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Abstract

We describe the spatial structure of two contrasting subalpine Pinus uncinata forest-alpine grassland ecotones located in the
Central Pyrenees (Ordesa and Tesso sites) as a preliminary step to infer the processes that produced their spatial patterns. All
trees were mapped and measured within 4200 m? rectangular plots parallel to the maximum slope and encompassing
timberline and treeline. The spatial description of the ecotones was accomplished using several methodologies. Point pattern
analysis (Ripley’s K) was first used to quantify the spatial pattern of trees using each stem x—y coordinates. Then, surface
pattern analyses (Moran and Mantel spatial correlograms) were used to quantify the spatial pattern of tree characteristics
across the ecotone (size, growth-form, estimated age). In the Ordesa site, krummholz individuals showed significant and
positive spatial interaction with seedlings. In this site, P. uncinata individuals evolved from shrubby to vertical growth-forms
abruptly, producing a steep spatial gradient. In the Tesso site, regeneration was concentrated near the treeline and the spatial
gradient was gradual. Both ecotones formed ~45 m long zones of influence along the slope based on different variables. Wind
and snow avalanches seem to be the main controlling factors of the spatial pattern of trees in the sites Ordesa and Tesso,
respectively. Our results point out potential different responses of treeline populations to environmental changes according to
the spatial pattern. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Altitudinal treelines are part of the subalpine forest-
alpine grassland ecotones which are considered
dynamic zones potentially sensitive to monitor climate
change effects (Brubaker, 1986; Kullman, 1990;
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Hansen and di Castri, 1992). However, there is a
great uncertainty about the suitability of treeline
shifts to monitor the response of tree populations
to climate change (Noble, 1993). The complex
responses of forest—grassland ecotones to climate
change are described by the numerous works in
treeline dynamics. These include: examples of tree
invasion of tundra or alpine meadows (Wardle and
Coleman, 1992; Rochefort et al., 1994), changes in
tree growth-form as the increase in height from
krummbholz to vertical tree (Lavoie and Payette,
1994; Lescop-Sinclair and Payette, 1995; Weisberg
and Baker, 1995a), and variations of the density or

0378-1127/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.

PI: S0378-1127(99)00241-8



2 J.J. Camarero et al./Forest Ecology and Management 134 (2000) 1-16

of the latitudinal or altitudinal position of the
ecotone (Gorchakovsky and Shiyatov, 1978; Kullman,
1979, 1990; Morin and Payette, 1984; Payette and
Filion, 1985; Weisberg and Baker, 1995b; Lloyd,
1997; Lloyd and Graumlich, 1997). The growth
and density changes in the forest-alpine grassland
ecotones seem to be more suitable variables for
monitoring climate change than treeline shifts
(Noble, 1993).

Nevertheless, while some of the mentioned
studies of treeline dynamics have analyzed spatial
variation at different spatial scales, none of them
have considered space as a main controlling factor
(Veblen, 1979; Légere and Payette, 1981; Payette
and Filion, 1985; Kullman, 1991; Arseneault and
Payette, 1992, 1997; Lavoie and Payette, 1992; Earle,
1993; Weisberg and Baker, 1995a,1995b; Lloyd,
1996). In addition, there is a lack of information on
the spatial structure of forest limits in the Pyrenees
(Cantegrel, 1987).

The description of the spatial pattern of the plant
community is a necessary step to understand its
dynamics (Watt, 1947). In this study, the structure
of the subalpine forest-alpine grassland ecotone will
be described quantifying the spatial autocorrelation of
several tree characteristics like density, size, and age
(Fortin et al., 1989; Duncan and Stewart, 1991; Brodie
et al., 1995; Kuuluvainen et al., 1998). Spatial auto-
correlation may result from beneficial regeneration
near parents (positive autocorrelation, aggregation) or
from competition (negative autocorrelation, avoid-
ance) (Sokal and Thomson, 1987; Legendre, 1993).
In spite of the possibility of different processes produ-
cing the same pattern, spatial autocorrelation analysis
can generate hypotheses as to causative processes
(Legendre and Fortin, 1989; Legendre, 1993; Thom-
son et al., 1996).

The objectives of this study are: (i) to describe the
point pattern of P. uncinata tree-classes grouped
according to their size and growth-form, using each
tree stem x—y coordinates (Ripley, 1981; Duncan and
Stewart, 1991), and (ii) to quantify the surface pattern
of several variables (size, growth-form, age) of these
tree-classes across two contrasting subalpine forest-
alpine grassland ecotones. The description of the
spatial patterns can generate hypotheses about the
environmental variables that influence more the spa-
tial structure of these ecotones.

2. Material and methods
2.1. Tree species

P. uncinata Ram. forms most of the Pyrenees
treelines. During the late-glacial, P. uncinata timber-
lines were below 1700 m asl in the Central meridional
Pyrenees because of cooler climatic conditions (Mon-
tserrat, 1992). In the Central Pyrenees, current P.
uncinata treeelines and timberlines reach up to
2700 m and 2350-2500 m asl, respectively (Bolds
et al., 1993; Carreras et al., 1995). The structure of
some forest—grassland ecotones in the Pyrenees fol-
lows the typical sequence of growth-forms from ver-
tical trees close to the timberline (limit of closed
forest) to krummbholz growth-forms above the treeline
(a tree is defined as a vertical individual with a stem at
least 2 m high) (Hustich, 1979). In a few places, the
upper timberline in the Pyrennes has remained rela-
tively undisturbed by local anthropogenic distur-
bances such as logging and fires (Gil-Pelegrin and
Villar-Pérez, 1988). In many sites the forest is now
recolonizing subalpine grasslands (Soutadé et al.,
1982).

P. uncinata is a pioneer, evergreen and shade-intol-
erant conifer, as is shown by its dependence on dis-
turbances for regeneration (Bosch et al., 1992). This
species regenerates mostly sexually and its light seeds
(8-9 mg) are mainly dispersed by the wind (Cantegrel,
1983). P. uncinata colonizes all kind of soils including
those more eroded soils because of the adaptability of
its mycorrhizal associations (Ceballos and Ruiz de la
Torre, 1971; Cantegrel, 1983).

