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Abstract
• Juniper woodlands have a great conservational and productive importance in Spain. However, basic
traits of their structural variation and growth dynamics are unknown.
• To characterize the structural variation and assess both height and radial growth patterns, we sampled and measured stem cross-sections every 0.5 m in height from 107 Spanish juniper (Juniperus
thurifera L.) trees, which were selected based on a 350 m regular grid over a whole woodland of
3 300 ha in area. We used dendroecological techniques and spatial analysis to study tree structure and
growth.
• Structural traits such as bole diameter and height were mainly determined by tree life-related parameters such as tree age and growth rate variation, while abiotic factors such as altitude played a minor
role in determining structural variation. Over the last 300 years, juniper establishment has been continuous in time but discontinuous in space. Large-scale spatial heterogeneity of tree establishment,
and the presence of an early growth suppression and abrupt growth changes in junipers > 100 years
old are consequences of an intense management that almost ceased in the late 19th century.
• Abrupt growth releases and suppressions were synchronic among diﬀerent age classes, and coincided with documentary records on livestock decrease and key historical changes in land use. Growth
patterns suggest that juniper is a browsing-tolerant species that is able to survive large periods of
intense browsing pressure.
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Résumé – Variation structurelle à grande échelle et dynamique de croissance à long terme de
Juniperus thurifera dans des forêts aménagées à Soria dans le centre de l’Espagne.
• Les forêts de genévrier ont en Espagne une grande importance à la fois du point de vue de la conservation et de la production. Cependant, des caractéristiques de base de leur variation structurelle et leur
dynamique de croissance sont inconnues.
• Pour caractériser la variation structurelle et évaluer à la fois la hauteur et les modèles de croissance
radiale, nous avons échantillonné et mesuré les sections de troncs tous les 0,5 m en hauteur chez
107 genévriers (Juniperus thurifera L.), qui ont été choisis sur la base d’un réseau régulier de 350 m
de côté dans la totalité d’un bois d’une surface de 3 300 ha. Nous avons utilisé les techniques dendroécologiques et l’analyse spatiale pour étudier la structure des arbres et la croissance.
• Des caractéristiques structurales comme le diamètre de tronc et la hauteur ont été principalement
déterminées par des paramètres concernant la vie de l’arbre comme l’âge et la variation du taux de
croissance, tandis que des facteurs abiotiques comme l’altitude ont joué un rôle secondaire dans la
détermination de la variation structurelle. Pendant les 300 dernières années, l’établissement du genévrier était continu dans le temps, mais discontinu dans l’espace. L’hétérogénéité spatiale à grande
échelle de l’établissement des arbres, la présence d’une première suppression de croissance et des
changements brusques de croissance chez des genévriers âgés de plus de 100 ans sont les conséquences d’une gestion intensive qui a presque cessé à la fin du 19e siècle.
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• Des reprises brusques de croissance et des suppressions étaient synchrones parmi diﬀérentes classes
d’âge et ont coïncidé avec des rapports documentaires sur la diminution du bétail, clefs des changements historiques dans l’utilisation de la terre. Les modèles de croissance suggèrent que le genévrier est une espèce tolérante à l’abroutissement et qui est capable de survivre à de grandes périodes
d’abroutissement intense.

