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Abstract The growth rate of forest trees indicates

the rate of wood production and overall tree health.

Tree growth also indicates resource distribution and

the effect of ecological variables. Silvicultural treat-

ments may improve the growth and resilience of trees

growing in dehesas (Mediterranean open-woodland

forests). These ecosystems are expected to experience

increased temperature and decreased precipitation due

to global climate change; hence their management is a

key factor contributing to the adaption, and hence the

conservation of these systems. In this paper, we

analyzed the effect of traditional silvicultural treat-

ments on the intra-annual stem growth of holm oak

(Quercus ilex L.) in three dehesa plots in SW Spain: (i)

soil treatments (ploughing, or ploughing ? fertiliza-

tion with calcium superphosphate ? sowing with the

legume yellow lupin, Lupinus luteus) and (ii) pruning

intensity (heavy, moderate, or light). The soil treat-

ments had no significant effects on growth, but

pruning significantly affected growth patterns. Heavy

pruning slightly reduced growth during the spring, and

moderate and heavy pruning increased the normal

stem contractions (due to water stress during drought)

and expansions (due to rehydration after drought) in

sites with poorly developed soils or other stress causes.

Hence, heavy pruning could affect the vigor and

vegetative status of trees in areas where tree survival is

already compromised. Light pruning did not affect tree

growth, so this treatment may be acceptable if the

extraction of firewood or biomass is one of the

management objectives.

Keywords Quercus ilex � Traditional management �
Pruning � Fertilization � Stem growth � Dehesas

Introduction

Growth is an important biological parameter of

forestry species because it indicates the amount of

wood production and overall tree health. Growth is

also an indicator of resource distribution, because it

influences phenological processes and indicates re-

sponse to ecological variables, such as climate and soil

(Fritts 1976). Therefore, knowledge of tree growth

processes and their ecological determinants is a key

issue for planning sustainable management programs

in the presence of global climate change.

Holmoak (Quercus ilexL.) is awidespread species in

the Mediterranean Basin and covers more than 6.5
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million ha in total (Quézel and Médail 2003), including

3million ha in the Iberian Peninsula (Bravo et al. 2008).

It is one of the dominant species in ‘‘dehesas’’,

traditional agroforestry systems composed of an open

woodland forest (10–60 trees ha–1) and an herbaceous

layer (Cubera and Moreno 2007a). Dehesas are widely

distributed in Spain and cover about 3–3.5 million ha

(SanMiguel1994). Previous studies have shown that the

stem growth of holm oak is strongly driven by climate,

especially water availability (Campelo et al. 2009; Gea-

Izquierdo et al. 2011; Martı́n et al. 2014). Improvement

of soil and stand characteristics by certain management

practices such as ploughing, fertilization or pruning,

could increase the growth and resilience of holm oak in

Mediterranean open woodland forests, which are

expected to experience increased temperature and

decreased precipitation in the coming years (IPCC

2007). However, it is unclear whether the traditional

management practices applied in Mediterranean open

woodland forests enhance or reduce tree growth.

Ploughing is one of themost common soil treatments

traditionally performed in dehesas. Ploughing improves

water infiltration and movement of organic matter and

also removes woody shrubs and parched herbaceous

plants, allowing the development of new pasture

(Eichhorn et al. 2006). Nevertheless, in the Mediter-

ranean area, Ploughing also increases the vulnerability

of soils to erosion and negatively influences tree

regeneration because it removes oak seedlings and the

shrub species that can protect them (Pulido and Dı́az

2005). Fertilization is also commonly applied in dehesas

to enhance pasture and crops production.N andP are the

most limiting nutrients in Mediterranean ecosystems

(Gallardo et al. 2009) so their addition is widely used in

the Mediterranean area to enhance pasture production.

