with a mixture of Safranin and Astra blue, which
enhanced the contrast between lignified (via Safranin) and non-lignified
(via Astra blue) components of the roots’ wood anatomy. After staining,
the sections were dehydrated using a series of ethanol solutions of
increasing concentration (50%, 75%, 96%) and immersed in xylene. The
sections were then embedded in Canada balsam and dried at 60 °C for
24 h (Schweingruber, 1990; Gartner et al, 2001; Gartner and
Schweingruber, 2013). The cross-sectional cut of each root was photo-
graphed at x 40 magnification using an Olympus BX43 microscope and
SC30 Olympus camera. The individual root images were combined into
panoramic compositions using the 'photomerge’ function in Adobe
Photoshop (Adobe Systems Incorporated, USA).

2.6. Radial growth measurements and cross-dating of roots

Radial growth and wood anatomical changes were analysed on thin
sections using complete cross-sectional cuts obtained from various parts
of the root system. Specifically, ring widths were measured on digital
images using manual path analyses in WinCELL software (Regent In-
struments, Canada). In the majority of roots there were 4 radii measured
per individual root cross-section, and up to 8 radii were measured in the
roots that expressed very irregular growth patterns. In the first step,
cross-dating was performed between the radial growth measurements
conducted in each individual root cross-section. In the second step, the
arithmetic mean was calculated from all radial growth measurements
performed on a single root cross-section. This allowed us to establish the
average growth curve per root cross-section. In order to trace all radial
growth irregularities within each cross-section, a Zig-Zag Segment
Tracing method was used (Wronska-Watach et al., 2016). This step made
it possible to identify all growth rings that often wedge in multiple di-
rections within a single root cross-section, which further helped to
minimize the dating errors. Radial growth measurements were per-
formed omitting the scars and the injured parts of the roots. For each
root sample, the total number of missing and wedging (i.e., discontin-
uous) rings was quantified at the cross-sectional (and not a single radial
measurement) level. For e.g. if for the year 2010 we have encountered a
wedging ring in 3 out of 4 radial measurements performed on that root
cross-section, we have noted one wedging ring for that root statistics. If
there was a particular annual growth ring missing in entire root cross-
section (but present in adjacent root cross-section or stem growth
curve), we have noted one missing ring for that root cross-section. Dif-
ferences in mean percentage of missing and wedging rings and root age
among the three root zones were assessed using one-way ANOVA. In
order to assess statistically significant differences in the mean percent-
age of missing and wedging rings, as well differences in mean root age,
Tukey’s post-hoc test was performed. In addition, selected morpholog-
ical traits (Supplementary Material, Table S1) were identified in each
root cross-section (Fig. 3).

Root dating was improved by applying serial sectioning (Kolishchuk,
1990; Krause and Morin, 1995), which aimed to analyse multiple cross-
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sections along the root axis. To identify the changes in radial growth
along the root length, that encompasses three root zones (i.e., zones A, B,
and C), a stepwise cross-dating procedure was performed. This proced-
ure included the comparison of growth curves from different parts of the
root system with i) the corresponding stem growth curve, ii) the refer-
ence stem chronology and iii) the root reference chronology. Consid-
ering the high ratio of irregular growth rings in the roots, using two
types of reference material (i.e., roots and stems of trees not subjected to
trampling) allowed us to minimize potential dating errors (both over-
and underestimations) and increased the reliability of root chronologies
established for three root zones. Cross-dating between root time series
from tree root zones was statistically verified using COFECHA software
(Holmes, 1983; Grissino-Mayer, 2001). Due to the relatively short tree-
ring series of some young roots (i.e., <20 yrs) and the high number of
missing rings encountered in the roots, we could not use COFECHA and
cross-dating between root and stem time-series was verified by visual
comparison of tree-ring series.

missing and wedging rings

tree-ring width @

root eccentricity@
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Fig. 3. Cross-section of an exposed Pinus
sylvestris root (a) from the trampling zone
located in the Brodnica Lakeland (NE
Poland) illustrating the root morphology
(black), radial growth (blue) and wood
anatomical parameters (pink) measured
in each root. Rectangles indicate an
example position of the measured pa-
rameters.  Detailed illustration  of
measured parameters: (b) abrupt change
in earlywood cells lumen area and
increased mean ring widths associated
with sudden root exposure on a hiking
trail; (c) scar with callus tissue formation;
(d) pronounced resin ducts (PRDs) as a
sign of mechanical pressure associated
with trampling on a hiking trail; (e) inter-
annual variation in latewood percentage.

root age @
root area @

root diameter

Correlation in root radial growth between different parts of roots was
not always statistically significant, as the root growth series often con-
tained numerous wedging and missing rings. Therefore, visual agree-
ment was crucial to confirm cross dating of roots’ tree-ring series,
especially as they were relatively short. Visual cross-dating of root series
was also preferred over statistical tools in Vincent et al. (2009) and
Wronska-Walach et al. (2016). The exclusive use of statistical tools in
the cross-dating process also proved to be problematic when comparing:
i) the radial growth patterns of different types of roots (i.e., lateral roots
or their branches); ii) the radial growth patterns of roots that had been
exposed at different time periods; iii) the radial growth patterns of roots
exposed by various factors, including erosion and secondary growth
(Gartner, 2007); and iv) the radial growth patterns of roots between root
systems of various trees.
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2.7. Wood anatomical features in roots

Two anatomical parameters were characterized in each root sample,
namely i) the year of scar(s) formation and ii) the year of occurrence of
pronounced resin ducts (PRDs) (Fig. 3). According to Stoffel (2008) in
the genus Pinus i) resin ducts are scattered and ii) traumatic resin ducts
(TRDs) do not occur next to the injuries that resulted from mechanical
wounding. In our study, resin ducts aligned in horizontal position were
observed in multiple tree rings (Fig. 3d), and thus named as pronounced
resin ducts (PRDs). Frequencies of PRDs were identified for each root.
For the trampling zone (A zone), the calendar years of the formation of

n

TRW (mm)
w

1961

0,5 | !

1965

1983

T
v N
@ @
[o e}

Ecological Indicators 121 (2021) 107095

scars and PRDs were compared with the frequencies of missing rings.
The time of root exposure in the trampling zone (A zone) was assessed
based on changes in the lumen area of the earlywood cells and the
percentage of latewood, following the protocol established by Gartner
(2003).

2.8. Root chronology

Each cross-dated tree-ring series obtained for an individual root disc
was standardized using a spline function in the “dplR” package (Bunn,
2008) in R version 3.6.1 (R Core Team, 2016). The length of the spline

A zone 0.69%=*
B zone 0.62%=
C zone 0.66%*
REF root 0.7 2%

1987 | 4
1989 |
2001 |
2005 | ¢
2007 |
2011
2013
2015 |

A zone 0.80%*
B zone 0.65**
C zone 0.7 3%
REF root 0.66***

—

(o
@ O
o O

Fig. 4. Raw (a) and residual (b) Pinus sylvestris stem and root chronologies: stem chronology from trees growing under natural conditions (REF — black line); stem
chronology from trees subjected to trampling pressure on a hiking trail (PRES — orange line); root chronology for the trampling zone (A zone - purple line); root
chronology for the buried zone (C zone - green line); root chronology for the transition zone (B zone — blue line); reference root chronology (REF root - red line) from
non-trampled trees. Pearson’s correlation coefficients computed for the common period (1970-2015) between stem chronology from trampled trees (PRES) and each
root chronology are presented in the top right corner. Significance levels are indicated with asterisks (* — p < 0.05; ** — p < 0.01; *** — p < 0.001).
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was set independently at 2/3 of the wavelength of a growth series of
each root. By using this standardization method, the random variation
and juvenile period in the root radial growth were removed. For each
root zone, a residual chronology (with first-order autocorrelation
removed) was constructed and compared with the chronology of the
respective stems (Fig. 4b). For this purpose, two previously constructed
stem chronologies of P. sylvestris from the study area were used (Matu-
lewski et al., 2019); these are i) the PRES chronology and ii) REF
chronology. The REF chronology is based on 45 trees growing in natural
habitat (without trampled soil) (Fig. 2). Whereas the PRES chronology
encompassed 43 trees subjected to trampling, i.e., 9 stems from trees
analysed with three root zones (ROOT POOL 2) and all trees (n = 34)
analysed in ROOT POOL 1. A detailed description of PRES and REF
chronologies construction is shown in Matulewski et al. (2019). The
relationships between all chronologies, as well as between each root and
respective stem tree ring series were investigated using Pearson’s cor-
relation. This relationship, called root-stem radial growth coherency
(RGC), was computed primarily between each root chronology and an
REF and PRES stem chronology. For this step we used both raw and
residual chronologies from roots and stems and the common period
(1970-2015). In addition, root-stem RGC was calculated for each indi-
vidual root and stem and used as a response variable in the multiple
regression models.