2.2. Study sites

The Ordesa site is an oromediterranean pine com-
munity mostly developed on sandstones and calcar-
eous limestones. Tessd site bedrocks are mainly
composed of intrusions of shales and calcopelites
under strong decalcification processes due to high
precipitation.

Both sites are situated in the Spanish Central
Pyrenees that form the western main distribution area
for P. uncinata (Sandoz, 1987). The Ordesa site
is dominated by P. uncinata and Juniperus communis
L. (Villar Pérez and Benito Alonso, 1994). The
Tesso site is a subalpine forest developing a closed
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0.50-0.75 m high understory composed of Rhododen-
dron ferrugineum L. and Vaccinium myrtillus L.,
typical of sites with longer and deeper snow cover.

2.3. Field sampling

We placed a rectangular plot (140 m x 30 m) in
each site across the forest—grassland ecotone with its
longer side parallel to the maximum slope and where
topography was uniform. The upper and lower edges
of the plots include and abut on the treeline and the
timberline, respectively. The position of all dead and
living trees was recorded in Cartesian coordinates to
the nearest 0.1 m. Point (x, y) = (0, 0) is located in the
upper right corner looking downslope. Current eleva-
tions of treeline, timberline, and the lower and upper
parts of the plot were measured in the field (accuracy
of =1 m).

We measured for every tree inside the plot: position
of the center of the tree (x and y coordinates), max-
imum diameter at stem base (db) and at 1.3 m above
the base (diameter at breast height, dbh), maximum
stem height, four radii of the vertical crown projection
along the two directions marked by the plot axes,
height of the lowest living branch, maximum number
of needle cohorts retained in the branches (estimated
leaf longevity), and number and type — vertical and
stunted, living or dead — of stems in every tree (stem
is any woody structure emerging directly from the
base of the trunk and whose db > 0.5 cm). We mea-
sured the height of all individuals except of those
higher than 3 m whose heights were estimated
visually (the measurement uncertainty for this
estimation is around 15 cm for stems 3 m in height;
Kullman, 1979). Basal area was calculated includ-
ing bark.

We grouped trees in size and growth-form classes
(Bosch et al., 1992): adults, dbh > 17.5 cm; poles,
7.5 <dbh < 17.5cm; saplings, dbh <7.5cm and
height > 0.5 m; seedlings, height < 0.5 m; dead trees;
krummbholz; and flagged multistemmed krummbholz
that show a combination of prostrate and vertical
stems. Flagged krummbholz have several vertical
shoots and a dense mat developed above and below
the snowpack, respectively. In Ordesa site, trees with
height less than 0.5 m that showed asymmetrical
growth and multistemmed development were consid-
ered krummholz (Daly and Shankman, 1985).

Krummholz and flagged krummbholz classes were
not present in the Tesso site.

Many of the sampled trees are multistemmed in the
Ordesa site, so we consider the center of these shrubby
individuals to be the spatial center of the tree clump
for practical reasons. We excavated surficially many
tree clumps in this site to check for spatial indepen-
dence among tree clumps. We estimated non-destruc-
tively the ages of seedlings, saplings and poles in
Tesso site by counting the number of branch whorls
and scars in the main stem. This procedure was not
carried out in Ordesa site because of the multistemmed
character of most of the trees that showed less evident
scars and greater errors for age estimation. This
methodology yields an underestimate of 0-5 years
(McCarthy et al., 1991).

In both sites, we used a systematic sampling with
six altitudinal transects parallel to the slope placed
every 6 m in the direction perpendicular to the slope
(x-axis). Points were sampled every 1 m, for a total of
846 sampling points. We recorded types of understory
vegetation and substrate in the Ordesa site, grouping
them in five qualitative classes: rocks, organic matter,
bare soil, pine, and vegetation. We described and
classified the substrate of every seedling to find out
possible regeneration preferences. Botanical nomen-
clature follows Bol6s et al. (1993) for vascular plants
and Sandoz (1987) and Ceballos and Ruiz de la Torre
(1971) for trees, respectively.

2.4. Substrate and understory

Both sites showed typical subalpine communities
with P. uncinata as the dominant tree, but density of
living individuals was much higher in the Ordesa site
due to the abundance of shrubby and multistemmed
krummbholz forms (Table 1). The Tesso site contained
understory species typically found in north-facing P.
uncinata communities like: R. ferrugineum, V. myr-
tillus, and Festuca gautieri (Hackel) K. Richt. The
subalpine and alpine grasslands species (e.g., Dryas
octopetala L.) appeared predominantly in the upper
part of Tesso site.

The Ordesa site was a south-facing P. uncinata
community. We found similar subalpine plants (e.g.,
R. ferrugineum) but combined with oromediterranean
species (Leontopodium alpinum Cass., Thymelaea
tinctoria subsp. nivalis (Ramond) Nyman, Astragalus
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Table 1

Geographic, topographic and structural characteristics of the studied forest—grassland ecotones in the Central Pyrenees (Ordesa and Tesso

sites) where K represents krummholz and S for saplings

Characteristics Ordesa Tesso
Latitude 42°37'N 42°36'N
Longitude 00°02'W 01°03'E
Range of plot elevations (m asl) 2124-2084 2359-2295
Mean slope (°) 16.6 27.2
Aspect (°) 186 42
Maximum treeline/timberline elevations (m asl) 2110/2100 2360/2330
Density of living/dead trees (no. per hectare) 1529/119 471/145
Mean (£SE) height (m) 1.56 £ 0.12 4.00 +0.29
Mean (+SE) number of stems per tree 5.00 £ 0.25 1.00 £ 0.06

Number of individuals of the most abundant tree-class
(percentage respect total number in plot)
Basal area (m>ha™!)