1. INTRODUCTION
Spanish juniper (Juniperus thurifera L., Cupressaceae)
is a dioecious tree, endemic in southwestern Europe and
Northern Africa, with the most significant populations distributed in central Spain and the Atlas mountains in Morocco
(Blanco et al., 1997; Charco, 1999). This species covers over
125 000 ha in the Iberian Peninsula, which represents 1% of
the total forest surface in Spain (Blanco et al., 1997). Although
this percentage is low, large juniper woodlands dominate the
landscape in scarcely-populated mountain regions of the central Iberian Peninsula under a Mediterranean continental climate. Juniper woodlands have been traditionally managed as
grazeable open systems combined with timber production for
fire wood or construction.
To revitalize the local economy, regional authorities in
Castilla y León are supporting initiatives for the commercialization of juniper wood for its industrial use as furniture or
construction elements (Sanz et al., 2006). Concurrently, juniper woodlands are priority habitats for conservation in the
European Community (European Commission, 1992). However, there is a lack of knowledge about the ecological and
historical causes of the current structure and dynamics of juniper woodlands. This knowledge will be useful as a reference
point to develop management policies that are focused on the
conservation of Spanish juniper woodlands.
Recognition of the importance of human impacts is required in order to relate ecosystem dynamics to changes in
management regimes or social patterns. Deep socioeconomic
changes that have occurred in Europe since the middle of the
19th century caused a rural exodus and led to declines in traditional practices based on small-scale agriculture, pastoralism
and use of forest resources (Thompson, 2005). In marginal
mountain areas in southwestern Europe, these changes led to
the expansion of shrublands and forests, and a decrease in
semi-natural open habitats, which had previously been maintained by traditional practices (Chauchard et al., 2007). Apparently, land abandonment had a positive eﬀect on Spanish
juniper, with a significant increment in new regeneration and
the expansion of its distribution area (Blanco et al., 1997).
However, the cessation of traditional uses also had negative
eﬀects, such as an increase in shrub density and the potential
replacement of juniper by more competitive tree species, such
as oaks and pines (Gauquelin et al., 1999). Several studies performed in mountain areas of southern Europe, that combined
historical and biological approaches, showed the correspondence between declines in local human populations, land-use
transformations and changes in forest structure, growth and
dynamics (Chauchard et al., 2007; Motta and Edouard, 2005;
Motta et al., 2006).

We studied the large-scale structural variation and longterm growth dynamics of Juniperus thurifera, based on a regular sampling scheme along a 3 300 ha managed juniper woodland in the Cabrejas del Pinar range, Soria. Greatest attention
was given to the existence of diﬀerential age-specific growth
patterns and to the spatial variation in juniper structure. The
main objectives of this work were: (i) to characterize the structural variation and to identify the main tree life-related and environmental variables that shaped this juniper woodland, and
(ii) to assess both height and radial growth patterns of junipers,
the long-term variation in tree growth and their correspondence with past management changes.
2. MATERIAL AND METHODS
2.1. Study area
“El Enebral” common, a forested area of 3 300 ha, is located
near Cabrejas del Pinar, 35 km west of Soria in north-central Spain
(41◦ 45’ N, 02◦ 05’ W), with altitudes ranging between 1 100
and 1 330 m. The climate is subhumid supramediterranean (RivasMartínez and Loidi, 1999) with a mean annual rainfall of 533 mm,
only 105 mm occurring during summer. Mean monthly temperature
ranges from 2.8 ◦ C in January to 20.0 ◦ C in July. The rock parent material is Cretaceous limestone, bearing calcium-rich, mainly shallow
soils, with abundant areas of exposed bedrock covered with lichens
and bryophytes.
The vegetation is open woodland dominated by Spanish juniper
(90.4% of total basal area) with some pines (Pinus pinaster Aiton
and P. sylvestris L., 6.2% of total basal area) and holm oak (Quercus ilex L., 3.4% of total basal area). The woodland understorey and
the open areas are covered by a variety of shrubs such as Arctostaphylos uva-ursi (L.) Sprengel., Cistus laurifolius L., Juniperus communis
L., Lavandula latifolia Medicus, Satureja intricata Lange, and xeric
grassland. The main traditional economic activities in this area are
sheep and goat grazing, as well as timber extraction.

2.2. Sampling
The complete common was divided into squares of 350 × 350 m
following a regular grid. A circular plot of 32 m in diameter was established at every knot of this grid. In each plot, all trees more than
7.5 cm in DBH were identified to species and measured. Other field
data registered at each plot were altitude, aspect, slope and the geographical coordinates of the central point. The juniper tree closest
to the center, with DBH over 7.5 cm, was felled and measured on
the ground in 107 plots. Occasionally, the second or third tree nearest to the central point had to be selected, due to severe damage or
hollowing of the central one. Number of stems and sex were also
registered. Stems felled were sawn every 50 cm to obtain a set of regularly spaced stem disks, starting at 30 cm above ground up to the
crown, yielding a total of 1 007 disks.