On the other hand, because of soil acidity, dehesas

respond positively to Ca fertilization (San Miguel

1994). Sowing of leguminous species, such as yellow

lupin (Lupinus luteus) is also frequently applied because

these species can beharvested as livestock feed (Serrano

et al. 2010) and they fix atmospheric N2. However,

previous studies in diverse forests and open woodlands

throughout the world have showed mixed and contra-

dictory results of the response of tree growth to

fertilization and atmospheric nitrogen fixation (e.g.,

McMaster et al. 1982;Cartan-Son et al. 1992; Scowcroft

et al. 2007; Markewitz et al. 2012).

Pruning is a widespread multipurpose silvicultural

practice applied to a large variety of tree species in

distant regions (e.g., Pinkard and Beadle 1998; Ba-

landier et al. 2000; Gyenge et al. 2010). Holm oak trees

have traditionally been subjected to crown pruning for

collection of fuelwood and improvement of acorn

production (Alejano et al. 2011). Nevertheless, several

researchers have questioned the benefits of pruning on

acorn production (e.g., Cañellas et al. 2007; Alejano

et al. 2008, 2011). This objection, along with the

decreasing market value of fuelwood and the possibly

negative influence of pruning on the spread of phy-

topathogenic agents involved in the ‘‘oak decline’’ of

SW Spain (see Navarro 2011), have motivated recon-

sideration of the usefulness of pruning in holm oak. On

the other hand, pruned trees aremore sensitivity towater

stress in dry regions (Gyenge et al. 2009). Hence,

pruning could increase the vulnerability of holm oak to

climate change, leading to a higher tree dieback.

Currently, the main management challenges of

Mediterranean forest systems, and especially dehesas,

is the survival and maintenance of productivity in the

presence of oak decline, climate change and misuse of

resources (Navarro 2011). In a former study (Martı́n

et al. 2014), we studied the patterns of intra-annual

stem growth of holm oak in open woodland forest and

dense Mediterranean forests of SW Spain, and

assessed the effects of climate, competition, tree size

and microecological factors on stem increments. Now,

the aim of the present study is to answer the following

research questions:

(i) Do the traditional soil management practices

performed in open woodlands have a benefi-

cial effect on the intra-annual stem growth of

holm oak in this region?

(ii) Do the pruning treatments have a detrimental

effect on stem growth?

Our results will increase the basic scientific

knowledge of Mediterranean open woodland forests

and will therefore contribute to the development of

methods for sustainable management based on estab-

lished scientific criteria.

Materials and methods

Field plots

This study was performed in three experimental plots

in the Huelva province of SW Spain (Table 1).
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The Huerto Ramirez (HR) plot was in an open

woodland of holm oak where sheep and Iberian pig

were raised. Its soils had different degrees of

development from acrisols, alisols and lixisols, to

regosols and cambisols (IUSS Working Group

WRB 2007). There was a sparse understory of

mainly rock-rose (Cistus ladanifer) and curly

rockrose (Cistus crispus) and an abundant herba-

ceous layer of mainly grasses. The San Bartolomé

(SB) plot was in an open woodland of holm oak

where bulls were raised. Its soils were endoleptic

regosols (episkeletic) or endoleptic luvisols (dystric)

in depositional or concave areas (IUSS Working

Group WRB 2007). There was a very scarce

understory due to frequent tillage, and an abundant

herbaceous layer of mainly grasses. The Calañas

(CA) plot was in an open woodland of holm oak

with a highly developed understory layer composed

of rock-rose and Montpelier cistus (Cistus mon-

speliensis) that was mainly used for hunting and

extensive sheep herding. Its soils had a low profile

development and were classified as cambisols

(dystric, chromic) and leptic regosols (IUSS Work-

ing Group WRB 2007). In CA symptoms of oak

decline were detected in three trees during the

study and dendrometer data of these trees were

removed.

Age of trees was very difficult to assess because it

requires cutting trees to obtain cross sections for

accurately estimate this data (Gea-Izquierdo et al.

2011). Even though we don’t have information for

assessing the age structure of the plots, measurements

in 30 sections in CA plot gave a result of an average

age of 95 ± 12 years (oldest tree 113 years) and the

measurement in 12 sections in HR plot gave a result of

an average age of 110 ± 31 (oldest tree 149 years)

(Natalini et al. 2013).