K-404 (58.38%) S-75 (28.96%)

8.87 12.10

sempervirens Lam. and F. gautieri). Rocks and
organic matter, mainly derived from pine needles,
formed most of Ordesa site substrate. A more detailed
description of the plots and their substrate and under-
storey can be found elsewhere (Camarero and Gutiér-
rez, 1998b).

2.5. Climate

Climatic records from the Goriz station (2215 m
asl, 42°40'N, 00°02'E; 1981-1989 and 1992-1995
data) describe the Ordesa site climatology. This cli-
mate could be described as continental with mediter-
ranean influence. The mean annual temperature in
Goériz is ~5.0°C. The lowest and highest mean
monthly temperatures are —1.9°C (February) and
13.0°C (July), respectively (Balcells and Gil-Pelegrin,
1992). The mean annual precipitation is ~1600 mm
with a seasonal distribution characterized by fall
(32%) and spring (30%) maxima, winter (16%) and
summer (22%) minima, and showing a high interann-
ual variability. Snow precipitation is higher in spring
than in winter and may be very low some winters.
During the snow period (November—April), mean snow
depth (£ 1 SD) was only 36.6 £ 21.7 cm for the period
1980-1989. Monthly average maximum snowpack is
~125 cm (April). Prevailing dominant winds are from
the northwest and west and can clear the snow present
in many places in late winter and early spring. During
the period 1993—-1995, wind speed reached maximum
values of 90 km h™' (March 1995).

The Tesso site is under more oceanic influence than
the Ordesa site. The estimation from several stations
close to the study area (Esterri 1054 m asl, 42°38'N,
01°07'E, 1970-1997 data; Cavallers 1733 m asl,
42°35'N, 00°51'E, 1955-1972 data) gives a mean
annual temperature of ~2.0°C at this site. Prevailing
dominant winds are from the northwest and west.
Estimated minimum and maximum mean monthly
temperatures are ~—4.0°C (January) and ~11.9°C
(July), respectively. Estimated mean annual precipita-
tion is over ~1500 mm, with ~48% falling as snow.
Estimated monthly average maximum snowpack is
~180 cm (March or April). Dominant winds are from
the northwest. The Tesso site shows a high risk of
avalanches due to its great slope and NE aspect
(Furdada Bellavista, 1996).

2.6. Disturbances

The selection of both sites considered their proxi-
mity to Ordesa y Monte Perdido (created in 1916;
Ordesa site) and Aigiiestortes i Estany de St. Maurici
(created in 1955; Tesso site) National Parks as a prior
guarantee of reduced recent human disturbances (Gil-
Pelegrin and Villar-Pérez, 1988). Both sites are part of
the respective park buffer zones. The present livestock
in nearby areas are not high (8-24 and 2-6 sheep
month ha™' in Ordesa and Aigiiestortes parks, respec-
tively; Aldezabal et al., 1992; Bas et al., 1994). The
available historical documentation show relatively
few local anthropogenic disturbances at either site
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during the last 200 years. Some dead individuals in the
lower edge of Ordesa site showed burnt wood due to a
fire during the 1930s that affected the lower subalpine
forest. However, a trend of increasing density is dis-
cernible in the Ordesa site. The Tessé site is not
appropriate for logging because of poor access and
has not been subject to local human disturbances like
grazing since at least the 1790s (Bringue, 1995). No
treeline/timberline shift was observed comparing
1946 (scale 1:43 000), 1957 (scale 1:32 000), 1986—
1988 (scale 1:5000) aerial photographs for both sites.

3. Spatial analyses

3.1. Univariate point pattern analysis: Ripley’s K-
function

When the data resolution is at the x—y coordinate
level, the presence of spatial autocorrelation can be
tested using point pattern methods such as the K(r)
statistics (Ripley, 1981). The purpose of point pattern
analysis is to establish if a spatial distribution of points
is random or not, and to describe the type of pattern.
To describe the spatial distribution patterns of P.
uncinata tree-classes we used Ripley’s K(f) function
which is based on the variance (second-order analysis)
of all point-to-point (tree-to-tree) distances in a two-
dimensional space (Ripley, 1977). This kind of ana-
lysis can identify different scales of spatial pattern and
the distances where clustering or heterogeneity are
significant (Duncan, 1991). Details for the calculation
of an unbiased estimator of K(¢), modifications of this
function and edge effects can be found elsewhere
(Besag, 1977; Ripley, 1981, 1987; Diggle, 1983;
Upton and Fingleton, 1985; Haase, 1995). In this
study, we used the toroidal edge correction. The
function A K(r), where / is the intensity or density
(mean number of trees per unit area), is defined as the
expected number of trees within a distance ¢ of a
randomly chosen tree. In a random distribution,
K(1) = ns’. The function K(t) uses all tree-to-tree
distances to calculate a measure of spatial pattern at
various distances f. Monte Carlo methods simulate
randomly generated plots of the same dimensions as
the empirical plot. We produced 99 simulations to
compare the value of the function K(r) with that
expected from a randomly distributed group of points

and assess its significance (P <0.01). The spatial
pattern can then be described as clumped, random,
or regular at any distance ¢ up to half the length of the
shortest rectangular plot side if the calculated K(7)
function is greater, equal or lower than the 99%
confidence envelopes, respectively.

The statistical assumption of any spatial statistics is
the stationarity (Legendre and Fortin, 1989). There-
fore, the variable of interest must have a probability to
occur over the entire area. To minimize the impact of
lack of stationarity over the entire area, that crosses an
ecotone where a high degree of variability is present,
we limit our radius search to small distances.