809p2

Structure and growth dynamics of Juniperus thurifera

Ann. For. Sci. 65 (2008) 809

2.3. Sample processing
Stem disks were air-dried, surfaced with a power plane and then
manually polished with a series of successively finer grades of sandpaper until the xylem cellular structure was visible under magnification. To check for deviations in tree-ring counts from the actual
age, one tree-ring series from every stem disk at 1.3 m height was
dated following standard dendrochronological procedures (Stokes
and Smiley, 1968). Eccentric and lobate growth and abrupt growth
changes were found in most stem disks, aggravating tree-ring dating.
However, locally false and missing rings were identified along the
disk circumference, and consequently the dating was corrected.
Total ring widths were measured along the dated series to the nearest 0.001 mm using a Velmex sliding-stage micrometer interfaced
with a computer. One single radius along a lobe with active growth in
the sections taken at 130 cm was chosen as representative of individual tree growth, aiming to reduce the noise caused by the abundant
partially missing rings due to wedging rings. The computer program
COFECHA (Grissino-Mayer, 2001; Holmes, 1983) was used to detect dating and measurement errors. Total tree age was estimated as
the number of rings counted in the disk taken at 30 cm above ground.
This procedure underestimates actual tree ages and the magnitude
of underestimation was probably age-dependent because of historical variations in height growth rates (Palik and Pregitzer, 1995). For
the interpretation of the results, it should be taken into account that
tree ages were underestimated by between 4 and 15 years on average
(Olano et al., 2008).

2.4. Population structure and height growth analysis
To assess the dependency of tree structural variables on individual and plot factors, we performed a regression of juniper DBH and
height on individual tree variables (age, number of stems, sex, presence of past suppression and canopy position) and plot environmental variables (altitude, slope, aspect and plot basal area). Multiple regressions were performed by a forward stepwise procedure, and the
best adjustments were obtained by a least-squares method (Sokal and
Rohlf, 1995). All statistical analyses were performed using the SPSS
v.14.0 package.
To diﬀerentiate growth patterns related to age, sampled trees
were classified into five age classes: < 100 years, 101–150 years,
151–200 years, 201–250 years and > 250 years. Height growth patterns were calculated as the mean height growth curves for each age
class. The ages at the diﬀerent heights were estimated by ring counting at regular intervals of 50 cm. According to the observed deviations between tree-ring counts and actual number of rings determined
by cross-dating on the measured tree-ring series, ring counting has a
mean accuracy of ± 2.7% of all tree rings. Mean height growth rates
were compared among age classes, at three height intervals, by oneway ANOVA after testing for variance homogeneity with Levene’s
test, using Tukey’s HSD method as a post hoc test.
We examined height growth trends by plotting height against age,
considering the 30 cm high stem disk as age zero (Gamache and
Payette, 2004). We performed a regression of height against age for
the complete period in the non-suppressed junipers, and for the linear post-suppression period in the suppressed trees. Linear models
showed the best fits in all cases, so we used the regression slope as
an estimate of height growth rate. According to the observed patterns, we considered a suppression period as having height growth
rates lower than 70% of the average growth rate. The dynamics of

suppression events was characterized with regard to the duration of
suppression periods, the year in which the suppression ended, and the
height of the suppression end. These parameters were not gathered
with annual resolution and therefore they underestimated the exact
date of height growth release since they derived from stem disks that
were taken every 50 cm along the stem.
To know whether previous suppression events could be recognized
by plot traits (altitude, aspect, slope), tree structure (DBH, height,
age, number of stems, sex) and growth (slope of height growth, mean
radial growth rates of the most recent 50 years) at subsequent life
stages we used logistic regression analysis. The model was depicted
by P = 1/(1 + ea+ΣbiXi ), where P is the probability of an initial growth
suppression for a tree (P = 0 indicates non-suppressed tree, P = 1
indicates suppressed tree), a is the constant of the model and bi are the
coeﬃcients for the independent variables Xi. Logistic regression was
performed by a forward stepwise procedure and the best adjustment
was obtained by a maximum-likelihood method (Sokal and Rohlf,
1995).