The climate of all three plots is Mediterranean, with

highly variable temperature and rainfall within and

among years. The mean annual temperature in the

study period (2003–2011) was 17.1 �C in HR, 17.3 �C
in SB and 17.7 �C in CA. Mean annual precipitation

was 578 mm inHR, 655 mm in SB and 623 mm in CA

(data from the Andalusian agroclimatic weather

stations network). There were no large monthly

variations in temperature across years, but there were

large monthly and annual changes in precipitation. In

particular, the annual precipitation in CA was only

306 mm during 2005, but was 1019 mm in SB during

2010. A more detailed description of the climate of

this location is available in Martı́n et al. (2014).

Soil treatments

The HR plot was fenced and divided into nine

subplots, with a mean area of 3340 ± 305 m2 and

including 20–25 trees per subplot. Two soil treatments

were applied randomly to three subplots each during

autumn of 2005 and repeated during autumn of 2008:

(i) ploughing (PL) or (ii) ploughing ? fertiliza-

tion ? yellow lupin sowing (PFS). The other three

subplots were used as controls. All PL was done with a

disk harrow on a farm tractor. For the PFS treatment,

PL was performed as in the PL treatment, and the soil

was then fertilized with calcium superphosphate (P2O5

18 %; CaO 28 %; SO3 25 %) and sowed with yellow

lupin using a mechanical seeder. Calcium superphos-

phate increases soil P without lowering pH, because

CaO reduces the acidifying effect of phosphate.

Yellow lupin provides soil N without the need for

artificial fertilization. This species fixes atmospheric

N2, is well adapted to local conditions, and is

traditionally grown in this area. A total of 300 kg ha-1

of fertilizer (54 kg ha-1 of P2O5, 84 kg ha-1 of CaO,

Table 1 Characteristics of the three study plots in dehesas of SW Spain (SE: standard error)

Plot Coordinates

(UTM, Zone 29)

Area (ha) Density

(trees ha-1)

Mean

diameter ± SE (cm)

Mean

height ± SE (m)

Huerto Ramı́rez (HR) X:644288 m

Y:4161376 m

2.94 73.0 30.0 ± 1.4 6.6 ± 0.2

San Bartolomé (SB) X:669638 m

Y:4145966 m

2.70 36.0 35.4 ± 1.3 6.5 ± 0.2

Calañas (CA) X:681349 m

Y:4156557 m

2.90 34.5 32.6 ± 1.9 6.1 ± 0.3

Agroforest Syst (2015) 89:599–609 601

123



75 kg ha-1 of SO3) and 60 kg ha-1 of seeds were

used on each treatment date (100 kg of fertilizer and

20 kg of seeds in each PFS subplot, approximately).

These particular treatments are traditional soil prac-

tices that have been frequently used in the dehesas of

SW Spain. Control plots were progressively covered

by an understory of shrubs, mainly rock-rose.

Pruning treatments

Trees in the CA and SB plots were subjected to

traditional pruning at three different intensities (light,

moderate, or heavy) or were left unpruned (controls).

Pruning was performed in January 2001 in the CA plot

and in February 2003 in the SB plot. All trees had been

pruned every 6–7 years before we began our study.

Pruning treatments were randomly assigned to trees at

both sites. The pruning intensity was established as

follows: light pruning involved removing sucker and

dead branches only; heavy pruning, much stronger,

removed up to 1/3 of the crown volume cutting

branches thinner than 15 cm diameter and coincided

with the usual practice in the area; and moderate

pruning was in between the previous two. In order to

ensure homogeneity in treatment intensity, each

worker was assigned a single treatment type and

supervised by a member of the research group. Once

pruning was completed, pruning intensity was esti-

mated based on the dry weight in kg of pruned

branches (DW) and tree diameter in cm (D), as DW/D.

A DW/D of 0.8 kg cm -1 or less was considered light

pruning, a DW/D greater than 1.7 kg cm-1 was

considered heavy pruning, and intermediate DW/D

values were considered moderate pruning. Details of

the estimation of pruning intensities are available in

Alejano et al. (2008).