3.2. Bivariate point pattern analysis: Ripley’s K;,-
function

To get information on the spatial relationships
between tree-classes we examined bivariate spatial
interactions using K;,(#) function. This function is a
generalization of K(¢) for a bivariate point process
(Diggle, 1983; Upton and Fingleton, 1985). We cal-
culated the 99% confidence intervals from 99 toroidal
shifts of one class of trees with respect to the other.
Values of K;,(?) greater, equal or lower than the 99%
confidence envelopes indicated positive association
(attraction), spatial independence and significant
negative association (repulsion) between the two
tree-classes analyzed, respectively (Duncan, 1991).
All possible combinations between two types of
trees-classes were analyzed in both sites (21 and 10
comparisons for sites Ordesa and Tesso, respectively).
Only those bivariate comparisons that showed some
significant spatial interaction are presented.

3.3. Univariate surface pattern analysis: Moran’s 1

To quantify the surface pattern of several variables
(size, growth-form, age) of the tree-classes, surface
pattern methods can be used such as Moran’s [
(Legendre and Fortin, 1989). In this case, each vari-
able (z) is attached to the coordinates of the tree (x, y)
and each tree is considered to represent its surrounding
portion of space. Moran’s I spatial autocorrelation
coefficient ranges from —1 to +1, with zero being
the expected value for no spatial autocorrelation (Cliff
and Ord, 1981; Upton and Fingleton, 1985). A graph
showing how autocorrelation changes as a function of
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distance, regardless of direction, is an all-directional
spatial correlogram and it assumes isotropy for the
variable analyzed. We used several equal distance
classes to study the spatial distribution of the vari-
ables. Each correlogram has to be tested for global
significance at the 5% level using Bonferroni proce-
dures to correct for the dependence among the auto-
correlation coefficients calculated for each distance
class (Legendre and Fortin, 1989). In addition, each
autocorrelation coefficient of the correlogram has to
be tested to show that its value is significantly different
from zero. Different shapes of all-directional spatial
correlograms describe different spatial structures
(Sokal and Oden, 1978; Legendre and Fortin,
1989). A spatial gradient produces a correlogram that
starts with positive values at short distances (positive
autocorrelation), crosses the abscissa axis at the
expected value of null significant autocorrelation
(average all-directional patch size), and ends with
negative values for larger distance classes (negative
autocorrelation). For globally significant correlo-
grams, we interpret the shape of the curve only for
the distance classes with 20 or more point pairs. Point
pattern analysis and all-directional Moran correlo-
grams were computed using R.P. Duncan’s programs
(1995, Spatial Analysis Programs, Dept. of Plant
Science, Lincoln University, Canterbury, New Zeal-
and).

3.4. Multivariate surface pattern analysis: Mantel
correlogram

To quantify the surface pattern of a multivariate set
of quantitative tree variables we used the normalized
Mantel statistic. This statistic is based on Mantel tests
(Legendre and Fortin, 1989). A graph of the Mantel
statistic against distance classes gives a multivariate
correlogram where each value has to be tested for
significance (Legendre and Fortin, 1989). All-direc-
tional Mantel correlograms were computed using
structural variables of trees (db, dbh, height, height
of the lowest living branch, crown radii, number of
stems, number of stem nodes and maximum number of
needle cohorts) to identify the spatial structure for
multivariate data in each ecotone. To compare spatial
structures among tree-classes in the Ordesa site, the
all-directional Mantel correlograms were calculated
for different tree-classes (krummbholz, flagged krumm-

holz and vertical trees — adults, poles, saplings,
seedlings) because of the predominance of shrubby
forms. To study the presence of spatial heterogeneity
of size variables in the Tesso site, we computed an all-
directional and directional Mantel correlograms for all
living trees following directions parallel and perpen-
dicular to the slope, respectively. Like univariate
correlograms, the Mantel correlogram must be tested
for overall significance using the Bonferroni method.
We calculated the Mantel statistic at equal distance
classes with the selected groups of variables using the
R-Package for multi-dimensional and spatial analyses
(Legendre and Vaudor, 1991). The interpretation of
shapes of Mantel correlograms is similar to that for
univariate correlograms and can be confirmed by maps
and close inspection of the data.

4. Results
4.1. Univariate point pattern analysis

All tree-classes were significantly (P <0.01)
clumped in both sites but at different distances
(Table 2). Only seedlings in the Tessé site and seed-
lings and krummbholz in the Ordesa site were clumped
at all distances up to 15 m (Table 2, Figs. 1 and 2).
Overall, bigger trees showed clumped distributions at
greater distances (Table 2). In the Tesso site, seedlings
appeared predominantly above the treeline, in the
upper part of the ecotone (Figs. 1 and 2), where the
cover of D. octopetala and R. ferrugineum were
maximum and minimum, respectively. In this site,
the cover of D. octopetala was positively related with
the number of P. uncinata seedlings every 10 m along
the slope (Spearman’s rank correlation coefficient,
re=0.42, P<0.15, n=14). In fact, 71% of all P.
uncinata seedlings grew on a D. octopetala substrate.
In the Ordesa site, no significant correlation was found
between seedling density and any kind of substrate.

4.2. Bivariate point pattern analysis

In the Ordesa site, positive spatial association
(attraction) was found for krummholz and seedlings
at all distances but was significant (P < 0.01) only at
2 m (Table 3). Seedlings were abundant in the area
where krummholz reached very high densities (3917



J.J. Camarero et al./Forest Ecology and Management 134 (2000) 1-16 7

Table 2

Patterns of spatial dispersion for tree-classes in two Pyreneean forest—grassland ecotones: Ordesa (O) and Tessé (T) sites, where the symbols
(+) indicate significant (P < 0.01) clumped distribution at distance ¢ based on K(?) function values distribution and (e) correspond to a random

distribution (all analyzed classes have more than 15 individuals (n))

Site  Classes n t (m)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 A 4 . + + + + + + + + + + + + + +
p 17 . . . . + + + + + + + + + + +
S 21 e + + . + + + + + + + + + + +
SE 80  + + + + + + + + + + + + + + +
K 414+ + + + + + + + + + + + + + +
KM 64 e . + + + + + + + + + + + + +
D 54 + ° . . . + . . + + . ° ° . .
T A 56 e . . + + + + + + + + + + + +
P 36 ° + + + + + + ° ° ° ° ° ° ° +
S 66 + + + + + + + ° . . . ° . . .
SE 40 + + + + + + + + + + + + + + +
D 59 e . . + + + + + + + + + + + +
individuals ha ") forming a krummbholz-belt (y ~ 40— We found different and significant (P < 0.01) spatial
60 m in Fig. 1). We obtained significant spatial attrac- interactions between tree-classes in both sites

tion (P < 0.05) between krummbholz and seedlings at
0.25m and 1.75-3 m considering 0.25 m distance
steps (data not shown).

