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Abstract

This paper describes the determination of sheet erosion rates by using dendrogeomorphological
methods on exposed tree roots. Two sites on the northern slope of the Guadarrama Mountains,
Central Spain, were studied: a popular trail in a Scots pine forest (Senda Schmidt, Valsain) growing
on granites and gneisses, and an open holm-oak forest on granitic slopes (Monterrubio). These sites
were selected because they showed high denudation morphologies due to accelerated soil-erosion
processes caused by human influence (trampling by continuous trekking and overgrazing), resulting
in exposed roots. The method applied is based on the morphological pattern of roots, defined by the
growth-ring series of the sampled roots. In order to confirm the validity of the criteria used and to
make the estimations of erosion more accurate, several anatomical indicators of exposed and non-
exposed Pinus sylvestris roots were characterized.

The study entailed a statistical analysis of exposure time and erosion depth. The influence of
environmental factors affecting the variation in velocity of the erosion processes was also examined.

* Corresponding author. Tel.: +34 91 3944676, fax: +34 91 3944845.
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With a significance level of 95%, the mean erosion rates were in the range of 1.7 2.6 mm/year (29
44 t/halyear) on Senda Sclunidt over the last 181 years, and 1.1 1.8 mm/year (19 31 t/ha/year) in
Monterrubio over the last 42 years. Using a multifactor analysis of variance, we observed a change in
the erosion rates as a function of position on the path along Senda Schmidt. In Monterrubio,
however, we reached no significant conclusions, apart from an inverse relationship between erosion
and slope gradient that was difficult to interpret.

Climate conditions in Senda Sclunidt and the accuracy of dating Scots pine indicate that the
evaluation on 2 sylvestris roots is fairly reliable, which is not the case for oak roows. Although this
paper 1s based on the application of an existing method, its novelty lies in being the first attempt in
Spain to estimate ‘accelerated’ sheet erosion rates (due to recreational activities and overmrazing)
using dendrogeomorphological techniques, supplemented by anatomical indicators for 2 sylvestris.

Keywerds. Tree ring; Tree root; Rill-interrill erosion; Pendrogeomorphology; Sierra de Guadarrama (Spain)

1. Introduction

At present, seil degradatien is ene of the mest widespread envirenmental preblems that
eccurs werldwide (Bridges et al., 2001). The cembinatien ef varieus facters (geemer-
phelegical, climatic and geegraphical, tegether with human activity), may faveur eresive
agents, which may censiderably increase the risk of seil less (Kitkby and Mergan, 1980).
Bearing this in mind, there is a need te study techniques fer evaluating beth eresien and
resteratien precesses of affected terrain (de Beedt and Gabriels, 1980; Schwertmann et al.,
1989; @lsen ct al., 1994; Agassi, 1996; Mergan et al., 1998). This need arises frem
difficulties stemming frem the cemplexity and multifacterial nature ef hydric (sheet)
eresien.

There are varieus metheds ef studying sheet eresien, ranging frem predictien te direct
measurements (Bryan, 1990; Tey ct al., 2002). All metheds invelve certain characteristics
and a series of biases. The advantage eof dendregecemerphelegical analysis ef expesed
reets ever ether eresien measurement techniques is that rates ef eresien within the
territery, as well as their variatiens, can be determined for beth spatial and temperal peints
of view.

The study of a cemplete series of tree rings reveals infermatien of beth a chrenelegical
and envirenmental nature. Even theugh dendrechrenelegy had already been used te
characterize geemerphelegical precesses in the 1960s, it was Alestale whe intreduced the
term ‘dendregcemerphelegy’ in 1971. This is a subdiscipline of dendrechrenelegy that
uses different characteristic sequences of tree rings and ether measures as indicaters te
characterize geemerphelegical precesses frem a spatial and temperal standpeint. The
methed is based en determining hew active geemerphelegical precesses affecting tree
grewth are reflected in the variatien ef width measurements of grewth rings and in its
merphelegy. Varieus dendregeemerphelegical metheds, their applicatien areas and
numereus bibliegraphical references can be censulted—fer example, in LaMarche
(1963, 1968), Carrara and Carrell (1979), Shreder (1980), Yamaguchi (1983), Shreder
and Butler (1987), Butler (1987), Heikkinen (1994), Danzer (1996), Gértner et al. (2001),
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Fig. 1. Location of the two stations studied in the geomorphological context of the northern slope of the Sierra de Guadarrama, in the centre of the Iberian Peninsula: (a),
Iberian Massif; (b) Alpine Belts; (c) Cenozoic Basins. The coordinates refer to zone 30T, Projection UTM, Hayford ellipsoid.



and Vanderkerckheve et al. (2001). The majerity of dendregecemerphelegical studies have
fecused en the characterizatien ef the tree trunk. @nly te a lesser extent have reets been
used. In general, werk en reets has been based en determining the age ef adventitieus
reets in erder te date the depesitien events that are asseciated with precesses such as
fleeding (Martens, 1993; Nakamura et al., 1995) and mass mevements (Strunk, 1989,
1991, 1997).

The precedure used te determine rates of eresien frem expesed reets is based en the
change in the ring-grewth pattern (frem cencentric te eccentric) when the reet is expesed.
The quetient defined by the vertical distance between the upper part of the reet and the
present greund surface, and the temperal interval during which the reet has been expesed,
effers an estimate of the eresien rate in mm/year (LaMarche, 1963, 1968; Eardley and
Viavant, 1967; Carrara and Carrell, 1979; McCerd, 1987; Danzer, 1996).