2.9. Statistical analysis

Stepwise multiple regression was used to identify the factors that
influence root-stem RGC. Models were run separately for each root zone
using the standardized growth series for all roots. Therefore, the
response variables in each model were represented by correlation co-
efficients computed between individual standardized root vs. stan-
dardized stem growth curves, whereas predictor variables consisted of i)
soil properties, ii) root and iii) trail morphology parameters (Table 1).

Direct relationships between the predictors, as well between each
predictor and response variable, were explored using pairwise Pearson’s
correlation coefficients (Supplementary Material, Figs. S1-S3). Leven’s
test was used to verify data normality. All the data which did not
correspond to the normal distribution was log-transformed, and all
predictors were scaled using the z-score prior to the analyses.

To avoid the oversimplification of the models, we used the best
subset regression model approach. This approach allowed us to identify
the combined effects of the same factors for all three root zones ana-
lysed. To discern the relative importance of each predictor, the “lmg”
method (Lindeman et al., 1980) was applied. Additionally, the propor-
tion of variance explained by each model was determined. We used

Table 1

List of predictors used in the stepwise multiple regression models for root-stem
radial growth coherency (RGC) performed for three root zones (A — trampling, B
— transition, C — buried). A detailed description of the predictors is presented in
the Supplementary Material, Table S1. Diagnostic tests for predictors used in
each model are illustrated in Figs. S1-S3.

Environmental data Root
zone
Soil properties Soil compaction A,B,C
Soil organic matter content A,B,C
Soil bulk density A,B,C
Root Distance from the stem A,B,C
morphology Location of the root: below (—) or above (+) the soil AB,C
surface
Root age A,B,C
Root circularity AB,C
Root eccentricity A,B,C
Root type A,B,C
Type of root exposure A,B,C
Trail Trail width A
morphology Position of the root relative to the trail A
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diagnostic plots to assess the normality of residuals, homogeneity of
variance, and the assumption of linearity. All analyses were conducted
with the R statistical language version 3.6.1 (R Core Team, 2016), using
the following packages: “relaimpo” (Groemping, 2006), “corrplot” (Wei
and Simko, 2017), “leaps” (Lumley, 2020), and “PerformanceAnalytics”
(Peterson et al., 2019).

3. Results
3.1. Root age and mean ring widths

The average root age was 39.9 + 11.4 years, whereas the average
stem age of trampled trees was 57.8 + 4.1 years. Among the exposed
roots (A zone), the average age of lateral roots was 35 + 10.7 years,
while that of the branching roots was 26 + 9.3 years. The oldest root
sample was 61 years (C zone), while the youngest was 12 years (A zone).
The MRW for buried roots (i.e., from C, B and REF zone) does not exceed
0.4 mm. The MRW was up to three times greater in exposed roots (A
zone) than in buried roots (C zone). Basic parameters for all stem
chronologies and root zones are provided in Table 2.

3.2. Radial growth changes in roots

All root samples were characterized by a high number of missing and
wedging rings (Fig. 5). The vast majority (i.e., 87%) of roots from the
buried zone did not present a complete series of radial growth, i.e., had
either missing or wedging rings. Moreover, except for four samples, all
roots from the buried zone had missing rings. None of the root samples
from the transition zone was characterized by a complete series of radial
growth. Whereas in the trampling zone ca. 50% roots showed complete
radial growth series. No missing rings were encountered in the exposed
lateral roots, whereas all branches of lateral roots had missing rings with
a mean number of 10% and there were no statistical differences in mean
missing ring number between second- and third-order roots (p = 0.755)
(Fig. 5b). The highest mean number of missing rings was observed in
roots from the transition zone (15.3%) and the lowest in roots from the
trampling zone (5.3%). The differences in mean number of missing rings
among the three root zones were statistically significant (Fy, 142 = 26.07,
p < 0.001). It was calculated that if serial sectioning was not applied,
then the age of a single root sample could be underestimated by up to
27%. Especially numerous missing rings were recorded for the years
1982, 1994, 1996 and 2010. Almost 65% of missing rings were observed
after 1990 (Fig. 6b). Considering all root zones, only 30% of roots had no
missing rings and in 15% of roots the number of missing rings was above
20%.

The highest mean number of wedging rings was detected in the
exposed root samples from the trampling zone (72%), whereas the
lowest was observed in the buried roots (20.5%) (Fig. 5¢). Differences in
mean number of wedging rings among three root zones were statistically
significant (Fo, 142 = 59.19, p < 0.001). In 13% of exposed roots from the
trampling zone, the number of wedging rings equalled 100%. Only in
10% of exposed roots in this zone was the number of wedging rings
observed to be < 50%. Considering all root zones, the lowest number of
wedging rings observed in a single root was 9.3%. However, in the
trampling zone there were no statistical differences in the mean number
of wedging rings between second- and third-order roots (p = 0.714)
(Fig. 5d).

3.3. Wood anatomical changes in roots

In total, 245 scars and 312 PRDs were detected in all root zones.
Specifically, 84% (i.e., 208) of scars and 85% (i.e., 262) of PRDs were
recognized in the trampling zone (Fig. 6 d). Over 50% of PRDs and scars
recognized in this zone were found in the exposed first-order roots.

In the transition zone, 16% (i.e., 37) of scars and 15% (i.e., 50) of
PRDs were identified in the roots (Fig. 6¢, d). Interestingly, no scars or
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Table 2
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Descriptive statistics of residual Pinus sylvestris stem chronologies from the reference (REF), and the trampling site (PRES) together with root chronologies from buried
(C zone), transition (B zone), trampling (A zone) and the reference (REF root) root zones in Brodnica Lakeland (NE Poland).

Tree Root
CHRONOLOGY ID REFERENCE SITE PRESSURE SITE BURIED ZONE TRANSITION ZONE TRAMPLING ZONE REF ROOT
(REF) (PRES) © (B) (A)
CHRONOLOGY LENGTH 1951-2015 1951-2015 1956-2015 1959-2015 1963-2015 1956-2015
MEAN AGE [YRS] 59.7 57.8 47.9 39.0 34.3 46.5
MEAN RING WIDTH [mm] 3.68 2.82 0.31 0.35 0.84 0.34
NUMBER OF SAMPLES 45 42 31 26 88 19
NUMBER OF RADII 104 138 164 124 512 86
INTER SERIES CORRELATION (Rbar) 0.501 0.565 0.481 0.388 0.392 0.666
EXPRESSED POPULATION SIGNAL 0.967 0.977 0.944 0.931 0.952 0.925
(EPS)
STANDARD DEVIATION RWI (SD) 0.242 0.191 0.438 0.516 0.555 0.283
MEAN SENSITIVITY (MS) 0.212 0.208 0.534 0.629 0.687 0.391
SIGNAL TO NOISE RATIO (SNR) 5.345 6.332 16.908 13.275 19.834 10.804
FIRST-ORDER AUTOCORRELATION 0.369 0.103 0.033 0.025 0.047 0.133
(AC1)
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Fig. 5. Percentage of missing rings (a) and wedging rings (c) in trampling (A
zone), transition (B zone) and buried root zones (C zone) supplemented with
root age distribution (e). For the trampling zone only, the percentage of
wedging rings (b), missing rings (d) and root age distribution (f) are presented
in relation to the root order type. Mean values are represented by red diamonds.
All differences in means, despite two indicated cases (i.e., b and d), were sta-
tistically significant (Tukey’s post-hoc test).

PRDs were recognized in the roots from the buried zone (C zone). Over
50% of scars and PRDs were recorded for the period 2001-2010, i.e.,
during the time when 56% of roots were exposed (Fig. 6¢, d).