(Table 3). Adults and seedlings were significantly
segregated (repulsion) at distances 9-11m and
14 m in the Ordesa site (Table 3; Fig. 1). A similar

ORDESA

—

N
=}
Y

-
[&)]
FEAE

£

N
|

Height (M)
>
A

———

[é)]
A

A A e KM
A P . K
A S + D
s SE

Fig. 1. Spatial location and height of all individuals in the sites Ordesa and Tess$. Abbreviations of the size and growth-form tree-classes:
adults (A), poles (P), saplings (S), seedlings (SE), dead trees (D), krummbholz (K) and flagged krummholz (KM). The black arrows show the

directions of the dominant winds.
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Fig. 2. Spatial pattern of P. uncinata seedlings in the Ordesa
(n = 80) and Tessé (n = 40) sites for every 10 m along the slope.
The arrow points upslope.

result was obtained for adults and krummbholz for long
distances. Poles showed positive spatial interaction
with saplings and flagged krummholz. However, in the
Tess6 site adults and seedlings showed significant
repulsion (Table 3; Fig. 1). The only clear significant

Table 3

aggregation in this site was obtained for the interaction
between saplings and seedlings.

4.3. Moran’s 1

All-directional Moran’s [ spatial correlograms were
computed for several variables in the Ordesa (db,
height, southward crown radius, number of needle
cohorts and number of stems) and the Tessé (db,
height, number of needle cohorts and estimated
age) sites (not shown here). The selected correlograms
were globally significant at P < 0.05 (Bonferroni cor-
rected test), which indicates the existence of spatial
structures. The correlograms of all living trees in the
Ordesa site for basal diameter, height and number of
needle cohorts described spatial gradients and
declined steadily from maximum positive correlation
values at distances 18-24 m to negative values at
greater distances. However, the correlogram for num-
ber of stems showed a ‘““single thin bump” (Legendre
and Fortin, 1989), with highly significant positive
autocorrelation at 6-12 m, high negative autocorrela-
tion at 36 m and returning to positive autocorrelation
values beyond 48 m (this gives a zone of influence at
~24 m). Considering only krummholz individuals, we
calculated the all-directional correlogram of average
crown radius every 0.25 m and the highest positive
significant autocorrelation (P < 0.05) was found at
2.5-3.5 m. This distance defined the mean patch size
according to krummbholz crown radius.

Spatial interactions between tree-classes in two Pyreneean forest—grassland ecotones: Ordesa (O) and Tess6 (T) sites, where the symbols (+)
represent mean significant (P < 0.01) spatial association or attraction between two classes of tree locations at distances ¢ based on Kj(t)
function values, (—) represent negative association or repulsion, and (e) correspond to a random spatial interaction

Site Interactions t (m)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
(0] A-SE . . . ° . . . ° — — — . . — .
A-K ° . . . . . . . . - ° - . — —
P-S . ° . . ° . . + . + ° . ° ° .
P-KM . . . . . . . . . . . . ° . .
S-D . . — . . . . . . . . . . . .
SE-K ° + . . . . . . . . . . ° . .
D-K — ° . ° ° . . ° . ° ° ° ° ° °
T A-P ° . ° . . ° . . . ° . . . . —
A-SE ° ° . . . ° - - ° - . . ° . .
S-SE . . . + + + + + + + + + + +
S-D ° ° — — ° ° ° ° ° ° . . ° . .
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In the Tesso site, the correlograms for all living trees
showed spatial gradients for the variables basal dia-
meter, height and number of needle cohorts, but
patchiness for estimated age. The distances of high
positive autocorrelation values were 18—24 m for basal
diameter; 6-12 m for height; 0-6, 24-30, 60-66 and
78-84 m for estimated age; and 0-6 and 24-30 m for
number of needle cohorts. The patch sizes were: 48 m
for basal diameter, ~67 m for height, and ~47 m for
number of needle cohorts. The needle cohorts corre-
logram showed some patchiness superimposed over
the spatial gradient. Estimated age showed a correlo-
gram where positive and negative autocorrelation
values alternate suggesting the existence of patches
with a mean radius of 15-18 m.

4.4. Mantel correlograms

In the Ordesa site, the all-directional multivariate
Mantel correlograms for structural variables of living
strees (basal diameter, height, eastward and southward
crown radii, needle cohorts and number of stems) were
significant overall (P < 0.05). For any of the three
subtransects of krummholz (0—10 m, 1020 m and 20—
30 m wide), the Mantel correlograms indicated the
existence of steep gradients with a mean influence area
of ~23 m, where the positive autocorrelation finished
(Fig. 3). The first significant negative autocorrelation
values were reached at ~33, ~24 and ~42 m for
krummbholz trees located at 0—10 m, 1020 m and
20-30 m subtransects, respectively (Fig. 3). This last
result suggested the existence of spatial heterogeneity
perpendicular to the slope for the structural variables
of krummholz. Both flagged krummbholz and the rest
of tree-classes (adults, poles, saplings and seedlings),
produced correlograms representing ‘‘sharp steps’,
but not so steep as the correlograms of krummbholz,
and with mean influence areas of ~37 m and ~46 m,
respectively. The heterogeneous structure perpendicu-
lar to the slope is confirmed by the histogram of all
living trees distributed along this direction (most of
them are krummbholz; Table 1, which forms a central
minimum flanked by lateral maxima (Figs. 1 and 3).