Measurement of stem growth

A total of 119 aluminum band dendrometers (system

developed by the University of Huelva) were installed

at breast height (1.30 m), with care taken to avoid stem

deformities. Details of band dendrometers theory and

construction are available in Keeland and Young

(2014). Trees were randomly sampled within each

pruning or soil treatment. There were 55 trees in HR

(18 control, 19 PL and 18 PFS), 32 trees in SB, and 32

trees in CA (8 control and 8 by pruning intensity in

each plot). Measurements of every band dendrometer

were recorded each month with a digital caliper

(0.01 mm accuracy) from 2003–2011 in SB, from

2003–2006 in CA, and from 2006–2011 in HR.

Because there were differences in measurement dates

and in the number of days per month, average daily

increments for each tree between the first day and the

last day of each month were calculated. Girth incre-

ment data were not transformed into diameter incre-

ment because holm oak is a species with high within-

tree variability in stem growth and then the stems were

not enough cylindrical to assume diameter transfor-

mation. Hence, girth increment data of entire cross-

sections were used instead of diameter increment. At

the beginning of the study, the topographic location of

each of the 119 trees was measured using a total station

(Sokkia 3B).

Data analysis

We used two different models to analyze the effect of

different pruning treatments on growth in the CA and

SB plots and the effect of different soil treatments on

growth in the HR plot. Each model was a linear mixed

model in which we considered tree as a random effect

and the following fixed effects: month, year, treatment

(pruning or soil treatment), plot (only in the pruning

experiment), and all interactions. Thus, the initial

structure of the soil treatment model was:

yijlm ¼ lþ bi þ aj þ cl þ sm þ ða cj sj Þjlm þ eijlm ð1Þ

where yijlm is the girth increase (mm day-1) of tree i in

month j of year l under soil treatment m; l is the

general mean; bi is a tree random effect with i = 1,

2,…, 55 under the hypothesis bi * N(0, G); aj is a

month fixed-effect with j = 1, 2,…,12; cl is a year

fixed-effect with l = 1, 2,…, 6; sm is a treatment fixed-

effect withm = 1, 2, 3; (a|c|s)jlm is all possible double

and triple interactions between fixed effects; and eijlm
is the residual error under the hypothesis eijlm * N(0,

R).

The initial structure of the pruning treatment model

is:

yiklmt ¼ lþ biðkÞ þ ak þ cl þ sm

þ kt þ ða cj sj kj Þklmt þ eiklmt
ð2Þ

here yiklmt is the girth increase (mm day-1) of tree i at

plot k in the month l of year m under pruning

treatment t; l is the general mean; bi(k) is a tree
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random effect within each plot with i = 1, 2,…, 32

and k = 1, 2 under the hypothesis bi(k) * N(0,G); aj
is a plot fixed-effect with k = 1, 2; cl is a month fixed-

effect with l = 1, 2,…, 12; sm is a year fixed-effect

with m = 1, 2,…, 8; kt is the treatment fixed effect

with t = 1, 2, 3, 4; jajcjsjkð Þklmt is all possible double,
triple and quadruple interactions between fixed ef-

fects; and eiklmt is residual error under the hypothesis

eiklmt * N(0, R).

The following procedure was used to select the best

model structure:

1. The models were adjusted by consideration of tree

random effect, the presence of temporal correla-

tions between observations of different months for

each tree and year, and the presence of heteroge-

neous variances in different months of the year.

Hence, G was initially considered as a diagonal

matrix and R as a block diagonal matrix, with

each block corresponding to a 12 9 12 submatrix

of observations for one year in each tree. We

considered the following alternatives for the

structure of blocks in the Rmatrix: autoregressive

order 1, autoregressive heterogeneous, Toeplitz

up to five bands, heterogeneous Toeplitz up to five

bands, unstructured up to five bands, Huynh–

Feldt, compound symmetry, compound symmetry

heterogeneous, dependent covariance, and first-

order factor analytic (Littell et al. 2006). Variance

components for each structure were estimated by

restricted maximum likelihood (REML) (Patter-

son and Thompson 1971) and model selection was

based on the Akaike information criterion (AIC,

Akaike 1974).