In total, 17 events of root exposure (EREs) were recognized in the 88
exposed root samples from the trampling zone (Fig. 6a). Additionally, it
was revealed that most of the analysed root exposures were attributed to
the late-earlywood zone (i.e., 84% roots). The years of root exposure
events were significantly correlated with the years of PRDs occurrences
(r = 0.52, p < 0.001) and the years of scars formation (r = 0.51, p <
0.001). In addition, a significant correlation was found between the
occurrences of PRDs and scars in exposed roots (from the trampling
zone) (r = 0.73, p < 0.001). Moreover, a significant positive relationship
was obtained between the occurrence of PRDs in the exposed lateral
roots and the occurrences of missing rings in the exposed root branches
from the trampling zone (i.e., in the second- and third-order roots) (r =
0.39, p < 0.05).

3.4. Radial growth comparison between roots and stems

The high number of root samples obtained via serial sectioning, and
the thorough cross-dating process that was performed, allowed us to
establish three root chronologies representing the radial growth patterns
of the exposed, transition, and buried roots zones (Fig. 4a, b). They
covered the period 1956-2015, 1959-2015, and 1963-2015, respec-
tively, while both stem chronologies of P. sylvestris from the reference
site (REF) and from the trampling site (PRES) covered the period
1951-2015 (Fig. 3). In addition, the reference root chronology was
established and covered the period 1956-2015 (REF root, Fig. 4).
Descriptive statistics for all stem and root chronologies are provided in
Table 2.

The results revealed high variations in mean ring widths between
root and stem chronologies, as well among root chronologies (Fig. 4). .
The highest correlation between the raw stem and root chronologies was
found for the reference root chronology (r = 0.72, p < 0.001) (Fig. 4).
Among three root zones the highest correlation between the raw stem
and root chronologies was found for the trampling zone (r = 0.69, p <
0.001). The lowest mean correlation between individual root and stem
was observed in the transition zone (r = 0.44, p = 0.001), whereas the
highest in the trampling zone (r = 0.53, p < 0.001). For the exposed
lateral roots specifically, the mean root-stem RGC was r = 0.59 (p <
0.001). Only 9% of the exposed lateral roots were not significantly
correlated with the stem. In contrast, the mean correlation coefficient
between the stem and branches of lateral roots was r = 0.39 (p < 0.05).
Around 50% of these roots (i.e., second- and third-order roots) were not
significantly correlated with the stem.
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Fig. 6. Frequency of events of root exposure (ERE; a), missing rings (b), scars (c), and pronounced resin ducts (PRDs; d) in the trampling root zone (pink bars), the

transition root zone (blue bars) and the buried root zone (green bars).

3.5. Impact of environmental factors on root-stem RGC

The multiple stepwise regression analysis revealed a set of exclusive
environmental factors affecting the root-stem RGC in the three root
zones. Among nine predictors included in the candidate model for the
trampling zone (Table 3), four were used in the final model. For the
trampling zone root-stem RGC was determined primarily by root type
(77.3%) and root age (17.4%) (Table 3), whereas the highest proportion
of variance in the model for the buried zone was explained by the soil
organic matter content (55.4%) and soil compaction (39.7%). In
contrast, the variables used in the final model for the transition zone
were not found to be reliable predictors of root-stem RGC (Table 3). The
final model for the trampling and buried zones explained 63.0% and
66.8% of the variance in stem-root RGC, respectively.

4. Discussion

4.1. Discrepancies in root radial growth and wood anatomy due to
trampling

Stepwise cross-dating of the P. sylvestris roots subjected to trampling
pressure revealed high discrepancies in the number and width of annual
growth rings between the selected root zones. The wedging rings were
found to be most frequent in the exposed lateral (i.e., first-order) roots
from the trampling zone (Fig. 5d). In contrast to these findings, the study
of Montagnoli et al. (2019) on Pinus ponderosa detected the highest
occurrence of discontinuous rings in the second-order roots, but they did
not consider the exposed roots subjected to trampling. Moreover, we
identified that the total number of wedging rings, and thus the root
eccentricity, increases along with the distance from the stem. Similar
findings were previously reported by Krause and Morin (1995) in non-
trampled roots of Picea mariana. Due to the lack of quantitative
studies conducted on tree roots subjected to trampling, the direct com-
parison of our results with other trampled roots is remains limited.

Table 3

Final model results for the buried, transition and trampling root zones. Param-
eter estimates () are presented with the associated 95% confidence intervals
(derived from 1000 bootstrap iterations), t-test statistics and p-values. The
response variable in each model is represented by the Pearson’s correlation
coefficients computed between standardized root vs. stem radial growth, i.e.,
root-stem RGC. A full list of the predictors with descriptions is presented in the
Supplementary Material, Table S1; n roots represents the number of observa-
tions for each root zone. Significant values are marked in bold.

Root zone R? Adj Parameter B t P
[n roots] R?
Trampling 0.63 0.61 Intercept -1.05 —-0.99 0.32
zone (A [-3.18:1.08]
zone) AGE 0.69 2.41 0.02
[n =88] [0.11:1.26]
TRAIL —0.38 —1.43 0.16
[-0.92:0.15]
TYP —0.37 —-7.10 0.00
[—0.48:-0.27]
Buried zone 0.67 0.61 Intercept —1.37 [-1.66:- -9.97 0.00
(C zone) 1.08]
[n = 31] DIST 0.00 1.50 0.15
[—0.00:0.00]
COM 0.07 2.71 0.01
[0.02:0.11]
ORG 0.13 3.54 0.00
[0.05:0.20]
Transition 0.22 0.15 Intercept —-1.21 [-2.17:- —2.67 0.01
zone (B 2.75]
zone) DIST —0.00 —2.03 0.06
[n = 26] [—0.00:1.09]
BULK 0.51 1.56 0.13
[-0.17:1.19]

Abbreviations: root age (AGE), hiking trail width (TRAIL), type of lateral root i.
e., first-, second- or third-order root (TYPE), distance between collected root
sample and stem base (DIST), soil compaction (COM), soil organic matter con-
tent (ORG), soil bulk density (BULK).
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The mechanism responsible for the common formation of discon-
tinuous rings in the roots is not well known. We hypothesize that the
highest number of wedging rings recognized in the trampling zone re-
sults from the discontinuation of cambial activity along the root
circumference caused by mechanical pressure induced by trampling.
Moreover, this pressure usually intensifies in the peak growing season
and co-occurs with the peak impact of trampling. Unfortunately, a lack
of long-term data on a hiking traffic inhibits direct comparison with root
radial growth time-series. The negative effect of continuous mechanical
pressure within the trampling zone might be highlighted by the fact that
in 13% of the exposed roots the number of wedging rings equalled
100%. It was previously described (LaMarche, 1963; Gartner, 2007) that
continuous mechanical stress leads to changed distribution of photo-
synthates and growth hormones (auxin) (Forest et al., 2006), and in-
tensifies the radial growth of roots in the downward part of the roots’
cross-section, an area which is protected and often unexposed. Addi-
tionally, for 13% of the exposed roots in our study the root centre was
eroded, which is considered as the most extreme effect of the mechanical
impact of trampling.

Missing rings were encountered in all three root zones, except for the
exposed lateral roots in the trampling zone. In contrast, all branches of
lateral roots in the trampling zone (i.e., second- and third-order roots)
showed a high number of missing rings (Fig. 5b). Interestingly, the
occurrence of missing rings in the branches of lateral roots (i.e., second-
and third-order roots) was positively correlated with the occurrence of
PRDs in the lateral roots (i.e., first-order roots). This suggests that re-
sources might be very limited in the years when formation of PRDs oc-
curs in the first-order roots, and as a result radial growth in the branches
of lateral roots ceases during the years when the mechanical pressure is
high. The first occurrences of scars and PRDs were recognized in the
exposed roots in the early 1970s, which synchronize with the reduction
of radial growth observed in the stem. However, the highest amount of
both (i.e., PRDs and scars) was found after 1990, i.e., in the period where
almost 65% of missing rings were detected in all three root zones. This
was the period when tourist traffic in the study area was the most intense
(Matulewski, 2018). Indeed, trampling induces common root exposure
and mechanical injuries that eventually lead to abrasion and scar for-
mation (Pelfini and Santilli, 2006; Buchwat and Wronska-Watach, 2008;
Buchwat, 2009). As Carrara and Carrol (1979) emphasized, dating of
abrasion scars from the roots may indicate the time of the root exposure.
A high correlation between the years of root exposure and the years of
the formation of both scars and PRDs was observed for most of the roots
in our study (Fig. 6). This indicates the high sensitivity of P. sylvestris
roots to trampling pressure. Moreover, our study showed that stem
growth might be affected by root exposure. Specifically, it was observed
that radial growth reduction in the tree stems corresponded to an in-
crease in events of root exposure (EREs), as well as to an increased
frequency of the formation of scars and PRDs in the roots. Thus, in line
with the results of Krause and Morin (1999a), we confirmed that roots’
radial growth and wood anatomy can serve as ecologically sensitive
indicators of environmental changes, including the impact of trampling.