2.5. Radial growth analysis
We calculated tree-ring chronologies for the diﬀerent age classes
to empirically quantify low-frequency radial growth patterns. Raw
ring widths were divided by the mean ring width of each series, which
resulted in standardized but undetrended series. Single series were
averaged to chronologies by an unweighted mean. This procedure
preserves the complete information contained in tree rings, including
both long-term age trends and abrupt growth changes (Veblen et al.,
1991). Chronology calculation was done with the program ARSTAN
(Cook and Holmes, 1996) and the variability in mean values was assessed by the annual standard deviation. Similarities among the undetrended tree-ring chronologies of diﬀerent age classes were examined
through correlation analysis during the common period of overlap.
To identify abrupt and sustained radial growth releases and suppressions aﬀecting junipers, we examined the tree-ring patterns of all
sampled trees on stem disks at 1.30 m above ground. The percentage growth change (PGC) filter of Nowacki and Abrams (1997) was
applied to identify growth releases: PGCr = [(M2–M1)/M1] × 100,
and suppressions: PGCs = [(M1–M2)/M2] × 100, where M1 and M2
are, respectively, the preceding and subsequent 10-year ring-width
means (Rozas, 2004). Individual PGC chronologies were calculated
by applying these formulae to the individual tree-ring series. Mean
PGC chronologies for each age class were obtained by classifying
the individual PGC chronologies by age classes and averaging them.
Episodes of abrupt and sustained growth releases and suppressions
were recognized as peaks > 50% in the average PGC chronologies.

2.6. Spatial analysis
We checked for the presence of spatial patterns in juniper structural traits and growth by using Moran’s I coeﬃcient and kriging
(Legendre and Fortin, 1989). Moran’s I measures the autocorrelation within a quantitative variable for all pairs of points separated
by a given spatial lag. Spatial autocorrelation is capable of revealing
scales of forest structure, which are related to the size and distribution of tree patches (Biondi et al., 1994; Kuuluvainen et al., 1998).
The hypothesis of spatial independence of tree structural traits in the
complete woodland was tested on correlograms of the standard normal deviates (SND) of I coeﬃcients. The coeﬃcients were calculated
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Figure 1. Frequency distributions of bole diameter at breast height (DBH) at 1.3 m above ground, total height and juniper ages estimated at
30 cm above ground in Cabrejas.

by 500 m distance classes, up to inter-tree distances of 8 000 m, and
checked against the critical values for a standard normal distribution.
SND values above 1.96 indicate significant positive autocorrelation
at P < 0.05; values below –1.96 indicate significant negative autocorrelation. Only distance classes with at least 20 pairs of points
were considered in the analyses. Since I coeﬃcients were calculated
for several distance classes, each correlogram was considered statistically significant only if at least one SND value was significant at
a Bonferroni-corrected significance level, P = 0.05/n, being n the
number of distance classes analyzed (Legendre and Fortin, 1989).

(12.8%) according to the regression model (R2a = 0.56, F4,83 =
28.32, P < 0.0001); the model also included the presence of
height suppressions with negative eﬀect (6.6%) and the slope
of height growth with positive eﬀect (3.8%). The model for
height was also highly significant (R2a = 0.40, F4,83 = 15.54,
P < 0.0001) and included the slope of height growth (19.5%
of variance explained) and the age of trees (11.8%) as direct
determinants of juniper height, while the presence of height
suppressions (6.1%) and plot altitude (2.6%) showed negative
eﬀects on height.

3. RESULTS

3.2. Height growth patterns

3.1. Structural variation
Maximum DBH for junipers was 40 cm with a monotonic downward distribution (Fig. 1). The highest trees reached
10 m, with a dominance of trees between 4 and 8 m. Age
ranged from 25 to 350 years with an uninterrupted distribution through time, suggesting that regeneration has been continuous for the last 300 years, although a maximum in tree
establishment was observed between 75 and 150 years ago.
Isoline maps and correlograms for DBH and height showed
similar patterns (Fig. 2) with a structure in even-sized patches,
as revealed by significant positive autocorrelation between
neighboring plots (500–1 500 m for DBH, 0–1 500 m for
height), negative autocorrelations at intermediate distances
(2 500–5 500 m) and again positive correlations at long distances (7 000–8 000 m). The aﬃnity in the spatial structure
of DBH and height would be a consequence of the allometric relationship between both variables (least-squares power
regression: height = 1.760 DBH0.416 ; R2 = 0.50; N = 107;
P < 0.001). Isoline maps and correlograms for age also revealed a spatial patchiness (Fig. 2). However, the size of evenaged patches was smaller than that of even-sized ones, with
over 1 000 m separated by 2 000–3 000 m, as revealed by the
alternatively positive and negative autocorrelation at more or
less regular intervals of 1 000 m. Basal area also showed positive spatial correlation at short distances, up to 1 000 m, but
without further significant patterns on a larger scale.
Juniper DBH was directly related to age (32.5% of variance
explained) and mean radial growth rate during the last 50 years