In the Tesso site, the all-directional Mantel corre-
logram for structure variables of living strees (basal
diameter, dbh, height, height of the lowest living
branch, westward and northward crown radii, number
of stem nodes and maximum number of needle
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Fig. 3. Mantel correlograms for the structural variables of living
trees in the Ordesa site. The correlograms were obtained using six
variables for flagged krummholz and adults—poles—saplings—
seedlings and five variables for krummholz (see Section 4.4).
The upper correlograms show three correlograms for krummholz
(located in subtransects along the slope at coordinates 0-10 m,
n =161 trees; 10-20 m, n = 94; and 20-30 m, n = 149) and the
all-directional correlogram for individuals with vertical stems
(adults—poles—saplings—seedlings, n = 162), respectively. The low-
er left figure is the all-directional correlogram for flagged
krummbholz (n = 72). The histogram shows the frequency (%) of
all living trees (n = 641) along the axis perpendicular to the slope,
indicating the end of positive autocorrelation (dotted line),
observed up to 20m for flagged krummholz in the Mantel
correlogram. Abbreviations of the size and growth-form tree-
classes as in Fig. 1. Black symbols are significant (P < 0.05) values
of the normalized Mantel statistic » and white symbols are non-
significant values.

cohorts) was overall significant (P <0.05) and
showed significant positive and negative autocorrela-
tion in the small and large distances, respectively
(Fig. 4). The global shape of this correlogram reflected
a gradient with steps. The positive autocorrelation
appeared up to ~39 m, considering all coordinates
or only those parallel to the slope. The average size of
the influence area for structural variables was ~45 m
in both cases. The non-significant positive autocorre-
lation value at ~18 m, present in the all coordinates
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Fig. 4. Mantel correlograms for the structural variables of living
trees in the Tessé site. These multivariate correlograms were
calculated using 198 objects (trees) and eight structural variables
(see Section 4.4). The upper correlograms consider all coordinates
and only coordinates parallel to the slope. The lower left
correlogram considers only coordinates perpendicular to the slope
and the histogram shows the frequency (%) of all living trees
(n = 198) along the axis perpendicular to the slope indicating the
significant negative autocorrelation observed at 6-9 m (dotted
lines) in the directional correlogram with coordinates perpendicular
to the slope. All correlograms were globally significant using the
Bonferroni correction for multiple tests. Black symbols are
significant (P < 0.05) values of the normalized Mantel statistic r
and white symbols are non-significant values.

Mantel correlogram, became significant (P < 0.05)
when we computed the correlogram only for locations
parallel to the slope (Fig. 4). This result revealed the
presence of subtle negative autocorrelation for the
short distances of the all-directional correlogram. This
was confirmed by the appearance of significant
(P <0.05) negative autocorrelation in the direction
perpendicular to the slope at 6-9 m but lasting from
6 m up to 18 m (Fig. 4). This can be observed in the
histogram of living trees along this direction (Fig. 4).
The distribution of trees along the direction perpen-
dicular to the slope in the Tesso site is characterized by
a central maximum (Fig. 4).

5. Discussion
5.1. Point pattern analyses

We found more indications of spatial segregation
for the different tree-classes in the Ordesa site than in
the Tesso site where middle-sized trees overlapped
each other in the lower zones of the forest—grassland
ecotone. The dense krummholz-belt in the Ordesa site
comprised most of the upper part of the ecotone. The
most striking feature in the Ordesa site was the close
location of krummbholz and seedlings (Fig. 1). The
abundance of seedlings in the krummbholz-belt is
consistent with previous ideas based on the ‘“‘seedling
bank” concept because rapid germination of these
limited treeline populations could decrease seed mor-
tality and produce a seedling bank as an establishment
source instead of a seed bank (Payette et al., 1982). We
found spatial attraction between krummholz and seed-
lings at a distance consistent with mean horizontal
canopy radius (0.25 m). In addition, these point pat-
tern analyses agree with similar results calculated
computing simple correlations between densities of
tree-classes and corrected taking into account the
spatial autocorrelation (Camarero and Gutiérrez,
1998b).

Holtmeier and Broll (1992) found a maximum
length for the leeward snowdrift equal to 4-5 times
the height of Picea engelmannii islands in a forest-
alpine tundra ecotone in the Colorado Front Range.
Unfortunately, there are no similar data of snowdrift
size for the studied Pyrenees treelines. Nevertheless,
the snow precipitation in the Ordesa site does not
produce so deep snowpacks, as suggested by the
estimated snow depth based in the mean height +1
SD of the krummholz mats (0.74 4+ 0.40 cm; see
Pereg and Payette, 1998). In fact, the snow cover
may be absent some winters, leading to water stress,
dessication damage and death of P. uncinata seedlings
(Frey, 1983). Considering the local snow and wind
conditions and the relationship between mat height
and snowdrift size described by Holtmeier and Broll
(1992), the mean krummholz mat height would cor-
respond to a maximum leeward snowdrift size of ~2—
3m. This “influence size” is quite close to the
inferred spatial attraction between krummbholz patches
and seedlings at longer distances (1.75-3 m). In addi-
tion, this distance of attraction between seedlings and
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krummbholz is consistent with the mean patch size for
krummbholz crown radii according to the correlograms
(2.5-3.5 m). The extended spatial effects of krumm-
holz patches on regeneration through snow accumula-
tion could explain spatial attraction at longer
distances. The spatial attraction was not found at very
short distances (1 m), what confirmed the shade-intol-
erant condition of this species (Bosch et al., 1992).
Most krummbholz did not bear cones in the Ordesa site
and wind is the main dispersal agent of P. uncinata
seeds. No preferential dispersal could have caused the
observed spatial pattern, excepting the seed “‘trap-
ping” in the leeward side of krummholz. There is no
indication in the literature that selective predation of
seedlings or other factor could explain this pattern
(Cantegrel, 1983).