Trampling activity, together with natural geomorphic processes,
induces active soil loss within the root systems. This leads to common
root exposure and changes in the intensity of the exposure processes
over time (Bodoque et al., 2005). This fact was confirmed in our study as
we observed 17 EREs in the trampling zone (Fig. 6a), where over 50% of
root exposures occurred after the year 2000. After root exposure,
increased ring widths were observed in each exposed root time-series,
which is in accordance with previous studies (Alestalo, 1971; Carrara
and Carroll, 1979; Gartner, 2003, 2007; Rubiales et al., 2008; Wronska-
Watach, 2009, 2014). Fayle (1968) emphasized that the radial growth
changes along the root length depend on root age and soil conditions. On
the other hand, Krause and Morin (1995) indicated that the maximum
radial increments always occurred in the roots located close to the tree
stem. However, none of these studies investigated roots subjected to
trampling. This is in contrast to our study, where the largest tree rings
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were recognized primarily in the exposed root zones, located away from
the stem along the hiking trail. Increased tree ring widths were related to
an increased percentage of latewood that was observed in all exposed
roots (A zone). In fact, in most of these roots compression wood was
observed, although this was not quantified in this study.

The domination of latewood cells in exposed roots indicates the
increased importance of the mechanical function of these roots. Addi-
tionally, as a result of more wood being allocated in the exposed roots,
missing rings were not present in the first-order roots. Root exposure
associated with trampling modifies the habitat conditions and stimu-
lates the deeper development of roots (Pelfini and Santilli, 2006). Once a
root gets exposed, its mechanical function dominates over the conduc-
tion of water and nutrients, and as a consequence, the frequency of
radial growth irregularities increases (Fayle, 1968; Pérez-Rodriguez
et al., 2007). In addition, root exposure associated with a decrease in the
lumen area of earlywood cells modifies the hydraulic properties of the
roots, and potentially decreases water conductance from the roots to the
stem (Matulewski et al., 2019). This might lead to overall tree growth
constraints, which were shown in our study in the reduction of stem
growth right at the time of common root exposure.

4.2. Root-stem RGC

Although the roots in all three zones exhibited growth irregularities,
a high correlation between the radial growth of stem and roots was
detected. In previous dendroecological studies, the synchrony in radial
growth between roots and stems was mainly observed in the root sec-
tions that were located close to the stem, i.e., at a distance of <0.4 m
from the stem (Schulman, 1945; Fayle, 1968; Krause and Morin, 1995,
1999b; Rybnicek et al., 2007). According to Rybnicek et al. (2007),
coherency in Scots pine radial growth was not found for the root samples
that were located further away from the tree stem, in which many
indistinct tree-ring boundaries and potentially false rings were recog-
nized. In our study we did not encounter such constraints, including
trampled and non-trampled roots.

Multiple regression models revealed that a diverse set of variables
explained the root-stem RGC. Moreover, there was no single variable
that significantly affected the root-stem RGC in all root zones. Instead,
two sets of predictors from two different groups (Table 3) explained the
root-stem RGC in the trampling and the buried zones, while no signifi-
cant predictors were found for the transition zone. Root type and root
age were determined as the most reliable predictors of the root-stem
RGC in the trampling zone (Table 3). This highlights that, despite
more advanced age, exposed lateral roots exhibit higher correlation with
the stem growth than the branches of lateral roots. Previous studies
revealed, under experimental work, that increased light intensity stim-
ulates the formation and elongation of P. sylvestris lateral roots (Mich-
niewicz and Stopinska, 1980a, 1980b). An exposed root is therefore, like
the tree stem, probably more affected by external factors such as air
temperature or rainfall (Fayle, 1968). The main lateral roots are char-
acterized by an active cambium, while the branches of lateral roots are
characterized by limited secondary growth (Hejnowicz, 1973). This
could be a reason why in our study the branches of lateral roots showed
the highest irregularity of radial growth, as manifested by numerous
missing rings. Additionally, the fact that mechanical strength is required
for the exposed roots and both wider rings and increased latewood zones
are formed in these roots, leads us to hypothesize that a lack of resources
might induce common growth constraints in the branches of exposed
lateral roots.

In contrast, the final model for the buried zone revealed the impor-
tance of the soil organic matter content and soil compaction in root-stem
RGC. The overall proportion of variance explained by the model for the
buried zone was similar to that of the model established for the tram-
pling zone, but none of the predictors had comparable importance in
both models. The model results for the buried zone emphasized the
importance of soil properties, whereas for the trampling zone they
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highlighted the predictors related to the root characteristics (Table 1).
Such contrasting results indicate the important changes in root habitat
conditions between the buried and trampling zones, and imply a pro-
nounced impact of trampling on root radial growth. The nonsignificant
effects of predictors related to soil properties in the trampling zone
indicate that the growth of trampled roots is more sensitive to climatic
conditions and human impact rather than to soil habitat conditions.

In the buried zone, increased soil organic matter content promoted
the radial growth of roots, as expected in a natural root habitat (Sands
et al., 1979). The average soil organic matter content in the buried zone
was 13% higher than in the trampling zone. In contrast, mean soil
compaction in the buried zone was three times lower than in the tram-
pling zone (Matulewski et al., 2019). Nevertheless, the positive effect of
soil compaction revealed for the buried zone suggests that buried roots
might not be limited by moisture availability. In fact, the roots from the
buried zone were located at a relatively close distance to the stem (ca.
1.7 m), and thus active water uptake might be of less importance in these
roots compared to the roots located at a further distance from the stem.
Furthermore, higher soil compaction in the buried zone was positively
correlated with decreased soil moisture (Fig. 7), which might imply
more stable thermal conditions in less porous soils and thus more
favourable conditions for root radial growth. Generally, water content
was found to have a greater impact on pine root growth than soil
compaction (Blouin et al., 2008). In another pine study (Sands et al.,
1979) soil compaction was found to reduce soil porosity but had little
effect on the water storage capacity. In addition, previous studies con-
ducted on ponderosa pine seedlings (Gomez et al., 2002) revealed that
the effect of higher soil compaction on stem radial growth is not always
detrimental, and depends strongly on soil texture. Therefore, further
investigations will be needed to better explain the radial growth of pine
roots in relation to variable soil characteristics and the duration of
spring rehydration (cf. Turcotte et al., 2011) along the root length and
across various root zones.

5. Conclusions

The study revealed several lines of evidence for the impact of
trampling on Scots pine root growth and wood anatomy. High discrep-
ancies in the wood anatomy between trampled and non-trampled roots
were found. The largest variation in ring widths was determined for
lateral exposed roots subjected to trampling along the hiking trail. In the
roots exposed on a hiking trail we have observed a sequential transition
in the roots’ radial growth supplemented by changes in the wood
anatomy. First, the widest rings were formed, right at the time when the
root became exposed. Root exposure events were often associated with
scars and PRDs formation, and their occurrence became more common
in the following years. Years of PRDs formation in the first-order roots
were associated with missing ring formation in the second- and third-
order roots. This sequence in radial growth and wood anatomy
changes observed in trampled roots mirrors the gradual transition in the
root function associated with constant mechanical stress induced by
trampling. In such roots water conduction and the transport of nutrients
seem to be of less importance, and the role of these roots is more related
to stabilization and maintenance of the remaining part of the root
system.