2. The significance of the tree random effect was

determined by a likelihood ratio test, as the

reduction of the statistic -2 9 log likelihood

(-2LL), after introducing the tree random effect,

follows a v2 distribution with 1 degree of freedom.

A a value of 0.05 was considered to indicate an

improvement in the covariance structure.

3. If the tree random effect was significant, the

presence of spatial correlation was determined. In

particular, the following isotropic power covari-

ance model was used:

covðbiðjÞ; bi0ðjÞÞ ¼ r2bq
dii0 ð3Þ

where dii0 is the distance between trees i and i0 in
location j; r2b is the variance component at tree

level; and q is a parameter to be estimated with

|q|\ 1. The spatial covariance between observa-

tions at different locations in the pruning treat-

ment model was considered zero.

4. After selection of the best variance–covariance

structure, the fixed effects were estimated by a

generalized least squares equation (Searle 1971)

and the significance of each effect was determined

with an F test. The significance of all differences

was determined with the Scheffé test. All statis-

tical analysis was performed with SAS/ETS (ver.

9.2).

Results

Soil treatments

The best structure of the variance–covariance matrix

for the 12 9 12 blocks of the R matrix was unstruc-

tured with four bands. This indicates that the variance

of observations was different in different months

(heterogeneous structure) and that there was a tempo-

ral correlation for groups in four consecutive months.

The tree random effect was highly significant

(p\ 0.0001), but spatial covariance was not

(p = 0.934), indicating the presence of significant

growth differences among trees but that these differ-

ences cannot be explained by tree location within the

plots.

The results of the soil treatment model indicates

that there were no significant differences in growth

among the different soil treatment groups or in any

interaction in which soil treatment is included

(Table 2).

Table 2 Significance of fixed effects in the soil treatment

model

Effect F value Pr[F

Month 154.04 \0.0001

Month 9 year 57.90 \0.0001

Year 52.44 \0.0001

Treatment 1.20 0.3018

Treatment 9 month 9 year 1.11 0.2147

Treatment 9 month 0.91 0.5819

Treatment 9 year 0.49 0.8953
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Pruning treatments

The best structure of the variance–covariance matrix

for the 12 9 12 blocks of the R matrix was unstruc-

tured with two bands. We found a highly significant

tree effect (p\ 0.0001), but could not determine the

presence of spatial covariance due the lack of

convergence.

The selectedmodel indicated that pruning treatment

was not significant, although there were significant

treatment 9 month and treatment 9 month 9 plot

interactions (Table 3). In other words, this model

indicates that pruning is associated with significant

differences in growth during some months, and that

plots behave differently under some treatments during

some months. These two interactions only account for

a small amount of the total variance (Table 4), and in

some months is even negative, indicating that variance

does not decrease after the introduction of this

interaction in somemonths. However, in July,October,

and November the treatment 9 month 9 plot effect

explained 1.09–3.94 % of the residual variance, and in

October the treatment 9 month effect explained 1 %

of the variance (Table 4).

Growth differences throughout the year were more

evident in the CA plot (Fig. 1). For example, in July

there was greater stem contraction in trees given heavy

pruning (-0.030 mm day-1) than in control trees

(-0.019 mm day-1) and in trees given light pruning

(-0.017 mm day-1). In September, when stems

rapidly rehydrate, this trend was just the opposite

being the growth greater in trees given heavy pruning

(0.025 mm day-1) than in those given light pruning

(0.017 mm day-1) or control trees (0.014 mm

day-1). The differences in growth rates of the three

groups were greatest during October, when heavy

pruning was associated with the greatest growth rate.

These differences were maintained in November,

although they were not as pronounced.