In additien te the change frem a cencentric pattern te an eccentric ene, reactien weed
develeps, and there are alse changes in the anatemical structure of the rings. As Gértner et
al. (2001) state, when a reet leses its edaphic cever in a centinueus and pregressive
manner, a series of anatemical changes eccur due beth te the effects of expesure (for
example, variatiens in temperature, reductien in pressure eof seil cever, light incidence,
etc.) and te the mechanical stress that the reet undergees when it is expesed. In fact, it is
the characterizatien of the changes that take place in the micrescepic structure of the reet
(fer example, width ef the grewth ring, number of cells per ring, percentage of lateweed,
diameter of cellular light in earlyweed), which allews the first year of expesure te be
precisely determined.

Fig. 2. Exposed P. sylvestris roots in the Senda Schmidt (Valsain, Segovia).



This article describes the use of this technique at twe lecatiens en the nerthern slepe of
the Sierra de Guadarrama (Spanish Central System) (Fig. 1), in the prevince of Segevia:
en a pepular trail in a Scets pine ferest (Senda Schmidt, Valsain), and in an epen helin-eak
ferest situated en hillsides, in the municipal area of Menterrubie. In beth cases, accelerated
seil eresien has eccurred as a result of human activity. The ‘accelerated’ denudatien ef the
twe lecatiens selected has expesed a large number of reets on the surface (Fig. 2), which
has enabled experimentatien with the technique described abeve.

Therefore, the ebjectives of this paper are: first, te validate dendregeemerphelegical
metheds fer expesed reets; secend, te estimate the sheet eresien rates in twe specific sites
in Central Spain; and third, te determine the influence of envirenmental facters en the
calculated rates. This werk represents the first attempt in Spain te estimate ‘accelerated’
sheet eresien rates (due te recreatienal activities and evergrazing) using dendregeemer-
phelegical techniques, supplemented by anatemical indicaters. Previeusly, Vanderkerc-
kheve et al. (2001) had develeped, in seuth-eastern Spain, a dendregecemerphelegical
evaluatien methed fer cresien rates in gullies.

2. Study areas
2.1. Senda Schimidt

The first sample area is a trail called ‘Senda Schmidt’, in the ‘Mentes de Valsain’
(Fig. 1). This is ene ef the mest pepular trails in the Sierra de Guadarrama. Altheugh
it has been used heavily since the 197@s (fer trekking and meuntain biking),
recreatienal activities started here in the late nineteenth century. Geemerphelegically,
the Senda Schmidt is situated en meuntain slepes (see Fig. 1) that develeped mainly
en substrata ef cearse-grained menzegranite perphyry, with a small sectien, near the
Fuenfifa Meuntain Pass, that develeped en augen gneisses. In certain secters eof the
trail, ceverings ef celluvium depesits are present. The trail rises frem 1780 m te
1870 m abeve sea level. The general aspect eof the hillside is nerth and its average
slepe is 23°.

The climate is mid-latitude, temperate, mesethermic (Csbk’3j accerding te Képpen), of
a Mediterranean centinental type (due te its distance frem the ceast), with meuntain
influence. The average annual temperature is 6 *C and the average rainfall is abeut 1400
mm/year, cencentrated during the menths ef @cteber te May, but with every menth ef the
year recerding precipitatien.

The seil type is a mixture of lythic, umbric and dystric leptesels, of a sandy leam
texture. The vegetatien is deminated by Pinus sylvestris, with an accempanying
undergrewth ef creeping juniper (Juniperus communis ssp. alpina), black padded
brushweed (Cytisus oromediterraneus) and Spanish bluebell (Aderocarpus hispanicus).

2.2. Monterrubio holm-oak forest

The secend lecatien (Fig. 1) is an epen helm-eak ferest en a hillside, which has
traditienally suffered frem intense evergrazing. This has resulted in the almest cemplete



disappearance of herbaceeus cevering, se that eresien has been accelerated and the A seil
herizen is missing.

The hillside generally has a linear prefile and its altitude ranges frem 970 te 1040 m
abeve sea level. Its general aspect is tewards the seutheast and its average slepe is 14°.
This general cenfiguratien is medified enly lecally by the presence of deep gullies. The
substratum ef these hillsides is made up ef bietite menzegranites. The seils, of a sandy—
clay—leam texture, are thin (dystric cambisels) and are frequently inexistent er barely
develeped (lythic leptesels).

The climate of the helm-eak ferest is alse temperate, mid-latitude, mesethermic
(Csbk’3j accerding te Képpen), of a Mediterranean centinental type, with a large water
deficit in the summer peried and frequent frest cycles in the winter peried (an average of
53 days eof frest per year). Average rainfall is 450 nvm a year and the average armual
temperature is 11-12 *C.

The deminant vegetation is almest exclusively an epen helm-eak ferest (@uercus ilex
ssp. ballota). This ferest lacks practically any bushy er herbaceeus strata (if we except the
speradic presence of Juniperus oxycedrus, J. communis, Cistus laurifolius, Lavandula
stoechas ssp. pedunculata and Thymus mastichina). All ef this is prebably duc te a
cembinatien ef natural causes (high slepe angles with gullies) and human activity
(evergrazing and selective clearing fires).

3. Methodology
3.1. Field sampling

The sampling ef expesed reets at beth lecatiens was carried eut during August 2001.
Befere cutting each sectien, a detailed descriptien was made eof the spatial and
merphelegical characteristics of the surreundings ef the reet and these details were kept
en file. The fellewing infermatien was cellected: geegraphical lecatien (UTM
ceerdinates); altitude; aspect in sexagesimal degrees, beth fer the hillside and fer the
specific reet lecatien (‘lecal aspect’); texture of the seil in the sampling area; distance
of the reet sectien te the tree trunk; and hillside slepe and slepe ef the specific reet
lecatien (beth expressed in degrees). Finally, the vertical distance between the upper
part of the reet and the present seil surface was measured, taking measurements en beth
ends of the reet sectien in erder te determine maximum, minimum and average
ameunts.