High discrepancies between the different parts of the root i.e.,
trampled and non-trampled zones, were visible in root-stem RGC.
Interestingly, the models for the trampling zone revealed the highest
importance of root type and root age on root-stem RGC. In contrast, the
highest importance of soil properties, i.e., soil organic matter content
and soil compaction on root-stem RGC, was found for the buried zone.
Such opposing results indicate key changes in root habitat conditions
induced by trampling. Hence, the study demonstrated the important role
of tree roots as ecological indicators, documenting changes in the
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Fig. 7. Linear relationships between soil compaction and soil moisture for roots
located in: (a) the buried (n = 20), (b) transition (n = 16) and (c) trampling root
zones (n = 39). Significant relationships are marked in bold.

ecosystem such as the impact of trampling recorded at annual resolution
of root growth rings.

Overall, it has been proved that the record of radial growth and wood
anatomy changes in Scots pine roots serve as a valuable ecological
archive of trampling impact with high temporal resolution. Therefore,
our results can be helpful to park and forest managers, who are
responsible for the preservation of natural conditions for tree growth
and meeting the recreational demand for hiking trails in forested low-
land areas.



P. Matulewski et al.
CRediT authorship contribution statement

P. Matulewski: Conceptualization, Methodology, Formal analysis,
Investigation, Data curation, Visualization, Writing - original draft,
Writing - review & editing, Funding acquisition. A. Buchwal: Concep-
tualization, Supervision, Methodology, Formal analysis, Visualization,
Writing - review & editing. A. Zielonka: Methodology, Visualization,
Writing - review & editing. D. Wronska-Watach: Methodology. K.
Cufar: Writing - review & editing. H. Gértner: Conceptualization,
Methodology, Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors would like to thank Dr. Marian Tomon, the director of
Brodnica Landscape Park, and Brodnica Forest District for providing the
permission for dendrochronological sampling.

The work that lead to this paper was supported by ‘UAM: Unikatowy
Absolwent = Mozliwosci’ and ERASMUS + fellowships.

We would like to thank both reviewers for their insightful comments
on the manuscript, as these comments led to an improvement of the
work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2020.107095.

References

Alestalo, J., 1971. Dendrochronological interpretation of geomorphic processes. Fennia.
Soc. Geog. Fennia 105, 1-140.

Amoroso, M.M., Daniels, L.D., Baker, P.J., Camarero, J.J., 2017. Dendroecology: Tree-
Ring Analyses Applied to Ecological Studies; Ecological Studies Analysis and
Synthesis; Springer: Berlin/Heidelberg, Germany, 2017; Volume 231.

Ballesteros-Canovas, J.A., Bodoque, J.M., Lucia, A., Martin-Duque, J.F., Diez-Herrero, A.,
Ruiz-Villanueva, V., Rubiales, J.M., Genova, M., 2013. Dendrogeomorphology in
badlands: methods, case studies and prospects. Catena 106, 113-122. https://doi.
org/10.1016/j.catena.2012.08.009.

Ballesteros-Céanovas, J.A., Corona, C., Stoffel, M., Lucia-Vela, A., Bodoque, J.M., 2015.
Combining terrestrial laser scanning and root exposure to estimate erosion rates.
Plant Soil 394 (1-2), 127-137.

Blouin, V.M., Schmidt, M.G., Bulmer, C.E., Krzic, M., 2008. Effects of compaction and
water content on lodgepole pine seedling growth. For. Ecol. Manage. 255,
2444-2452. https://doi.org/10.1016/j.foreco.2008.01.008.

Bodoque, J.M., Diez-Herrero, A., Martin-Duque, J.F., Rubiales, J.M., Godfrey, A.,
Pedraza, J., Carrasco, R.M., Sanz, M.A., 2005. Sheet erosion rates determined by
using dendrogeomorphological analysis of exposed tree roots: two examples from
Central Spain. Catena 64, 81-102. https://doi.org/10.1016/j.catena.2005.08.002.

Bodoque, J.M., Lucia, A., Ballesteros, J.A., Martin-Duque, J.F., Rubiales, J.M.,

Genova, M., 2011. Measuring medium-term sheet erosion in gullies from trees: a case
study using dendrogeomorphological analysis of exposed pine roots in central.
Geomorphology 134 (3-4), 417-425. https://doi.org/10.1016/j.
geomorph.2011.07.016.

Bodoque, J.M., Ballesteros-Canovas, J.A., Rubiales, J.M., Perucha, M.A., Nadal-
Romero, E., Stoffel, M., 2017. Quantifying soil erosion from hiking trail in a
protected natural area in the Spanish Pyrenees. Land Degrad. Dev. 28 (7),
2255-2267. https://doi.org/10.1002/1dr.2755.

Buchwat, A., Wronska-Watach, D., 2008. Zapis denudacji naturalnej i antropogenicznej w
odstonigtych korzeniach swierka (Picea abies) (Karpaty fliszowe). Landform Analysis
9, 33-36.

Buchwat, A., 2009. Dendrogeomorphological records of trail erosion, In: Kaczka, R.,
Malik, I., Owczarek, P., Gartner, H., Heinrich, 1., Helle, G., Schleser, G. (Eds.),
TRACE-Tree Rings in Archaeology, Climatology and Ecology 7, pp. 166-170.

Bunn, A.G., 2008. A dendrochronology program library in R (dpIR). Dendrochronologia
26, 115-124. https://doi.org/10.1016/j.dendro.2008.01.002.

Carrara, P.E., Carroll, T.R., 1979. The determination of erosion rates from exposed tree
roots in the piceance basin, Colorado. Earth Surface Process. 4, 307-317. https://
doi.org/10.1002/esp.3290040402.

12

Ecological Indicators 121 (2021) 107095

Ciapata, S., Adamski, P., Zielonka, T., 2014. Tree ring analysis as an indicator of
environmental changes caused by tourist trampling - a potential method for the
assessment of the impact of tourists. Geochronometria 41, 392-399. https://doi.org/
10.2478/513386-013-0170-1.

Cole, D.N., 2004. Environmental impacts of outdoor recreation in wildlands. In:
Manfredo, M.J., Vaske, J.J., Bruyere, B.L., Field, D.R., Brown, P.J. (Eds.), Society and
Natural Resources: a Summary of Knowledge. Modern Litho, Jefferson, MO,
pp. 107-116.

Corona, C., Lopez Saez, J., Rovéra, G., Stoffel, M., Astrade, L., Berger, F., 2011. High
resolution, quantitative reconstruction of erosion rates based on anatomical changes
in exposed roots at Draix, Alpes de Haute-Provence - critical review of existing
approaches and independent quality control of results. Geomorphology 125,
433-444. https://doi.org/10.1016/j.geomorph.2010.10.030.

Coutts, M.P., 1983. Root architecture and tree stability. Plant Soil 71, 171-188. https://
doi.org/10.1007/bf02182653.

Coutts, M.P., 1987. Developmental processes in tree root systems. Can. J. For. Res. 17,
761-767. https://doi.org/10.1139/x87-122.

Dadkhah, M., Gifford, G.F., 1980. Influence of vegetation, rock cover, and trampling on
infiltration rates and sediment production. Water Resour. Bull. 16 (6), 979-986.
https://doi.org/10.1111/j.1752-1688.1980.tb02537 .x.

Bank Danych o Lasach, 2019. Opis taksacyjny drzewostanu, https://www.bdl.lasy.gov.
pl/portal/mapy/ (accessed 4 February 2020).

Fantucci, R., 2007. Dendrogeomorphological analysis of shore erosion along Bolsena lake
(Central Italy). Dendrochronologia 24, 69-78. https://doi.org/10.1016/j.
dendro.2006.11.002.

Fayle, D.C.F., 1975a. Extension and longitudinal growth during the development of red
pine root systems. Can. J. For. Res. 5 (1), 109-121. https://doi.org/10.1139/x75-
016.

Fayle, D.C.F., 1975b. Distribution of radial growth during the development of red pine
root systems. Can. J. For. Res. 5 (4), 608-625. https://doi.org/10.1139/x75-088.

Fayle, D.C.F,, Farrar, J.L., 1965. A note on the polar transport of exogenous auxin in
woody root cuttings. Canad. J. Botany 43 (8), 1004-1007. https://doi.org/10.1139/
b65-115.