Mean height growth curves greatly diﬀered among age
classes, suggesting that factors regulating height growth exhibited a historical trend in this woodland. A linear height growth
pattern was observed in 70% of the trees. The remaining 30%
had an early period of suppressed growth followed by a linear
trend after height growth release. Older trees displayed a slow
initial height growth followed by a sharp increase in the elongation rate (Fig. 3). Fifty-eight percent of the trees older than
150 years and 83% of the trees older than 200 years showed
a release in height growth at the height of 2.5 m or lower. By
contrast, trees younger than 100 years showed almost linear
height growth patterns that were sustained during the complete lifespan. Mean rates of height growth of junipers younger
than 150 years were significantly larger than those of junipers
older than 200 years up to 180 cm high and also larger than
junipers older than 250 years up to 380 cm (Tab. I). However,
no significant diﬀerences in height growth rates were found
among age classes from 430 cm high upwards. Correlograms
of juniper height growth rates displayed no significant autocorrelation along the complete woodland, suggesting that height
growth dynamics did not have a definite spatial pattern (results
not shown).
The age of trees with an early period of height growth suppression ranged from 126 to 331 years and suppressions occurred at heights below 230 cm (Fig. 4A), with an average
of 120.6 cm. Most of these early suppressions ended between
1848 and 1916 (Fig. 4B), lasting for 37–199 years (Fig. 4D).
Variables defining early suppression periods were related to
tree age. Older trees experienced suppression up to higher
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Figure 2. Spatial pattern of the structural traits DBH, height, age and basal area in Cabrejas woodland. Isoline maps obtained by kriging and
the correlograms of standard normal deviates (SND) of Moran’s I coeﬃcients for 500 m distance classes are shown. Dots in the maps represent
the sampled trees. SND values above or below the shaded area in the correlograms indicate significant autocorrelation (P < 0.05), positive or
negative, respectively. The overall significance of correlograms is shown (∗∗ P < 0.01; ∗∗∗ P < 0.001).
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heights (Fig. 4A) and for longer periods (Fig. 4D), while the
date of suppression end displayed an inverse relationship with
tree age (Fig. 4B). The heights of suppression end and suppression duration were also positively correlated (Fig. 4E). However, the year of suppression end was not correlated with either
the height of suppression end (Fig. 4C) or the suppression duration (Fig. 4F).
The logistic model for growth suppression was highly significant ( χ2 = 88.85, d f = 4, P < 0.0001) and showed a
high predictive capacity, with 95.45% of the trees properly
classified by the model. According to the logistic model, the
investigated environmental variables were not able to predict
tree height suppression. However, the presence of a past suppression event was positively related to tree age and an early
suppression resulted in subsequent larger height and diameter
growth rates, but a smaller diameter.

Calendar year
Figure 3. Mean height growth curves for juniper trees classified into
five age classes. The curves represent mean years (± SD) at which
the heights indicated are reached at regular height intervals of 50 cm.
Only heights with at least five trees are shown.

3.3. Radial growth patterns
Correlations among chronologies showed that junipers
younger than 100 years had a distinct growth pattern (Tab. II).
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Table I. Mean height growth rates (cm y−1 ) of the five age classes compared by means of one-way ANOVA at three height intervals. Diﬀerent
letters in a row indicate significant (P < 0.05) diﬀerences between means according to post hoc HSD Tukey’s test.
Height intervals
30–180 cm
230–380 cm
430–580 cm

F
9.99
2.99
1.75

d.f.
4, 97
4, 90
3, 42

< 100 y
6.54 a
9.00 a

P
< 0.001
0.023
0.350

101–150 y
6.55 a
9.01 a
8.24

151–200 y
5.24 ab
7.27 ab
5.76

201–250 y
2.36 bc
7.73 ab
6.43

> 250 y
1.89 c
4.69 b
4.48

d.f.: Degrees of freedom.
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Figure 4. Relationships between tree age, height of suppression end, year of suppression end and duration of early height suppressions in
suppressed junipers. Dates of tree age and height growth release are underestimates of the actual dates, since tree-ring series were obtained at
a higher level than those at which the trees germinated and released. The correlation coeﬃcients for the linear relationships, their significance,
and the significant linear relationships, are shown. ∗∗ P < 0.01; ∗∗∗ P < 0.001. N = 32 in all cases.