A tetal of 36 P, sylvestris specimens that were unifermly distributed aleng the trail were
sampled, as well as 32 @. ilex specimens. Hewever, given the difficulty of recegnizing the
@. ilex rings, samples valid fer later statistical treatment were ebtained frem enly 18 helm-
eak trees. Fer each tree, the aim was te find an expesed reet with a diameter of mere than
5 cm. The reets were cut with a hand saw inte sectiens of appreximately 15 cm leng. In all
cases, samples were taken frem reets that were erientated aleng the direction ef the
maximum slepe of the hillside. This erientatien prevides the best denudatien values, as in
all ether cases the reet tends te act as a small ‘dam’, retaining sediments en ene side and
remaining bare en the ether. Furthermere, sectiens were ebtained enly frem expesed reets



that were farther than 1.5 m frem the trunk, as at lesser distances expesure ceuld be related
te tree grewth (Carrara and Carrell, 1979).

Finally, samples were taken frem the seils surreunding the cut reets, with the aim ef
determining their texture and bulk density, the latter being an essential piece of data te
transferm mm/year eresien rates te tha/year, and thereby te allew its cemparisen with
ether data ebtained frem the bibliegraphy.

3.2. Preparation and dendrogeomorphological analysis of the samples

3.2.1. Dendrochronological analysis

Sectiens eof the sampled reets were left te dry in epen air ever 2 menths. Later, twe
slices were ebtained frem the initial sectien, each slice measuring appreximately 1.5 cm
thick. This precess was used te impreve the perpendicularity in the cut. They were later
pelished. In the samples of P. sylvestris, the yearly grewth pattern ef the rings, and their
transfermatien frem cencentric te eccentric, ceuld be seen clearly (Fig. 3a). This was net
the case in the samples of @. ilex, which had te be dyed with 10% methyl blue in erder te
impreve their visibility (Fig. 3b).

Aleng with the change in the ring grewth pattern, anether indicater used te date the
expesure time was the fermatien ef reactien weed when the reet is expesed. In P. sylvestris
this is clearly evident, whereas in @. ilex it was net ebserved. Thus, as a respense te the stress
mechanism te which P. sylvestris is subjected, reactien weed is fermed. This mechanism,
affecting cenifers, is called ‘cempressien’. In the zene in which it appears, the rings grew
thicker and the reets shew eccentric sectiens (Mattheck and Breleer, 1996) (Fig. 3a).

Next, ene slice of each sample was scammed at a reselution of 1200 dpi in erder te study
the annual grewth pattern ef the rings. Then, the number of rings that shewed eccentric
grewth was ceunted. This served as a bie-indicater te determine when the reet had lest the
upper part of its bark, and accurately estimated when eresien led te the seil surface being
at the same level as the pesitien ef the reet. As enly living reets were sampled, it is
prebable that the last grewth ring cerrespends te the year in which sampling teek place.

Fig. 3. Polished sections of the exposed roots of: (a) P sylvestris, from Senda Schmidt. Note the eccentricity and
presence of reaction wood after exposure. (b) O. ilex, from the holm-oak forests in Monterrubio.



This way, each ef the rings ferming the annual grewth series can be synchrenized simply
by ceunting. Hewever, the dating of the ring series by visual examinatien alene can
intreduce a degree of uncertainty inte the datings, as the series might shew false rings,
missing rings, etc. If the prerequisites that define the principle of cress-dating are ebserved
(Stekes and Smiley, 1968), errers present in the series can be detected, as these will exhibit
grewth patterns—ring-width measurements—that can be cerrelated statistically. Using the
CATRAS seftware (Cemputer Aided Tree Ring Analysis System; Aniel, 1983), the ring
widths were measured te an accuracy of 0.01 nun. Because of the shert length ef the series
available, enly these with a size cerrespending te 24 years er mere were used fer
subsequent analysis. As a censequence, of the initial 34 annual grewth series, a tetal of 7
were rejected. Next, the C@OFECHA pregram (Helmes, 1983; Helmes et al., 1986;
Grissine-Mayer, 2001) was used te assess the quality ef the measurements, and alse te
determine the degree of certainty in the synchrenized series.

On the ether hand, in the @. ilex samples the previeus analysis was net undertaken. We
assume that the sheet eresion assessment shews a certain degree of uncertainty, given that
in zenes with semi-arid climates, which the Menterrubie lecatien appreximates, the helm-
eak tends te ferm false rings when intense rainfall eccur after a prelenged dry peried. It
alse has irregular grewth that is characterized by rings that are net very clear (Bichart,
1982; Ferrés, 1985). In the same way, false rings and multi-seried medullar circles make it
difficult te interpret the grewth pattern of this species and te determine age (Leissant and
Rapp, 1971; Susmel et al., 1976; Ferrés, 1985).

3.2.2. Anatomical analysis

Fer the study of grewth-pattern variatiens in the anatemical structure of reets submitted
te mechanical eresien, seven samples were analysed frem different P. sylvestris specimens
(taken frem trees representative of the entire trail). At the same time, they were cempared
with twe sample ceres of reets frem trees situated on a slepe that was net experiencing the
impact eof centinueus trampling by hikers. This analysis was net carried eut in the expesed
reet samples of the helm-eak (@. ilex) because the characteristics of its weed make the
interpretation of the annual grewth pattern of this species very difficult (Gené et al., 1993).