Fayle, D.C.F., 1968. Radial growth in tree roots, in: Technical Report No. 9. Faculty of
Forestry, Univ., Toronto, pp. 183.

Forest, L., Padilla, F., Martinez, S., Demongeot, J., San Martin, J., 2006. Modelling of
auxin transport affected by gravity and differential radial growth. J. Theor. Biol. 241
(2), 241-251. https://doi.org/10.1016/j.jtbi.2005.11.029.

Fritts, H.C., 1976. Tree-Rings and Climate. Academic Press London, p. 567.

Gartner, H., 2003. Holzanatomische Analyse diagnostischer Merkmale einer
Freilegungsreaktion in Jahrringen von Koniferenwurzeln zur Rekonstruktion
geomorphologischer Prozesse. Diss. Bot. 378.

Gdrtner, H., 2007. Tree roots-methodological review and new development in dating and
quantifying erosive processes. Geomorphology 86 (3-4), 243-251. https://doi.org/
10.1016/j.geomorph.2006.09.001.

Gartner, H., Schweingruber, F.H., Dikau, R., 2001. Determination of erosion rates by
analyzing structural changes in the growth pattern of exposed roots.
Dendrochronologia 19, 81-91.

Gartner, H., Schweingruber, F.H., 2013. Microscopic Preparation Techniques for Plant
Stem Analysis. Swiss Federal Research Institute WSL, Birmensdorf.

Gartner, H., Lucchinetti, S., Schweingruber, F.H., 2014. New perspectives for wood
anatomical analysis in dendrosciences: the GSL1-microtome. Dendrochronologia 32,
47-51. https://doi.org/10.1016/j.dendro.2013.07.002.

Gomez, A., Powers, R.F., Singer, M.J., Horwath, W.R., 2002. Soil compaction effects on
growth of young ponderosa pine following litter removal in California’s Sierra
Nevada. Soil Sci. Soc. Am. J. 66 (4), 1334. https://doi.org/10.2136/ss5aj2002.1334.

Grissino-Mayer, H.D., 2002. Dendrochronology. In: Encyclopedia of Science and
Technology, 9th ed. McGraw-Hill Professional Publishing Group, New York City, NY,
pp. 352-356.

Grissino-Mayer, H.D., 2001. Evaluating cross dating accuracy: a manual and tutorial for
the computer program COFECHA. Tree-Ring Res 57, 205-221. https://doi.org/
10150/251654.

Groemping, U., 2006. Relative Importance for Linear Regression in R: The Package
relaimpo. J. Stat. Softw. 17 (1).

Hejnowicz, Z., 1973. Anatomia Rozwojowa Drzew. PWN, Warszawa.

Hitz, O.M., Gartner, H., Heinrich, I., Monbaron, M., 2008. Application of ash (Fraxinus
excelsior L.) roots to determine erosion rates in mountain torrents. Catena 72 (2),
248-258. https://doi.org/10.1016/j.catena.2007.05.008.

Holmes, R.L., 1983. Computer-assisted quality control in tree-ring dating and
measurement. Tree-Ring Bull. 43, 69-77. https://doi.org/10150/261223.

1USS Working Group WRB, 2014. World Reference Base for Soil Resources 2014.
International Soil Classification System for Naming Soils and Creating Legends for
Soil Maps, World Soil Resources Reports No. 106. FAO, Rome.

Kidron, G.J., 2016. Goat trampling affects plant establishment, runoff and sediment
yields over crusted dunes. Hydrol. Process. 30 (13), 2237-2246. https://doi.org/
10.1002/hyp.10794.

Kojima, T., Saito, K., Kakai, T., Obata, Y., Saigusa, T., 1971. Circularity ratio. A certain
quantitative expression for the circularity of a round figure. Okajimas Folia Anat.
Jpn. 48 (2), 153-161.

Kolishchuk, V., 1990. Dendroclimatological study of prostrate woody plant. In: Cook, E.
R., Kairiukstis, L.A. (Eds.), Methods of Dendrochronology: Applications in the
Environmental Sciences. Kluwer Academic Publ, Dordrecht, pp. 51-55.

Koprowski, M., Duncker, P., 2012. Tree ring width and wood density as the indicators of
climatic factors and insect outbreaks affecting spruce growth. Ecol. Ind. 23,
332-337. https://doi.org/10.1016/j.ecolind.2012.04.007.


https://doi.org/10.1016/j.ecolind.2020.107095
https://doi.org/10.1016/j.ecolind.2020.107095
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0005
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0005
https://doi.org/10.1016/j.catena.2012.08.009
https://doi.org/10.1016/j.catena.2012.08.009
https://doi.org/10.1016/j.foreco.2008.01.008
https://doi.org/10.1016/j.catena.2005.08.002
https://doi.org/10.1016/j.geomorph.2011.07.016
https://doi.org/10.1016/j.geomorph.2011.07.016
https://doi.org/10.1002/ldr.2755
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0050
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0050
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0050
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1002/esp.3290040402
https://doi.org/10.1002/esp.3290040402
https://doi.org/10.2478/s13386-013-0170-1
https://doi.org/10.2478/s13386-013-0170-1
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0075
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0075
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0075
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0075
https://doi.org/10.1016/j.geomorph.2010.10.030
https://doi.org/10.1007/bf02182653
https://doi.org/10.1007/bf02182653
https://doi.org/10.1139/x87-122
https://doi.org/10.1111/j.1752-1688.1980.tb02537.x
https://doi.org/10.1016/j.dendro.2006.11.002
https://doi.org/10.1016/j.dendro.2006.11.002
https://doi.org/10.1139/x75-016
https://doi.org/10.1139/x75-016
https://doi.org/10.1139/x75-088
https://doi.org/10.1139/b65-115
https://doi.org/10.1139/b65-115
https://doi.org/10.1016/j.jtbi.2005.11.029
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0135
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0140
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0140
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0140
https://doi.org/10.1016/j.geomorph.2006.09.001
https://doi.org/10.1016/j.geomorph.2006.09.001
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0150
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0150
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0150
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0155
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0155
https://doi.org/10.1016/j.dendro.2013.07.002
https://doi.org/10.2136/sssaj2002.1334
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0175
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0175
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0175
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0185
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0185
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0190
https://doi.org/10.1016/j.catena.2007.05.008
https://doi.org/10.1002/hyp.10794
https://doi.org/10.1002/hyp.10794
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0215
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0215
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0215
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0220
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0220
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0220
https://doi.org/10.1016/j.ecolind.2012.04.007

P. Matulewski et al.

Koprowski, M., Okonski, B., Gricar, J., Puchatka, R., 2019. Streamflow as an ecological
factor influencing radial growth of European ash (Fraxinus excelsior (L.)). Ecol. Ind.
85, 390-399. https://doi.org/10.1016/j.ecolind.2017.09.051.

Krause, C., Eckstein, D., 1993. Dendrochronology of roots. Dendrochronologia 11, 9-23.

Krause, C., Morin, H., 1995. Changes in radial increment in stems and roots of balsam
spruce (Abies Balsamea L. Mill.) after defoliation by spruce budworm. Forest.
Chronicle 71 (6), 747-754. https://doi.org/10.5558/tfc71747-6.

Krause, C., Morin, H., 1999a. Root growth and absent rings in mature black spruce and
balsam fir, Quebec, Canada. Dendrochronologia 16-17, 21-35 http://refhub.
elsevier.com/S1125-7865(19)30135-3/sbref0250.

Krause, C., Morin, H., 1999b. Tree-ring patterns in stems and root systems of black spruce
(Picea mariana) caused by spruce budworms. Can. J. For. Res. 29, 1583-1591.
https://doi.org/10.1139/x99-138.

Krause, C., Morin, H., 2005. Adventive-root development in mature black spruce and
balsam fir in the boreal forests of Quebec, Canada. Canad. J. Forest Res. 35 (11),
2642-2654. https://doi.org/10.1139/X05-171.

Kuss, F.R., Graefe, A.R., 1985. Effects of recreation trampling on natural area vegetation.
J. Leisure Res. 17, 165-183. https://doi.org/10.1080,/00222216.1985.11969628.

LaMarche Jr., V.C., 1963. Origin and geologic significance of buttress roots of bristlecone
pines, White Mountains, California. U.S. Geological Survey Professional Paper 475C,
C149-C150.