In the SB plot, the differences between treatments

throughout the year were less evident (Fig. 2). In this

plot, trees given heavy pruning generally had the

slowest growth, and trees given moderate pruning had

the greatest growth, although there were only

Table 3 Significance of fixed effects in the pruning treatment

model

Effect F value Pr[F

Month 160.20 \0.0001

Plot 122.78 \0.0001

Year 98.65 \0.0001

Year 9 month 56.84 \0.0001

Year 9 plot 26.03 \0.0001

Plot 9 month 22.89 \0.0001

Plot 9 month 9 year 13.72 \0.0001

Treatment 9 month 1.80 0.0034

Treatment 9 month 9 plot 1.61 0.0151

Treatment 1.39 0.2444

Treatment 9 month 9 year 9 plot 0.98 0.5306

Treatment 9 year 9 month 0.97 0.6157

Treatment 9 year 0.91 0.5831

Plot 9 treatment 0.82 0.4809

Treatment 9 year 9 plot 0.42 0.9278

Table 4 Variation of

variance in each month after

entering significant

interactions that include

pruning treatments and

percentage of variance

accounted from all fixed

effects (%). Positives values

indicate a reduction of

variance

Month Variation of variance (%)

Treatment 9 month 9 plot Treatment 9 month All fixed effects

Jan -0.40 0.10 64.39

Feb 0.87 -0.97 53.27

Mar -0.30 0.35 49.47

Apr -0.15 0.41 70.99

May -0.44 0.32 62.65

Jun 0.43 0.11 61.32

Jul 1.23 -0.28 70.70

Aug -0.29 -0.26 81.29

Sep 0.00 0.24 76.87

Oct 3.94 1.00 74.18

Nov 1.09 -0.18 73.67

Dec -0.30 -0.18 59.70
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significant differences in February, March, April, and

September.

The lack of significance of the treatment 9 year

effect, and of all interactions that include the

treatment 9 year effect suggests that the effect of

pruning on growth did not vary throughout the study

period.

Discussion

Effect of soil treatments

Ploughing decreases competition from herbaceous

plants and woody shrubs, improves water infiltration,

and reduces short term compaction of the uppermost

soil layer in heavy grazed areas (Coelho et al. 2004;

Cubera and Moreno 2007a). PL enhances stem and

height growth of holm oak samplings (Sánchez-

Andrés et al. 2006), which are highly dependent on

soil features to survival (Gómez-Aparicio et al.

2008). In our study plots, soil treatments did not

influence stem growth in holm oak, suggesting that

water infiltration and shrub competition were not

limiting factors for growth of adult trees. Rolo and

Moreno (2011) reported that holm oak and rock-rose

compete intensely for water and nutrients. Rock-rose

can reduce the long-term survival of trees in densely

shrub encroached stands, because it affects the water

and nutritional status of trees, and has negative

effects on stomatal conductance and photosynthesis.

Furthermore, Moreno et al. (2007) found that shrub

encroachment of dehesas reduced growth of holm oak

shoots and reduced soil moisture. In our study, the

similarity of growth in the ploughed and control plots

may be explained by the scarcely developed shrub

layer in our control plots, because treatments were

carried out in 2006, but every plot was ploughed

previously. On the other hand, because of the low

density of trees in dehesas, holm oak does not use all

available water in the soil (Cubera and Moreno

2007b). In shrub encroached dehesas, this water

Fig. 1 Least squares mean

estimates of daily girth

increment

(mm day-1 ± standard

error) in the CA plot during

different months for trees

given different pruning

treatments. Different letters

indicate significant

differences between

treatments in a month

(p\ 0.05)

Fig. 2 Least squares mean

estimates of daily girth

increment

(mm day-1 ± standard

error) in the SB plot during

different months for trees

given different pruning

treatments. Different letters

indicate significant

differences between

treatments in a month

(p\ 0.05)
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could be partly used by shrubs, because holm oak

roots are very sparse (Moreno et al. 2005). Therefore

the low density of shrubs did not have a significant

detrimental effect on holm oak growth in our plots. In

addition, the existence of a low density shrub layer

promotes tree regeneration in dehesas (Pulido and

Dı́az 2005), so PL cannot be recommended exten-

sively in these open woodland forests.