The study ef the samples’ anatemical structure was first attempted by cutting a thin slice
with a micreteme. Hewever, the abundance ef resin in the samples, as well as the
heteregeneity te resistance eof the cut, made it impessible te ebtain geed sectiens.
Censequently, the methed that was finally used censisted of seftening the samples, with a
mixture of glycerine and alcehel fellewing the pretecel prepesed by Barefeet and Hankins
(1982). This treatment is effective when the weeds are sufficiently permeable. The methed
censists of saturating the sample in water. Next, it is submerged in a selutien ef alcehel and
glycerine in a ratie of 1:1. This selutien sufficiently lubricates and seftens mest weeds se
later treatments are net needed. Later, cuts were made with a knife te ebtain usable samples.

The analysis was carried eut via ebservatien by reflectien in a binecular magnifying
glass and in a micrescepe with the light reflected against a dark backgreund.
Measurements were made with the image analyser en digital phetegraphs ef the fellewing
parameters: width ef the grewth ring; number of cells per ring; percentage of lateweed and
diameter of cellular light in earlyweed. The measurements taken were carried eut
perpendicular te the grewth ring and always frem the zene that gave mere grewth. Fer the



Table 1

Measurements of the parameters sampled and evaluated on Senda Schmidt (2 sylvestris)

Sample  Situation  Hillside aspect Local (root) aspect  Height from Hillside  Local Approximate Approximate age Maximum Minimum Average
number (X-UTM) (degrees, clockwise (degrees, clockwise  ground—max/ slope (*)  (root) age of exposure  of root (years)* erosion rate  erosion rate  erosion rate
fiom north} from north) min (mm) slope ()  (years)* (mm/year) (mm/year) (mm/year)

1 412233 260 260 42/29 13 18 12 25 3.5 2.4 3.0
3 412169 222 212 94/77 24 12 42 64 22 12 2.0
4 412042 205 331 62/51 24 5 55 30 1.1 09 1e
3 411929 222 231 84/39 28 22 10 63 24 3.9 6.1
6 411528 208 172 58/31 24 10 20 65 249, 15 22
7 411428 222 175 48/40 24 10 7 65 6.9 5.7 6.3
3 411410 241 248 56/56 18 10 38 60 1.7 17 17
9 411354 185 168 76/44 17 5 50 116 15 09 12
10 411332 154 154 181/105 18 4 101 134 1.8 16 17
11 414620 318 318 94/46 18 26 24 42 3.9 19 29
13 414350 327 327 92/54 27 6 30 43 3.0 18 2.4
14 414341 341 22 73/67 26 7 26 30 2.8 [ 2] 24
15 414240 1 1 144/71 23 8 24 95 6.0 39 4.5
16 414161 19 340 61/53 21 g 46 90 1.5 1.3 12
17 414109 344 332 30/72 17 14 34 70 Sl 2.4 2
18 414053 347 285 100/39 12 7 28 47 3.6 17 3.4
19 412620 41 11 84/61 23 g 67 114 13 09 11
20 412392 29 24 52/35 19 8 27 58 1.9 16 17
21 413993 335 292 84/82 18 12 10 75 84 82 83
22 413530 30 38 51/41 14 g 73 73 07 [ X3 06
23 413619 25 99 109/74 21 4 57 118 1.9 1.3 16
24 413868 26 224 79/74 24 7 29 61 %7 2.6 2.6
25 413979 316 253 102/59 17 4 9 31 113 6.6 8.9
26 412170 42 42 67/43 24 13 43 102 1.6 1e 13
27 414604 319 273 61/56 16 6 27 87 2.3 2.1 o
28 414020 330 330 66/35 18 q 67 113 1e 05 07
29 412746 15 54 74/49 25 13 33 92 22 15 18
30 412847 339 318 64/59 17 11 76 106 [ R [ % [ 3
31 413094 353 44 61/54 BS5 6 18 11 3.4 3.0 32
32 413127 13 23 83/46 24 3 60 102 1.4 [ %3 1.1
33 413198 9 9 42/36 17 9 31 63 1.4 12 13
34 413366 10 54 84/73 18 9 28 109 3.0 2.6 2.6
35 413389 14 14 84/73 12 3 62 102 1.4 12 1.3
36 413521 74 36 66/44 21 12 43 70 1.5 12 12

*Age determined by simple ring counting, but not by cross-dating or determination of false or missing rings, thus age can only be considered to be approximate (Fritts, 1976).



Table 2

Measurements of the parameters sampled and evaluated on Montermbio (Q. ilex)

Sample  Hillside aspect Local (root) aspect Height from Hillside Local (root)  Approximate age Approximate age  Maximum Minimum Average

number  (degrees, clockwise  (degrees, clockwise  ground max/  slope (*°)  slope (*) of exposure (yearsy*  of root (yearsy* erosion rate  erosion ate  erosion rate
fiom north} from north) min (mm) (mm/year) (mm/year) (mm/year)