Larson, P.R., 1956. Discontinuous growth rings in suppressed slash pine. Trop. Woods
104, 80-99.

Leung, Y., Marion, J.L., 2000. Recreation Impacts and Management in Wilderness: a
State-of-Knowledge Review, vol. 5. USDA Forest Service, pp. 23-48.

Lindeman, R.H., Merenda, P.F., Gold, R.Z., 1980. Introduction to bivariate and
multivariate analysis. J. Am. Stat. Assoc. 76 (375), 752. https://doi.org/10.2307/
2287559.

Lopez Saez, J., Corona, C., Stoffel, M., Rovéra, G., Astrade, L., Bérgér, F., 2011. Mapping
of erosion rates in marly badlands based on coupling of anatomical changes in
exposed roots with slope maps derived from LIDAR data. Earth Surface Process.
Landf. 36 (9), 1162-1171. https://doi.org/10.1002/esp.2141.

Lumley, T., 2020. Package ‘Leaps’- R. Version 3.1.

Lyford, W.H., Wilson, B.F., 1964. Development of the roots system of Acer rubrum L.
Harvard Forest Paper 10, 1-17.

Maleval, V., Astrade, L., 2003. Shoreline erosion on an artificial lake after its flooding:
the quantification and chronology of lakeshore erosion on the Saint-Pardoux lake
(Limousin, France). J. Aline Res. 91 (1), 29-40. https://doi.org/10.3406/
rga.2003.2228.

Malik, I., 2008. Dating of small gully formation and establishing erosion rate in old
gullies under forest by means of anatomical changes in expose tree roots (Southern
Poland). Geomorphology 93 (3-4), 421-436. https://doi.org/10.1016/j.
geomorph.2007.03.007.

Marion, J.L., Olive, N., 2006. Assessing and Understanding Trail Degradation: Results
From Big South Fork National River and Recreational Area. National Park Service,
Final Research Report. U.S. Department of the Interior, U.S. Geological Survey 84 pp.

Matulewski, P., 2018. Impact of Human-Induced Denudation on Radial Growth and
Wood Anatomy of the Scots Pine (Pinus sylvestris L.) Roots. Case Study From the
Brodnica Lakeland. PhD Thesis. Adam Mickiewicz University in Poznan.

Matulewski, P., Buchwat, A., Makohonienko, M., 2019. Higher climatic sensitivity of
Scots pine (Pinus sylvestris L.) subjected to tourist pressure on a hiking trail in the
Brodnica Lakeland, NE Poland. Dendrochronologia 54, 78-86. https://doi.org/
10.1016/j.dendro.2019.02.008.

Michniewicz, M., Stopiniska, J., 1980a. The effect of potassium nutrition on growth and
on plant hormones content in Scots pine (Pinus sylvestris L.) seedlings. Acta Soc. Bot.
Pol. 49 (3), 235-244. https://doi.org/10.5586/asbp.1980.021.

Michniewicz, M., Stopinska, J., 1980b. The effect of nitrogen nutrition on growth and
plant on hormones content in Scots pine (Pinus sylvestris L.) seedlings grown under
light of different intensity. Acta Soc. Bot. Pol. 49 (2), 221-234. https://doi.org/
10.5586/asbp.1980.020.

Montagnoli, A., Terzaghi, M., Chiatante, D., Scippa, G.S., Lasserre, B., Dumroese, R.K.,
2019. Ongoing modifications to root system architecture of Pinus ponderosa growing
on a sloped site revealed by tree-ring analysis. Dendrochronologia 58, 125650.
https://doi.org/10.1016/j.dendro.2019.125650.

Morawska, M., 2012. Zapis erozji wawozowej w anatomii drewna w odstonigtych korzeni
drzew w Dolinie Bledzianki (Pojezierze Litewskie). Studia i Materiaty CEPL w
Rogowie 1 (30), 166-175.

Panshin, A.J., de Zeeuw, C., 1970. Textbook of Wood Technology, Volume 1: Structure,
Identification, Uses and Properties of the Commercial Woods of the United States
and Canada. McGraw-Hill, New York.

Pelfini, M., Santilli, M., 2006. Dendrogeomorphological analyses on exposed roots along
two mountain hiking trails in the Central Italian Alps. Geografiska Annaler: Series A
88A (3), 223-236. https://doi.org/10.1111/j.1468-0459.2006.00297 .x.

Pérez-Rodriguez, R., Marques, M.J., Bienes, R., 2007. Use of dendrochronological
method in Pinus halepensis to estimate the soil erosion in the South East of Madrid
(Spain). Sci. Total Environ. 378, 156-160. https://doi.org/10.1016/j.
scitotenv.2007.01.042.

Pescott, O.L., Stewart, G.B., 2014. Assessing the impact of human trampling on
vegetation: a systematic review and meta-analysis of experimental evidence. PeerJ 2,
e360. https://doi.org/10.7717/peerj.360.

Ecological Indicators 121 (2021) 107095

Peterson, B.G., Carl, P., Boudt, K., Bennett, R., Ulrich, J., Zivot, E., Cornilly, D., Hung, E.,
Lestel, M., Balkissoon, K., Wuertz, D., 2019. Package ‘PerformanceAnalytics’. R
Team Cooperation.

Pietola, L., Horn, R., Yli-Halla, M., 2005. Effects of trampling by cattle on the hydraulic
and mechanical properties of soil. Soil Tillage Res. 82, 99-108. https://doi.org/
10.1016/j.5til1.2004.08.004.

Polomski, J., Kuhn, N., 1998. Wurzelsysteme. Verlag Paul Haupt, Bern-Stuttgart-Wien.

Puwalski, K. (Ed.), 2007. Przyroda powiatu nowomiejskiego. Starostwo Powiatowe w
Nowym Miescie Lubawskim. Polskie Wydawnictwo Reklamowe 74 pp.

R Core Team, 2016. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, 1997-2018.

Rovéra, G., Lopez, Saez J., Corona, C., Stoffel, M., Beger, F., 2013. Preliminary
quantification of the erosion of sandy-gravelly cliffs on the island of Porquerolles
(Provence, France) through dendrogeomorphology, using exposed roots of Aleppo
pine (Pinus halepensis Mill.). Geografia Fisica e Dinamica Quaternaria 36 (1), 1-7.
https://doi.org/10.4461/GFDQ.2013.36.0.

Rubiales, J.M., Bodoque, J.M., Ballesteros, J.A., Diez-Herrero, A., 2008. Response of
Pinus sylvestris roots to sheet-erosion exposure: an anatomical approach. Nat.
Hazards Earth Syst. Sci. 8, 223-231. https://doi.org/10.5194/nhess-8-223-2008.

Rybnicek, M., Gryc, V., Vavricik, H., Horacek, P., 2007. Annual ring analysis of the root
system of Scots pine. Wood Res. 52 (3), 1-14.

Sands, R., Greacen, E.L., Gerard, C.J., 1979. Compaction of sandy soils in Radiata pine
forests. I. A penetrometer study. Aust. J. Soil Res. 17 (1), 101-113. https://doi.org/
10.1071/sr9790101.

Schulman, E., 1945. Root growth-rings and chronology. Tree-Ring Bull. 12 (1), 2-5.

Schweingruber, F.H., 1990. Microskopische holzanatomie anatomie microscopique du
bois. Microscopic Wood Anatomy. Swiss Federal Institute for Forest Snow and
Landscape Research, Birmensdorf.

Schweingruber, F.H., 1996. Tree Rings and Environment: Dendroecology. Berne,
Stuttgart, Vienna, Haupt., Birmensdorf. Swiss Federal Institute for Forest, Snow and
Landscape Research.

Scuderi, L.A., 2017. Quantification of long-term erosion rates from root exposure/tree
age relationships in an alpine meadow catchment. Geomorphology 283, 114-121.
https://doi.org/10.1016/j.geomorph.2017.01.029.

Shroder, J.F., 1980. Dendrogeomorphology: review and new techniques of tree-ring
dating. Prog. Phys. Geog. 4, 161-188. https://doi.org/10.1177/
030913338000400202.

Stoffel, M., 2008. Dating past geomorphic processes with tangential rows of traumatic
resin ducts. Dendrochronologia 26, 53-60. https://doi.org/10.1016/j.
dendro.2007.06.002.