Our other soil treatment (PFS) also had no

significant effect on stem growth. Holm oak and other

sclerophyllous species are adapted to low nutrient

availability (Monk 1966), are highly efficient in

nutrient use, and consequently have long-living tissues

and low growth rates (Aerts 1995). Mayor and Rodà

(1994) reported no positive effects of N and P

fertilization on the stem growth of holm oak. These

authors suggested that holm oak preferentially allo-

cates increased soil nutrient resources to leaf and shoot

production instead of stem growth. However, Moreno

et al. (2007) reported that NPK fertilization did not

improve the shoot growth of holm oak. On the other

hand, trees cannot efficiently use added nutrients

without sufficient irrigation or rainfall. Cartan-Son

et al. (1992) reported that fertilization only had a

positive effect on the stem growth of holm oak during

years with significant rain. According to Landsberg

(1986), drought can affect the uptake and translocation

of nutrients and disrupt the response to fertilizer.

Fertilization may even be detrimental in arid sites

because it decreases water availability. Cubera and

Moreno (2007a) found that fertilization reduced the

availability of soil water in dehesas during spring and

early summer. However, the analysis of the physio-

logical status and water potential of fertilized holm

oak trees in this plot indicated no significant differ-

ences between control and PFS plots (Carevic et al.

2010). This supports our finding that fertilization had

no significant effect on stem growth. Fertilization is

not widely used in forestry because it is very

expensive, but its use to enhance pasture and crop

production and quality in dehesas would not affect tree

growth.

Sowing of yellow lupin also had no effect on tree

growth. Cubera and Moreno (2007a) suggested that

addition of N increases water use efficiency and

photosynthesis of holm oak, but Rivest et al. (2011)

found that the amount of N2 fixed by leguminous

plants in dehesas is very limited, and insufficient to

compensate for the lack of this nutrient caused by

pasture consumption. Yellow lupin has a shallow root

system (Bramley et al. 2009), and holm oak is low

dependent on resources of the uppermost soil layers

(Moreno et al. 2007). Thus, the addition of N by

growth of leguminous plants did not affect tree

growth. On the other hand, recent phytopathology

studies (Serrano et al. 2010) reported that yellow lupin

can act as a vector of Phytophthora cinnamomi, one of

the main agents responsible for ‘‘oak decline’’. This

serious pathogen is widespread at the regional scale, so

planting of yellow lupin may have detrimental effects

on holm oak in certain sites.

The lack of significance of spatial covariance

indicates that tree location did not influence stem

growth, suggesting that there were not better or worse

locations within the plot for growth. The lack of

significance of treatment x month, treatment x year,

and treatment x month x year interactions, indicated

that the effect of soil treatments on stem growth did

not vary throughout the study period. Contrary,

Cartan-Son et al. (1992) found a delayed positive

effect of fertilization on the stem growth of holm oak

to in a year with significant rain. In our study, we have

repeated the application of the treatments every

3 years, and the study period comprised dry and wet

years. Hence, our results suggested that there were not

delayed or accumulative effects of fertilization on the

growth of holm oak in our study site. Regarding the PL

treatment, the lack of significance of this treatment

throughout the whole study period could be explained

by the slow shrub encroachment of control plots.

Ramı́rez and Dı́az (2008) found low covers of rock-

rose in abandoned dehesas with less of 10 years of no

grazing.

Effect of pruning

Pruning did not have a significant overall effect on

stem growth in our plots, but it did have some

significant effects during certain months (Figs. 1, 2).