1 124 130 81/52 7 12 40 61 2.0 13 1.6

2 176 176 76/72 9 13 42 18 1.7 1.7

3 160 160 31/22 14 13

4 168 147 33/30 12 13

5 158 158 33/28 16 17

6 114 252 72/66 4 g 19 44 3.8 3.5 3.6

i 104 72 42/33 g 7

8 116 159 60/58 9 11 30 2.0 1.9 19

9 116 158 33/32 9 g 28 12 11 1.1

10 116 106 55/52 9 11 23 48 2.4 2.3 23

11 106 188 51/32 9 [ ] 29 34 1.8 L1 1.4

12 98 131 20/17 17 13 35 0.6 05 [

13 176 137 40/28 17 17

14 196 196 21/21 19 12

15 184 211 48/32 20 21

16 207 264 39/25 21 12

17 175 175 35/30 19 18 24 15 12 1.3

18 175 175 35/30 19 18

19 181 106 31/11 18 15 19 1.6 [ X3 1.1

20 170 17¢ 15/12 20 20 19 03 0.6 07

21 195 223 49/38 18 12 30 1.6 13 1.4

22 144 133 30/8 15 13 23 2.0 2.0 2.0

23 130 194 33/29 10 3 21 40 1.4 02 [ 2

24 200 200 25/21 11 9 18

25 194 194 33/29 19 g

26 213 213 31/19 21 22 27 47 1.1 07 09

27 167 120 30/14 2 23

28 184 111 32/21 19 15 12 27 27

29 206 166 27/22 17 12

30 222 138 20/18 13 12

31 166 136 15/13 9 3

82 137 93 52/21 11 7 L} 2.6 1e 1.8

Dotted lines indicate that no data is available.

*Age determined by simple ring counting, but not by cross-eating, or determination of false or missing rings, thus age can only be considered to be approximate (Fritts, 1976).



‘diameter of cellular light in earlyweed’ parameter, the measurements were catried eut fer
12 cells, taken randemly frem earlyweed.

3.3. Data analysis

The fact that the twe sampled areas (Senda Schmidt and Menterrubie) have distinct
physiegraphical characteristics has facilitated analysis ef the influence (via statistical teels)
of the envirenmental facters that centrel the eresive precess (slepe, aspect, seil texture, etc.).

Using the C@OFECHA pregram, the armual grewth series were filtered with a cubic
spline functien fer a peried of 15 years, each ene of them being divided inte 12-year
segments with an everlap ef 6 years. In additien, an auteregressien medel was applied te
the series te eliminate autecerrclatien, and alse a legarithmic transfermatien, with the
purpese ef making the series as centred and unskewed as pessible.

The main part ef this analysis has been based on a statistical methed using data frem the
time of expesure and depth ef eresien (Tables 1 and 2). In erder te demenstrate that the
pepulatien frem which samples ceme fellews a nermal distributien, the Kelmegerev—
Smimev statistic and the measures of shape (standardized kurtesis and standardized
skewness) were used. Where these variables did net adjust te a nermal distributien, a
legarithmic transfermatien was made frem the data, and the distributien resulted in a leg-
nermal type. Next, a descriptive statistical analysis was catried eut.

A cerrelatien matrix was dene by applying Pearsen’s cerrelatien ceefficient, which
determined the degree of cerrelation between each of the variables examined in this study and
the average denudatien rate variable. Alse, the linear cerrelatien between each pair of variables
was tested for significance. Due te the fact that the statistical significance ef the ‘aspect’ variables
(in the ‘hillside aspect’ and ‘lecal aspect’ variables) did net cerrespend te their physical
significance, the degree of the relatienship was quantified again en the basis ef the data of
average eresien rates and the cerrespending erientatiens ef each sample peint using Spearman’s
rank cerrelatien ceefficient. @n the basis ef the results ebtained in the previeus analyses,
adjustment functiens were created with the variables that best medelled the eresien rates.

This analysis was cemplemented with a multifacterial analysis ef variance (Fisher’s
least significant difference—LSD methed), with the aim ef deterinining which ef the
facters studied had a significant statistical effect en the dependent variable. An analysis of
variance (Fisher’s LSD methed) was alse perfermed for the feur variables censidered in
the anatemical analysis (width ef the grewth ring, number of cells per ring, percentage of
lateweed and diameter of cellular light in earlyweed). Te accemplish this analysis, twe
greups eof measurements were defined: the first censisted eof the series cencentric (net-
expesed rings) and the secend te the series of expesed rings.

4. Results
4.1. Assessment of the quality of cross-dating

As a result of the statistical validatien analysis ef the synchrenized series catried eut
with the COFECHA pregram, it can be cencluded that nene ef the series presented a



cerrelatien value abeve the critical ene (0.67) in any ef their segments. Mereever, neither
is there an imprevement in the cerrelatien values when a 10-year lag en either side of the
dated pesitien is applied, except in ene series, which may be ceincidental. Therefere, frem
a statistical viewpeint, the degree of accuracy in the synchrenized series cannet be
determined.

4.2. Descriptive statistical analysis

A preliminary statistical analysis ef Senda Schmidt established that the pepulatien frem
which the sample was taken did net ferm a nermal distributien (Table 3). The estimate of
the legarithmic transfermed variable average value enabled the average value ef the
eresien rate in the Senda Schmidt te be ebtained via statistical inference and at a 95%
cenfidence level. This was dene fer the expesure peried of the sampled reets (101 years),
resulting in values of 1.7-2.6 mm/year.

In the case of Menterrubie, the descriptive statistical analysis carried eut fer the
‘average cresien rate’ variable shews that the pepulatien frem which the sample cemes
fellews a nermal distributien (Table 4). Nevertheless, a legarithmic transfermatien ef the
measurements was alse dene in erder te derive a mere exact cenclusien. At the 95%
significance level, the average value of the ‘eresien rate’ variable was feund te vary frem
1.1 te 1.8 mm/year interval, for the expesure peried of 42 years.