Sun, D., Walsh, D., 1998. Review of studies on environmental impacts of recreation and
tourism in Australia. J. Environ. Manage. 53, 323-338. https://doi.org/10.1006/
jema.1998.0200.

Thibeault-Martel, M., Krause, C., Morin, H., Rossi, S., 2008. Cambial Activity and Intra
annual Xylem Formation in Roots and Stems of Abies balsamea and Picea mariana.
Ann. Bot. 102, 667-674. https://doi.org/10.1093/aob/men146.

Tomezyk, A., Ewertowski, M., 2013. Quantifying short-term surface changes on
recreational trails: The use of topographic surveys and ‘digital elevation models of
differences’ (DODs). Geomorphology 183, 58-72. https://doi.org/10.1016/j.
geomorph.2012.08.005.

Turcotte, A., Rossi, S., Deslauriers, A., Krause, C., Morin, H., 2011. Dynamics of depletion
and replenishment of water storage in stem and roots of black spruce measured by
dendrometers. Frontiers. Plant Sci. 2 (21), 1-8. https://doi.org/10.3389/
fpls.2011.00021.

Vandekerckhove, L., Muys, B., Poesen, J., De Weerdt, B., Coppé, N., 2001. A method for
dendrochronological assessment of medium-term gully erosion rates. Catena 45,
123-161. https://doi.org/10.1016/50341-8162(01)00142-4.

Vincent, M., Krause, C., Zhang, S.Y., 2009. Radial growth response of black spruce roots
and stems to commercial thinning in the boreal forest. Forestry 82 (5), 557-571.
https://doi.org/10.1093/forestry/cpp025.

Wei, T., and Simko, V., 2017. R package “corrplot™: Visualization of a Correlation Matrix
(Version 0.84).

Wronska-Watach, D., 2009. Dendrogeomorphological analysis of a headwater area in the
Gorce Mountains. Studia Geomorphol. Carphato-Balcanica 63, 97-114.

Wronska-Watach, D., 2014. Differing response to extreme rainfalls events in headwater
areas recorded by wood anatomy in roots (Gorce Mountains, Poland). Catena 118,
41-54. https://doi.org/10.1016/j.catena.2014.01.016.

Wronska-Watach, D., Gorczyca, E., Buchwal, A., Korpak, J., Sobucki, M.,

Watdykowski, P., 2012. Problemy metodyczne analizy dendrochronologicznej
proceséw erozyjnych w zlewniach gorskich. Studia i Materiaty CEPL w Rogowie 1
(30), 195-202.

Wronska-Watach, D., Zielonka, A., Sobucki, M., Oleszko, B., 2015. Longitudinal and
cross-sectional wood anatomy variability of vertical fir roots (Abies alba Mill.) as a
record of landslide processes? an example from the Carpathian foothills. TRACE 13,
102-109.

Wronska-Watach, D., Sobucki, M., Buchwal, A., Gorczyca, E., Korpak, J.,
Watdykowski, P., Gértner, H., 2016. Quantitative analysis of ring growth in spruce
roots and its application towards a more precise dating. Dendrochronologia 26,
61-71. https://doi.org/10.1016/j.dendro.2016.03.009.

13


https://doi.org/10.1016/j.ecolind.2017.09.051
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0235
https://doi.org/10.5558/tfc71747-6
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0245
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0245
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0245
https://doi.org/10.1139/x99-138
https://doi.org/10.1139/X05-171
https://doi.org/10.1080/00222216.1985.11969628
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0270
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0270
https://doi.org/10.2307/2287559
https://doi.org/10.2307/2287559
https://doi.org/10.1002/esp.2141
https://doi.org/10.3406/rga.2003.2228
https://doi.org/10.3406/rga.2003.2228
https://doi.org/10.1016/j.geomorph.2007.03.007
https://doi.org/10.1016/j.geomorph.2007.03.007
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0315
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0315
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0315
https://doi.org/10.1016/j.dendro.2019.02.008
https://doi.org/10.1016/j.dendro.2019.02.008
https://doi.org/10.5586/asbp.1980.021
https://doi.org/10.5586/asbp.1980.020
https://doi.org/10.5586/asbp.1980.020
https://doi.org/10.1016/j.dendro.2019.125650
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0345
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0345
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0345
https://doi.org/10.1111/j.1468-0459.2006.00297.x
https://doi.org/10.1016/j.scitotenv.2007.01.042
https://doi.org/10.1016/j.scitotenv.2007.01.042
https://doi.org/10.7717/peerj.360
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0370
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0370
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0370
https://doi.org/10.1016/j.still.2004.08.004
https://doi.org/10.1016/j.still.2004.08.004
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0380
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0390
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0390
https://doi.org/10.4461/GFDQ.2013.36.0
https://doi.org/10.5194/nhess-8-223-2008
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0410
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0410
https://doi.org/10.1071/sr9790101
https://doi.org/10.1071/sr9790101
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0420
https://doi.org/10.1016/j.geomorph.2017.01.029
https://doi.org/10.1177/030913338000400202
https://doi.org/10.1177/030913338000400202
https://doi.org/10.1016/j.dendro.2007.06.002
https://doi.org/10.1016/j.dendro.2007.06.002
https://doi.org/10.1006/jema.1998.0200
https://doi.org/10.1006/jema.1998.0200
https://doi.org/10.1093/aob/mcn146
https://doi.org/10.1016/j.geomorph.2012.08.005
https://doi.org/10.1016/j.geomorph.2012.08.005
https://doi.org/10.3389/fpls.2011.00021
https://doi.org/10.3389/fpls.2011.00021
https://doi.org/10.1016/S0341-8162(01)00142-4
https://doi.org/10.1093/forestry/cpp025
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0480
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0480
https://doi.org/10.1016/j.catena.2014.01.016
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0490
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0490
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0490
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0490
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0495
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0495
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0495
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0495
https://doi.org/10.1016/j.dendro.2016.03.009

P. Matulewski et al.

Zhou, F., Xiaohua, G., Junzhou, Z., Zhiqian, Z., Qiuyan, C., Zongying, C., 2013.
Application of Picea wilsonii roots to determine erosion rates in eastern Qilian
Mountains, Northwest China. Trees 27, 371-378. https://doi.org/10.1007/500468-
012-0773-9.

Zielonka, A., Oleszko, B., Juszczak, E., Wronska-Watach, D., 2014. Zapis dynamiki
procesow osuwiskowych w przyrostach rocznych korzeni jodty pospolitej (Abies alba

14

Ecological Indicators 121 (2021) 107095

Mill.) - przyktad z Pogérza Karpackiego. Studia i Materialy CEPL w Rogowie 3 (40),
139-148.

Zielski, A., Btaszkowski, A., Barankiewicz, A., 1998. Dynamika przyrostu radialnego
sosny zwyczajnej (Pinus sylvestris L.) na obszarze lesnym eksploatowanym
turystycznie nad jeziorem Wielkie Parteczyny (Nadlesnictwo Brodnica). Sylwan 3,
69-78.

Zielski, A., Krapiec, M., 2004. Dendrochronologia. PWN, Warszawa.


https://doi.org/10.1007/s00468-012-0773-9
https://doi.org/10.1007/s00468-012-0773-9
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0510
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0510
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0510
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0510
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0515
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0515
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0515
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0515
http://refhub.elsevier.com/S1470-160X(20)31034-7/h0520

	Trampling as a major ecological factor affecting the radial growth and wood anatomy of Scots pine (Pinus sylvestris L.) roo ...
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Root sampling
	2.3 Root characteristics and trail morphology
	2.4 Soil sampling
	2.5 Laboratory work
	2.6 Radial growth measurements and cross-dating of roots
	2.7 Wood anatomical features in roots
	2.8 Root chronology
	2.9 Statistical analysis

	3 Results
	3.1 Root age and mean ring widths
	3.2 Radial growth changes in roots
	3.3 Wood anatomical changes in roots
	3.4 Radial growth comparison between roots and stems
	3.5 Impact of environmental factors on root-stem RGC

	4 Discussion
	4.1 Discrepancies in root radial growth and wood anatomy due to trampling
	4.2 Root-stem RGC

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