Our results indicated that heavy pruning slightly

decreased stem growth during the spring growth

period. Previous studies on Pinus ponderosa (Gyenge

et al. 2010) and Acacia nilotica (Siddiqui et al. 2010)

indicated that pruning had a negative effect on

diameter growth. The removal of a significant part of

the crown disrupts the balance of the roots and crown

and provokes the reallocation of resources to rebuild

the aboveground biomass (Cañellas et al. 2007). This
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probably decreases the resources that would otherwise

be used for stem growth. Intense pruning can also

decrease total photosynthesis (Balandier et al. 2000)

and carbon fixation (Gyenge et al. 2010) of trees. Our

observation of greater stem contractions in heavy

pruned trees during the summer drought in CA plot is

possible related to a greater response of pruned trees to

water stress.

In addition, heavy pruning can interrupt the normal

translocation of water and nutrients (Dagit and

Downer 2002), exacerbating the effects of water stress

(Jackson et al. 2000; Gyenge et al. 2009). From an

ecophysiological standpoint, the foliar area/sapwood

ratio of a tree depends on water availability, and

pruning can imbalance the hydraulic system at the

level of the whole plant (Gyenge et al. 2010).

According to Dagit and Downer (2002), heavy prun-

ing may also negatively affect the roots, because it

may deprive them of nutrients normally synthesized in

the leaves. Water recycling of heavily pruned trees

then becomes less efficient, adversely affecting the

feedback between roots and crown (Ringgenberg

2001). Trees in CA could be additionally stressed by

shallow and poorly developed soils, and even by an

overall influence of oak decline (Brasier 1995),

increasing therefore the sensitivity of pruned trees,

despites the trees included in the study did not show

visible symptoms during the study period.

Holm oak rehydrate quickly after the first rain

events following the summer drought, provoking

water stem expansions followed by true stem growth

(Campelo et al. 2007; Gutiérrez et al. 2011; Martı́n

et al. 2014). Hence, the greater stem increments of

moderately pruned and heavily pruned trees in the CA

plot in autumn after the marked summer stem

contractions (Fig. 1) could be explained by the greater

sensitivity of pruned trees to climate (Balandier et al.

2000; Gyenge et al. 2010), leading to changes in intra-

annual growth patterns, with lower temporal autocor-

relation among months. On the contrary, in the SB

plot, where soils were more developed and oak decline

was no detected, no significant stem contractions

occurred during the summer and there were no

significant differences between pruned and control

trees during the autumn (Fig. 2).

Tree growth following moderate pruning was

slightly greater during spring at the SB plot (Fig. 2),

indicating that moderate pruning had no negative

effect on growth in an area with better soils and good

sanitary status (Pinkard and Beadle 1998). Growth of

lightly pruned trees at the same plot was not

significantly different from unpruned (control) trees,

indicating that removal of small, suppressed, or dead

branches did not affect the photosynthetic capacity or

hydraulic balance of these trees (Gyenge et al. 2010).

The effects of the pruning treatments remained

throughout the study period, as showed the lack of

significance of the treatment 9 year effect, and of all

interactions that include the treatment 9 year effect.

According to Pinkard and Beadle (1998), the effects of

pruning on growth are related to the growth rates of the

species. The slower the growth rate, the longer will be

the period to crown restoration following pruning.

Holm oak is a slow-growing species and this could

explain the long-lasting effects of the pruning treat-

ments, despite they were applied only once before the

beginning of the study.

Conclusions

Soil treatments had no effect on stem growth of holm

oak. These treatments mainly alter the upper layer of

soil, where holm oak roots are sparse. Fertilization and

atmospheric nitrogen fixation by yellow lupin also had

no significant effect on stem growth. Thus, its use to

enhance pasture and crop production and quality

would not affect tree growth.

Pruning affected the stem growth of holm oak

during some months (February, March, April, July,

September, October, and November), but depending

on plot features. Heavy pruning slightly reduced

growth during the spring, and moderate and heavy

pruning increased the normal stem contractions (due

to water stress during drought) and expansions (due to

rehydration after drought) in sites with poorly devel-

oped soils or other stress causes. Hence, heavy pruning

could affect the vigor and vegetative status of trees in

areas where tree survival is already compromised.

Light pruning did not affect tree growth, so this

treatment may be acceptable if the extraction of

fuelwood or biomass is one of the management

objectives.
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