4.3. Analysis of the degree of corvelation between the variables used in the study

In the case of the Senda Schmidt, at a 95% cenfidence level, there is ne evidence that a
statistically significant cerrelatien exists ameng the variables (in all cases, the P
value>0.05). An analysis ef the cerrelatien ef the variables was alse carried eut fer the
Menterrubie area. A significant cerrelatien, with a 95% level of significance, was ebtained
between the variables ‘leg (average eresien rate)’ and ‘hillside slepe’. Using Spearman’s
cecfficient, the lack ef a significant lineal cerrelatien was alse established between

Table 3
Values of statistical parameters applied to the maximum, minimum and average data samples obtained in the
Senda Schmidt (# sylvestris)

Statistical measurements Maximum erosion Minimum erosion Average erosion

rate (mm/year) rate (mm/year) rate’ (mmv/year)
Mean 29 20 2.6
Median 2:2 1.6 2.1
Geometric mean 23 1.6 2.1
Maximum value 11.3 6.6 g9
Minimum value 0.7 0.5 0.6
Range 10.6 6.1 33
Variance 6.0 23 4.1
Standard deviation 245 1.5] 2.0
Standardized skewness 4.8 4.2 4.5
Standardized kurtosis 4.6 33 39

'Estimated Kolmogorov—Smimov statistic=0.21; approximate 2 value at 99% confidence level is <0.01.



Table 4
Values of statistical parameters applied to the maximwn, minimwun and average data samples obtained in
Monterrubio (Q. ilex)

Statistical measurements Maximwn erosion Minimwn erosion Average erosion
rate (mm/year) rate (mm/year) rate’ (mmy/year)

Mean 1.8 1.3 1.6

Median 1.7 1.2 1.4

Geometric mean 1.6 1.3 1.4

Maximwn value 3.8 35 3.6

Minimwn value 0.6 0.2 05

Range 3.2 38 3.1

Variance 0.6 0.6 0.6

Standard deviation 03 [ RS 03

Standardized skewness 1.6 02 2.0

Standardized kurtosis 1.5 2.0 15

!Estimated Kolmogorov—Smimov statistic=0.12; approximate ” value at 98% or higher confidence level is
>0.10.

‘hillside aspect’ and ‘lecal aspect’ against the ‘leg (average eresien rate)’, at a 95%
cenfidence level.

4.4. Development of adjustment models between those variables that give a significant
correlation

Fer Mentertubie, the relatienship was measured between the legarithm ef estimated
average cresien rates and the ‘hillside slepe’ variable. As a result, the mathematical
functien that best adjusts te the values of the bi-dimensienal variable is a linear functien.
In this case, the determining ceefficient (R”) is equal te 22%, where the cerrelatien
cecfficient is equal te —0.47. Likewise, the standard errer of the residuals is equal te 0.45,
whereas its average abselute value is 0.33.

4.5. Analysis of variance of the environmental factors

The multifacterial analysis ef variance enables these facters te be determined that
significantly influence the legarithm ef average eresien rate. In view ef the prebability
values ebtained fer the Senda Schmidt, at a 95% cenfidence level, enly the ‘situatien in
the trail’ variable centributed significantly te explain the result measurements. Therefere, a
multiple cemparisen analysis was perferied fer the levels that were defined in the
‘situatien in the trail’ facter, which enabled the cemparisen in pairs ef level means. The
results of this analysis shew that there are significant differences between the average
cresion rates in the first 800 m ef the Senda Schmidt trail nearest the Navacerrada
Meuntain Pass and the rest of the trail (Table 3).

4.6. Analysis of variance of the variables considered in the anatomical analysis

Results frem the analysis ef variance verified the existence eof a statistically significant
difference between the twe greups ef measurements (Table 6). The statistical analysis



Table S
Multiple comparisons of ‘average erosion rates’ after log wansformation as a function of the location within Senda
Schmidt (® sylvestris)

Location (X-UTM) No. Samples Erosion rate Homogeneous groups
Average Standard deviation

2 (413094-413868) % 1.93 1.22 a

1 (411332-413094) 18, 2733 1.18 a

3 (413868-414680) 12 3.59 1.22 b

Contrast Difference + Limits

1-2 1.21* 0.42

1=3) — 1.54* 052

2-3 - 1.86*

*Indicates a statistically significant difference.

leads te the cenclusien that the changes in annual grewth are indicaters ef eresive phases,
whereas the percentage of lateweed and the diameter of cellular light in earlyweed are
indicaters of change in mest cases. The results ebtained verify that the anatemical changes
preduced by having the reets of P. sylvestris expesed allew the determinatien eof the first
year of expesure. This alse ceincides with the first year of expesure determined by
merphelegical criteria, with a range of difference that in ne case exceeded +3%.

Of all the parameters studied, the ene that effered the clearest indicatien ef expesure
was the measurement of the ring’s width, beth in the number of cells per ring and in the
everall size. In fact, we neted an increase of up te 10 times the average value of the ring’s
width due te expesure at a peint cerrespending te the traumatic disappearance of the
secendary meristem (cambium). Cenversely, the ‘diameter of cellular light in earlyweed’
parameter is the inverse of the preceding parameter—there is an abrupt drep in cell size.
Subsequently, ence the disturbance has been everceme, the sizes tend te stabilize (Fig. 4).
Anether variable that respends clearly in the first year of expesure is the percentage of
lateweed (Table 6), which shews a significant increase (Figs. 5 and 6).