Krummbholz can favor P. uncinata establishment
through enhanced snow deposition, providing shelter
against abrasion by windblown snow and ice and
adequate soil moisture during the start of the growing
season. Other treeline studies showed that a too deep
snow cover can limit establishment, but they consid-
ered different species and climatological conditions
than those described here (Billings and Bliss, 1959;
Earle, 1993). Under more similar environmental con-
ditions, Minnich (1984) suggested that Pinus con-
torta—P. flexilis establishment in Mt. S. Gorgonio
(California) timberline was dependent on habitat ame-
lioration by close parent trees by reducing wind or
capturing snow. The ability of tree and krummbholz
patches to modify microenvironmental conditions in
the forest—grassland ecotone (snow cover, soil moist-
ure and temperature, microclimate, etc.) is well known
(Hadley and Smith, 1987; Holtmeier and Broll, 1992;
Scott et al., 1993). Snow cover affects tree form and
establishment (Earle, 1993; Schaefer and Messier,
1995; Hessl and Baker, 1997; Pereg and Payette,
1998). For example, Earle (1993) found that inter-
mediate snow depths (1-1.5 m) were adequate for
successful seedling establishment of P. engelmannii
and Abies lasiocarpa in SE Wyoming. Tree establish-
ment and growth can change the depth and density of
snow and modify the pattern of snowdrift (Payette
et al.,, 1973; Minnich, 1984; Holtmeier and Broll,
1992). The endogenous feedback between trees and
snow affects population changes through microenvir-
onmental changes that affect the regeneration niche
(Grubb, 1977; Earle, 1993).

Positive plant interactions have been studied in
harsh environments like arctic tundra and alpine com-
munities (Carlsson and Callaghan, 1991; Bertness and
Callaway, 1994; Kikvidze and Nakhutsrishvili, 1998).
The presence of intraspecific positive interactions
buffering seedlings from extreme conditions at tree-
line has been inferred by studies revealing preferential
establishment in the periphery of adult trees, conta-
gious dispersion and spatial heterogeneity of mortality
(Kullman, 1983; Payette and Filion, 1985; Taylor,
1995). The ‘“‘nurse effect”” should be taken into
account to understand the potential response of tree-
line populations to climatic change. This positive
interaction can explain why large changes in treeline
position due to the death of isolated individuals are not
related to major density fluctuations in non-marginal
populations (Lloyd, 1997).

A greater sample of plots taking into account the
spatial variability between sites and experimental
manipulations should address the suggested protective
influence of krummbholz on seedlings. There are at
least two possibilities to explain this association. If
wind is the main limiting factor, then the seedlings
should be more abundant in the protected leeward side
of neighbor krummholz. If snowdepth is the main
issue, it should limit establishment to the windward
side of krummbholz where snow is not too deep (Earle,
1993). Given the very high density of the krummbholz-
belt in the Ordesa site, it is not possible to discern
which of the two suggested directional krummholz—
seedling distributions exists and which environmental
variable affects more establishment. It is also possible
that several environmental variables, like wind and
snowpack, work simultaneously. Other microenviron-
mental factors such as changes of soil conditions
(moisture, temperature, nutrients) should also be taken
into account (Holtmeier and Broll, 1992). We
hypothesize that the wind—snow interaction is the
main factor controlling P. uncinata establishment in
the Ordesa site because snowpack is not so deep to
prevent establishment. The abundant krummbholz
forms with foliage damages due to wind abrasion
and insufficient snow protection are additional factors
suggesting this hypothesis (Grace, 1977; Tranquillini,
1979; Camarero and Gutiérrez, 1998a).

Positive interspecific interactions between tussock
grass (Poa spp.) and Eucalyptus pauciflora at inter-
mediate distances have been described in other tree-
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line ecotones (Noble, 1980). Noble (1980) found that
E. pauciflora seedlings more distant from grass
clumps tend to be shorter, larger and multistemmed.
He suggested that this change of seedling habit could
be explained by a reduced competition with tussock
grass (hence the larger size) and a greater exposure of
growing tips to harsh microenvironmental conditions
such as frost damage (hence the shorter and multi-
stemmed habit). We have found negative but not
significant relationships between two variables of
seedling size and the seedling—krummbholz distance
(north—south crown diameter, r, = —0.20, P =0.11,
n = 64, considering separation distances < 2 m; and
height, r;=—0.29, P =0.31, n =14, considering
separation distances < 0.5 m). Therefore, we cannot
confirm our hypothesis with the available data. How-
ever, we are only considering hypothetical processes
generated by the spatial pattern, such as the nurse
effect by krummholz forms (intraspecific positive
interaction). These hypothetical causative processes
should be confirmed in the future by experiments
considering growth and survivorship of seedlings
near krummholz and the trade-off between above-
ground shelter and below-ground competition (e.g.,
Carlsson and Callaghan, 1991). The trade-off between
facilitation and competition should produce a turning
point in a graph of seedlings—krummholz minimum
distances and any variable expressing seedling per-
formance.

In the Ordesa site, microclimate and the spatial
position of seedlings with respect to krummholz
become decisive for establishment. The spatial loca-
tion of trees in the forest—grassland ecotone might
modify external climatic constraints and become a
new source of inertia (Lloyd, 1996; Arseneault and
Payette, 1997). In addition, the change from krumm-
holz patches to patch forest in response to improved
climatic conditions positively affects regeneration
(Weisberg and Baker, 1995b). In contrast with this,
the regeneration in the Tessé site is concentrated in
upper areas of the forest—grassland ecotone without
any positive association between seedlings and other
tree-classes. This regeneration located near treeline is
probably related to the presence of D. octopetala and
the absence of a dense R. ferrugineum understory. The
closed mats of R. ferrugineum can prevent the estab-
lishment of P. uncinata seedlings through direct com-
petition (Pornon and Doche, 1995) or retaining snow

and shortening the snow-free period and the growing
season (Tranquillini, 1979). More empirical studies
are needed to determine the below-ground competi-
tion for water or nutrients between tree seedlings and
herbaceous species, such as those developed to study
tree establishment in arctic tundra (Black and Bliss,
1980; Hobbie and Chapin, 1998).