By contrast, trees older than 100 years shared a common
growth pattern, with a significant correlation among chronologies. Junipers younger than 100 years showed a rising growth
trend since 1940, whereas those older than 100 years declined in the same period (Fig. 5). Several growth trends were
common to diﬀerent age classes: growth surges in 1880 for
the trees older than 200 years, in 1900 for trees older than
150 years and in 1920 for trees older than 100 years. A previous growth surge in 1790–1840 was also evident in the trees
older than 250 years.
Mean PGC chronologies revealed that abrupt changes during the 19th century were often age-specific (Fig. 6), such as
the growth releases detected in 1800, 1843, 1858, 1870, 1883–
1885 and 1899–1900, and the suppressions in 1863 and 1875.
Growth releases in 1922 and 1964 were also evident only in
trees 101–150 years old and younger than 100 years, respectively. However, radial growth suppressions in 1936–1937 and
1957–59 were evident in junipers of a wide variety of ages
older than 100 years.

Table II. Correlation matrix between the standardized undetrended
tree-ring chronologies from junipers classified into five age classes,
calculated in the common period 1941–2004.
Age class

101–150 y

151–200 y

201–250 y

> 250 y

< 100 y
101–150 y
151–200 y
201–250 y

-0.056

0.137
0.758∗∗∗

0.054
0.894∗∗∗
0.868∗∗∗

0.087
0.743∗∗∗
0.711∗∗∗
0.710∗∗∗

N = 64 in all cases. ∗∗∗ P < 0.001.

3.4. Correspondence between radial and height growth
Tree age, altitude and plot basal area were negatively related to radial growth rate for the period 1955–2004, but radial
growth rate and tree height were directly related (Tab. III). In
individual height and radial growth patterns, a temporal lag between radial growth and height growth releases was found in
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Figure 5. Mean standardized undetrended tree-ring chronologies for juniper trees classified into five age classes. Black lines represent the mean
chronologies and gray lines their ± SD intervals. The dashed lines indicate the temporal variation in the sample size. Only periods with at least
five trees are shown.

all suppressed individuals having both types of releases. This
lag varied between 4 and 47 years, being 17.7 years on average
(SD = 11.2, N = 27). Lag duration was directly related to the
year of radial release (R2a = 0.30; F1,25 = 10.94; P = 0.003),
i.e., the more recent the release, the wider the lag between radial and height growth releases. Hence, a historical trend was
evident in the lag between radial and height growth releases.
However, lag duration was independent of any other individual
or environmental variable.
4. DISCUSSION
4.1. Age-dependent growth patterns
The comparison of juniper growth patterns among the different age classes suggests that the factors that control both

height and radial growth in Cabrejas have shifted during the
past three centuries. Height growth patterns showed age dependency with an initial period of suppression in trees older
than 150 years, but not in trees younger than 100 years. Agedependent height growth rates are common for tree species in
dense forests, in which new cohorts of trees establish under
a canopy of dominant trees, with smaller height growth rates
in the understorey (Gutsell and Johnson, 2002). Age dependency in height growth patterns was also observed in Picea
mariana in the taiga-tundra ecotone, with a recent release in
height growth of younger trees probably related to the augmentation of mean temperature in the northern Hemisphere
since the “Little Ice Age” (Gamache and Payette, 2004; Vallée
and Payette, 2004). However, canopy stratification or climate
warming did not seem to be relevant in the diﬀerentiation of
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Table III. Regression models for mean radial growth rate in the period 1955–2004 obtained by linear multiple regression. The percentage of
variance explained, the coeﬃcients, t and P values for variable selection, and the model statistics are shown.
Explanatory variable
Age
Altitude
Plot basal area
Height
Constant

% Variance explained
16.38
5.32
4.70
4.43

Coeﬃcient
–0.002
–0.001
–0.021
0.061
2.787

t
–4.043
–2.579
–3.116
2.526
3.826

P
0.0001
0.0117
0.0025
0.0134
0.0003

Model statistics
R2a = 0.31
F4,83 = 10.69
P < 0.0001

R2a : Adjusted coeﬃcient of determination.
100

< 100 y

growth suppressions were restricted to low heights (2.3 m
maximum, 1.2 m on average), suggesting that ungulate browsing is the most plausible explanation for this pattern (Olano
et al., 2008).