5. Discussion

The determinatien of the first year of reet expesure is essential fer ebtaining sheet
eresien rates. In this respect, it has te be emphasized that tissue death ef the upper part of
the reet is basically due te trampling and cattle brewsing, and net te the expesure itself. In
Senda Schmidt, the massive and centinueus influx ef visiters makes it seem that net much
time passed between the first expesure and the disappearance of the bark. In Menterrubie,
it is assumed that intensive grazing implies that the animals start brewsing en the reets as
seen as they are expesed (see alse Vandekerckheve et al., 2001, pp. 136-137).

The analysis ef anatemical changes that take place in the reets as a respense te
expesure allews the first year of expesure te be determined with precisien (Girtner et al.,
2001). Fer this study, the definitien eof the first year of expesure en the basis ef his
criterien is accurate te +1-3 years, bearing in mind what is defined as the start of
eccentricity in the ring grewth patterns. This difference ceuld be caused by the time the
samples teek te shed their bark ence expesed. The methed alse includes a petential margin



Table 6
Comparison mawix of groups N (non-exposed rings) and E (exposed rings) for each sample of wood analysed (I to VII)

I® samples  Tree-ring  Groups  Width of the growth Number of cells Percentage of Biameter of cellular light in
series ring (mm) per ring latewood earlywood (jum)
Average  Homogeneous  Average  Homogeneous  Average  Homogeneous — Average Homogeneous
groups groups groups groups
I 43 N 0.184 a 5.85 a 228 a 37.13 a
17 E 1.288 b 33.76 b 45.06 b 2194 b
40 P 0.211 a 5.58 a 1.81 a 24.19 b
II 40 N 0.314 a SI59 a 317 a S1.40 a
26 E 0.378 b 27.28 b 58.24 b 22.00 b
11 73 N 0.181 a 433 a 4.28 a 3983 a
27 E 0.986 b 21.33 b 4411 b 24.02 b
v 42 N 0344 a 3.57 a 29.45 a 37.58 a
26 E 1.283 b 33.50 b 3092 a 34.88 a
v 33 N 0.555 a 12.24 a 39.88 a 25.08 a
20 E 1471 b 823 b 44.97 a 23.79 a
VI 46 N 0.215 a 5.08 a Sr11 a 53.65 a
41 E 0.612 b 13.19 b 31.63 b 35.52 b
VII 26 N 0.794 a 7.61 a 23.68 a 68.48 a
21 E 1.992 b 21.05 b 30.06 a 42.02 b

Samples are of 2 sylvestris. Values in italics indicate that this pair does not show a statistically significant difference at the 95% confidence level. For sample I, another
group has been defined subsequent to E, called P (post-exposed rings).
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of additienal errer, as it was net able te be determined if there were false rings er missing
rings. In this respect, @. ilex nermally shews beth false rings and missing rings, and
therefere the results have a higher degree of uncertainty. This sheuld be the result of the
Mediterranean climate of the Menterrubie area, as well as the characteristics of helm-eak
weed, with its tendency te preduce false rings. In centrast, en Senda Schmidt it is less
likely that the P, sylvestris trees weuld develep false rings or display missing rings because
the adjacent Navacerrada rain gauge indicates an average annual rainfall ef 1400 nmm, with
precipitatien eccurring in every menth (Pérez Delgade, 2003). This suggests that the
sample area is net subject te perieds of dreught. Hewever, net all false and missing rings
are climatically caused, and this may be especially true with reets. In fact, the cause of
false and missing rings in reets sheuld be studied. P sylvestris can shew rings with
discentinueus annual grewth. This anemaly can be due te: a delay eor deficiency in grewth
hermenes during the earlyweed phase of develepment of the ring (Panshin and de Zeeuw,
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1970); te a lack ef humidity in the seil; te cempetition fer light and nutrients; er te the
pregressive reductien ef the ring width as the age of the tree increases (Fritts, 1976). In
seme cases, disturbance may be caused by nearby recks in the seil (Grissine-Mayer,
2002). This is the situatien in the Senda Schmidt. In fact, beth fragments of reck, as well
as the actual reck substratum, eutcrep in many areas.

Accerding te Fritts (1976), the dendrechrenelegical cress-dating technique sheuld
selve this preblem. Hewever, the applicatien ef the cress-dating technique in this study
has been ineffective. There are several reasens that explain the lack ef any significant
cerrclatien between the series, and, as a censequence, between each ene ef these with
the master chrenelegy. Seme are statistical. Therefere, en the ene hand, he use of a
spline functien with a 15-year peried may cenceal a large part ef the envirenmental
signal that determines the grewth pattern in the ring series. @n the ether hand, the
segmentatien eof the series in elements of less than 30 years may determine that
cerrclatien values are either lew er implausible (Grissine-Mayer, 2001). @ther reasens
have te de with physiegraphical characteristics that exist in Spain, which cause the rings
net te respend preferentially te enc er mere limiting facters. In reality, trees are net
generally in such unfaveurable cenditiens. Ring grewth is the censequence ef varieus
facters that may be different in trees in clese preximity (Ferndndez and Manrique,
1997). Finally, cress-dating ef reets has a series of difficulties that are inherent te their
anatemical and merphelegical structure (Krause and Eckstein, 1993). Furthermere, the
variability ef the ring-width measurements is net explained by the actien ef a majer
limiting facter, as it happens in dendreclimatelegy. It appears that there are varieus
limiting facters invelved in this study, which ceuld explain a percentage eof the
statistically significant variatien ef the ‘ring width’ variable. Seme of these facters shew
a spatial variability; therefere, their weight ef influence as limiting facters is
heteregenceus in the study areas. As a censequence, the mechanical stress that is
asseciated with trampling—either frem trekking er evergrazing—shews different
intensity levels. Even temperature cannet be censidered uniferm, altheugh the sampling
has been catried eut at a mere er less uniferm altitude—Senda Schmidt generally runs
level aleng a nerth-facing hillside, but it alse has zenes with a seuth-facing aspect. All



Fig. 6. (a) Cross-section ofa  sylvestris root in non-exposure conditions (A, B, C, B, represent growth rings). (b)
Cross-section of a P sylvestiis root exposed by sheet erosion. Note the increasing growth ring width and the
increasing percentage of latewood. L =latewood; E=earlywood.

of this hinders the establishment ef statistically significant cerrelatiens ameng the
existing series of ring-width measurements; and, as a result, cress-dating is net reliable.