All tree-classes in both sites showed clumped dis-
tributions (Table 2). The smallest trees (seedlings and
krummbholz) were clumped at all distances in both
sites but bigger trees (adults and poles) were clumped
at greater distances according to their greater mean
size. Clumps of trees can create more favorable
microenvironments than those available for isolated
trees (Tranquillini, 1979). The clumpling process can
produce very high tree densities such as those
described for the krummbholz-belt. The spatial overlap
along the ecotone in the Tesso site is illustrated by the
spatial interaction between saplings and seedlings.
This seems to describe a more gradual size gradient
than in the Ordesa site without any clear positive
interaction between tree-classes. The trend towards
random distribution for the tree-classes with the lar-
gest size is more evident in the Tesso site (Table 2).
This trend suggests a more marked limitation for space
and resources (e.g., light and soil nutrients) for bigger
trees. Contrastingly, the clumped distribution of adults
in the Ordesa site at small distances could indicate
their possible origin from krummholz (Lavoie and
Payette, 1992).

5.2. Surface pattern analyses

Different variables, functional or statistically
related, as well as different tree-classes have their
own spatial pattern in each site. The spatial pattern
revealed by the surface analyses is very related with
the distribution of the most abundant tree-class in each
site (e.g., krummbholz in the Ordesa site). Overall, the
spatial gradient of the structural variables is more step-
like in the Ordesa site than in the Tessé site. In the
Ordesa site, the drastic size changes follow the mor-
phological sequence from multistemmed shrubby
krummbholz in the upper areas of the forest—grassland
ecotone to intermediate flagged krummholz forms
with many less shrubby stems and, finally, uni-
stemmed vertical trees in the lower area of the ecotone
(adults, poles and saplings). Most structural variables
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follow a gradient in the Tesso site except the estimated
age of young trees, which forms patches with a mean
radius of 15-18 m.

The complementary analysis of the spatial variation
of height of living individuals using directional semi-
variograms has showed that the Ordesa site is a
“false” gradient. In this case, the spatial structure
should be mainly caused by local interactions and
processes such as the dominance of krummbholz forms
due to wind effects, predominating the autocorrelation
at small-scales (Dutilleul and Legendre, 1993;
Legendre, 1993). However, the Tesso site formed a
“true” gradient (large-scale trend). In this case, the
monotonic variation of height across the ecotone is
mainly explained by environmental variables, such as
the altitudinal decrease of temperature.

The mean zones of influence for structural variables
in both sites occupied ~45 m (Figs. 3 and 4) along the
maximum slope but showed finer heterogeneity along
the direction perpendicular to the slope. In the Ordesa
site, the krummbholz-belt formed dense groups at both
lateral sides of the plot, which suggests a wave-like
variation of density of krummholz perpendicular to
the slope. This variation is perpendicular to the pre-
vailing wind direction (NW-W). Taking into account
the level slope of this site and the absence of snow
avalanche, this suggests a similar dynamic process
that those described for wave-regenerated Abies bal-
samea subalpine forests (Sprugel, 1976). In these
stands, prevailing wind blows perpendicular to the
stripes of trees and they move slowly downwind. The
mortality is higher in the most exposed wave-edge
trees because the prevailing wind may cause winter
dessication, summer cooling, rime deposition, and
branch breakage (Sprugel, 1976). Similarly, it is likely
that wind is one of the environmental variables respon-
sible for this wave-like variation of density of krumm-
holz. This hypothesis should be tested in a larger
sample of wind-exposed forest—grassland ecotones
across the Pyrenees.

The sinuous distribution perpendicular to the slope
is more evident as well in the Tesso site, thus giving
place to a central and two lateral maxima. The spatial
pattern of structural variables follows a gradient along
the slope, but forming zones of influence of ~45 m.
This forest—grassland ecotone is formed by long forest
strips ~15-18 m wide along the direction perpendi-
cular to the slope, structurally similar, producing a

greater spatial heterogeneity in finer spatial scales. In
the Tesso site, the similar size of forest strip width and
mean radius of patches with similar estimated age for
young individuals suggests that establishment is
occurring parallel to avalanche paths occupied by
grassland. The avalanches can create long non-
forested corridors down the main slope separated by
forested strips whose upper limits are not located at the
same elevations (Furdada Bellavista, 1996; Walsh
et al.,, 1994). It is well established that snow ava-
lanches and snow patterns influence treeline dynamics
in mid- and high-latitude mountains (Minnich, 1984;
Earle, 1993; Walsh et al., 1994).

6. Conclusions

Two different patterns of regeneration arise: most
seedlings in the Ordesa site appeared near krummholz
but seedlings in the Tessé site occupied locations
above the treeline, where the cover of subalpine shrubs
decreased (R. ferrugineum). We found positive spatial
interaction between krummholz and seedlings in the
Ordesa site for two different spatial scales: tree and
patch. The spatial gradient of the structural variables
was more step-like (threshold-like) in the Ordesa site
than in the Tesso site (gradual change of size and
overlap of tree-classes). These contrasting patterns
reflected the different influence of the most limiting
environmental variables in each site. These were wind
and snowpack in the Ordesa and the Tesso sites,
respectively. The spatial structure of the Tesso site
forming long forest strips reflects the effect of snow
avalanches. The Ordesa site shows a potentially
greater inertia to harsher climatic conditions due to
positive spatial interactions between krummholz and
seedlings what can reduce the possibility of declines in
treeline. However, this interaction can also show the
reverse effect increasing the sensitivity to positive
changes because krummholz can create favorable
microsites in which the seedling bank may establish.
In both cases, this inertia should be assessed taking
into account possible growth-form changes in
response to climate variations, as well as their con-
sequences on the establishment in the ecotone. The
effects on inertia will depend on the type of interaction
between individuals or species and the direction of
environmental change.
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