1964

Mean PGCr
Mean PGCs
PGC = 50%

50
0
-50
100

1922

101−150 y

A negative impact of ungulate browsing on apical elongation has been observed for other tree species, with abruptly
increasing height growth rates when the stem apex overgrew
the browsing limit or ungulate density decreased (Motta, 2003;
Ripple and Beschta, 2006; Vila et al., 2003). Although red and
roe deer occur in the study area, large numbers of sheep and
goats traditionally grazed extensively in Cabrejas woodland
(with a maximum of over 500 goats and 2200 heads of sheep in
1850–1875; cf. historical archive from Soria province). Such
herbivores can use junipers as a secondary resource in summer and winter when pastures are scarce or covered by snow,
respectively (Bugalho and Milne, 2003; Zamora et al., 2001).
Early suppressions in height growth became rare after the second half of the 19th century and almost disappeared in the
20th. Release from height suppressions was simultaneous with
a general decrease in livestock that occurred in the 19th century in Spain (auction laws of 1837 and 1855; cf. Bauer, 1980)
and in this area (G.E.H.R., 1991; Pérez-Romero, 1995).

1957

Mean percent growth change (%)

50
0
-50
100

1875
1899
1885

151−200 y

1936
1959

50
0
-50
1843

100

201−250 y
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1959
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-50
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1800

> 250 y
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Figure 6. Mean percent growth change chronologies for juniper trees
classified into five age classes. Black lines represent the chronologies for releases (PGCr) and gray lines for suppressions (PGCs). The
dashed horizontal lines indicate the minimum threshold considered
for event recognition (PGC = 50%). Arrows indicate releases, triangles indicate suppressions. The temporal variation in tree sample size
is shown in Figure 5.

height growth patterns among age classes in Cabrejas. Tree
density in this woodland is too low (300 trees ha−1 on average) to establish a continuous canopy, and the woodland is not
located near juniper latitudinal or altitudinal ecotones where
growth would be at the limit due to climatic reasons. Early