The statistical treatment of the ‘expesure time’ and ‘lewering depth’ data has allewed,
with a 95% level of cenfidence, average eresien rates for the twe lecatiens studicd te be
ebtained: 1.7-2.6 nim/year, in the Senda Schmidt (fer a peried of 101 years of expesure)
and 1.1-1.8 mm/year in Menterrubie (fer a peried of 42 years eof expesure). The
transfermatien of average eresion data frem mm/year te t'ha/year via the censideratien of
the average density of creded seils (1.7 /m’ in beth cases), has determined average
eresion rates for the Senda Schmidt that are far superier te these estimated by the Map of
Eresive Classes in the Duere Watershed (Lépez et al., 1987): 29-44 tha/year fer Senda
Schmidt, ebtained frem eur analysis, cempared with 0—5 t/ha/year fer the Valsain pine



ferest (where the Senda Schmidt is lecated) ebtained frem Lépez et al. (1987).
Furthermere, for the past 10 years of expesure, at a 95% significance level, the rates
are feund te be within the range of 102-170 t/ha/year. The explanatien fer such a high
increase in these values is attributed te the intensive recreatienal use in a reduced area. The
cempactien caused by trampling preduces decreased infiltratien, increasing the eresive
pewer of raindrep impact as well as surface runeff. In the Mentertubie area, the estimated
average cresien rate ebtained in this analysis, at a cenfidence level of 95%, is at an interval
of 19-31 t/ha/year, cempared with 25-50 t'ha/year i its surreundings, as ebtained frem
Lépez et al (1987). The influence eof different envirenmental facters in the eresien
variable made up the secend set of analyses and results. In the Senda Schmidyt, the variance
analysis carried eut en the variable ‘leg (average eresien rate)’ indicates that the facter
‘lecatien within the trail’ is the enly facter that has a statistically significant influence en
the dependent variable. The analysis of multiple cemparisens indicates that the eresien
rates are significantly higher en the first 800 m ef the trail clesest te the Navacerrada
Maeuntain Pass. This seems te indicate that a high percentage of visiters te Senda Schmidt
make partial treks aleng this first part ef the trail.

Centrarily, the cenclusiens derived frem the dendrechrenelegical analysis carried eut
on the samples of @. ilex frem Menterrubie, raise a series of deubts. This eak has a
tendency te ferm false rings, resulting in great difficulty in cerrectly interpreting ring-
grewth patterns. Nevertheless, the attempt te calibrate its use as a bie-indicater ef eresien
rates was justified by the fact that the helm-eak ferests eccupy a large part of the Iberian
Peninsula (ICONA, 1974, 1980).

In every case (fer the Menterrubie helm-eak), the existence of an inverse lineal
cerrelation (R*=22%; P value<0.05) was determined between the variables ‘leg (average
eresien rate) and ‘hillside slepe’. Despite this, the result did net allew cenclusiens te be
established, due te the fellewing facters: first, the cerrelation ceefficient is — 0.47; secend,
the dependent variable enly explains 22% ef the existing eresien rates; third, enly 18 ef
the 32 samples taken in the field were useful fer statistical analysis; and feurth, there is a
tendency ef helm-eaks te ferm false rings.

6. Conclusions

The use of expesed reets as geomerphelegical indicaters te quantify existing eresien in
a given area ceuld be especially useful fer characterizing the influence of human activity in
sheet eresien precesses, as in the cases studied here. But net all the species allew
dendregeemerphelegical analyses. Whereas cenifers shew easily ebservable grewth rings,
this is net the case fer bread-leaved trees. @. ilex, for example, develeps rings that are net
very clear, and grewth is irregular, making dying techniques and alcehel washes necessary.
Alse, the existence eof false rings and interannular rings increases the difficulty eof
interpretatien of these reets.

When the estimates are carried eut based enly en the analysis ef the eccentricity
pattern, they have a certain degree of uncertainty, as bark can be maintained en the tep of
the reet after expesure, and therefere cencentric rings can centinue te grew. This is net the
case in this study, given that the centinueus presence eof trekkers (in Senda Schmidt) and



intensive grazing (in Menterrubie) makes the preservation of the bark ever leng perieds of
time imprebable after its first expesure. For ether situatiens, this shertceming can be
cempensated fer by determining, precisely, the first year of expesure by thin-sectien
analysis of changes in the anatemical structure of the reet. Again, this is feasible fer Scets
pine plants. Accerdingly, all eur data indicates that the evaluatien en P. sylvestris reets is
fairly reliable, but net fer the ®aks. Hewever, as the reet ages were determined by ring
ceunting as the cress-dating principle was net feasible, the results can enly be taken as
appreximate.

The nevelty of this paper lies in the applicatien ef an existing methed—the analysis of
expescd reets—for determining sheet eresien rates in Central Spain. In additien, the
analysis ef anatemical indicaters fer P sylvestris is achieved, which make estimations
mere accurate.
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