Age-dependency in radial growth patterns was also consistent with the results. The correlations between undetrended
chronologies and the sequences of abrupt growth changes indicated a particular pattern for trees younger than 100 years,
and a more or less homogeneous pattern in those older than
100 years. Sampled junipers younger than 100 years were
non-suppressed trees, although coetaneous suppressed individuals could remain as saplings that were not sampled because of their small size. Browsing pressure is nowadays considerably less intense than 100 years ago (G.E.H.R., 1991;
Pérez-Romero, 1995), but many juniper saplings are suppressed individuals which are still browsed (unpublished data).
These results show that junipers can remain suppressed during periods as long as two centuries; hence, the sampling
bias toward non-suppressed trees could involve all age classes
younger than 200 years. It still remains unclear why suppressions only aﬀected some of the junipers; particularly if there
is a trend of selective browsing on junipers by ungulates related to a combination of random and genetic factors, such as
unequal plant accessibility, neighboring nurse plants and individual variation in plant defense against herbivory (Duncan
et al., 2001; Smit et al., 2006; Vourc’h et al., 2002).
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Abrupt growth changes found in trees older than 100 years
revealed particular adjustments in the management system that
aﬀected diﬀerent age classes in diﬀerent ways. Radial growth
releases occurred in the late 19th century, related to the reductions in domestic ungulate densities (Bauer, 1980; G.E.H.R.,
1991). Abrupt increases in radial growth have previously been
observed in other tree species subjected to intense browsing pressure, after a drastic diminution in herbivore density
(McLaren and Peterson, 1994; Vila et al., 2001). Radial growth
releases derived from browsing escape usually follow a release
in height growth when the main stem overcomes the browsing
limit imposed by herbivores (Vila et al., 2003). As revealed in
this work, the mean duration of the lag between radial growth
releases and height growth releases was 17.7 years. Inter-tree
variation in the duration of this lag is considerable, probably
due to genetic diﬀerences, susceptibility to browsing and environmental variation (Vila et al., 2003).
Abrupt suppressions of radial growth in 1936–1937 and
1957–1959 can be directly attributed to massive branch pruning for winter fodder. The first period matches the start of the
Spanish Civil War in 1936. The second one occurs just after
the woodland was bought by the Cabrejas del Pinar municipality from private owners, and it was restored as a common.
Pollarding of the intermediate branches in the trunk of junipers
for winter fodder was a traditional practice in Spain (Blanco
et al., 1997). Tree pollarding can be identified by abrupt decreases in radial growth due to the harsh removal of photosynthetic tissue (Rozas, 2004). Massive pruning of many junipers
along the complete woodland may account for the synchronic
growth reductions found in 1936 and 1957 in trees older than
100 years. Moreover, branch pruning may also be the reason
for the abrupt growth reductions detected in 1863 and 1875 in
the older junipers, but no historical sources documenting past
land-use in these years have been obtained.
4.2. Structural variation
The spatial patterns of structural parameters indicated that
trees of similar size cover wide areas in Cabrejas. The strong
allometric relationship between tree DBH and height, and the
relationship of both DBH and height to tree age, early suppression occurrence and the slope of height growth, could explain
the great similarity in the spatial patterns of both parameters.
The presence of a large-scale topographic pattern may explain
the spatial structure of basal area in the woodland, with greater
basal area on the broad south-facing slope than on the plateau.
Environmental conditions on the plateau are characterized by
poor and shallow soils, which could be the explanation for this
pattern. In addition, the radial growth rate of junipers during
the last 50 years was related to an ontogenetic factor (young
trees grew faster than old trees) and an abiotic factor (slower
radial growth at higher altitudes), but it also included biotic
constraints (slower growth in greater plot basal area) and size
dependency (tall trees grew faster than small trees).
Tree age at 30 cm indicated that juniper establishment
in Cabrejas has been more or less regular during the past
300 years. In the interpretation of the results, it should be

considered that the obtained distribution of tree ages is static,
i.e. the trees that died over time were not taken into account.
The age distributions also underestimate the representation of
young individuals because trees smaller than 7.5 cm were not
sampled. However, the results suggest that juniper age was
spatially structured in clumps of smaller radius than for tree
size. This pattern in juniper establishment could be a consequence of historical variations in browsing pressure at different sites. Grazing pressure has a great impact on seedling
establishment, growth and survival, with these eﬀects being intensified under restrictive conditions, as they occur in
Mediterranean and mountain environments (Motta et al., 2006;
Zamora et al., 2001). Long-term eﬀects of grazing by domestic ungulates on extensive areas tend to be spatially heterogeneous (Dumont and Hill, 2001), and the spatial heterogeneity of grazing pressure would allow juniper establishment in
the less intensively grazed areas, thereby creating a large-scale
patchy structure of tree ages.
5. CONCLUSION
This retrospective study represents the first survey of structural traits and growth dynamics, based on dendroecological
methods and spatial analysis, on the scale of a whole Spanish juniper woodland. Recruitment patterns have been continuous in time during the last 300 years, but clumped in space,
with large patches of over 1 000 m diameter consisting of individuals of similar age. The age-dependent growth patterns
and the abrupt changes in growth of mature trees may be partially explained by the transformations of the traditional management system during the 19th and 20th centuries. Abrupt
growth releases and suppressions were synchronic among different age classes, and coincided with documentary records on
livestock decrease and key historical changes in land use. Particularly, junipers younger than 100 years grew without the intense browsing pressure which had been experienced by trees
between 100 and 350 years old. Our results suggest that most
junipers older than 100 years suﬀered from suppression periods with a duration of 50 to 200 years due to intense browsing
pressure. We hypothesize that some juveniles are less susceptible to be eaten by ungulates than others, and that this diﬀerential susceptibility may be mediated by the shelter of nurse
species in early stages, or by defensive traits probably related
to the production of secondary chemical products. Nevertheless, the capability of this species to avoid herbivore damage
using nurse plants and chemical defenses should be explored
in further research.
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