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Abstract Acorn production patterns and the annual

evolution of water relations parameters of Quercus

ilex ssp. ballota (Desf.) Samp. in a dehesa (an open

woodland forest) subject to various soil treatments

(ploughing, ploughing ? sowing, control) were stud-

ied in southwest Spain from June 2006 to December

2008. The effects of soil water holding capacity and

effective soil depth on soil and plant water status and

acorn production were also investigated. Water

parameters showed significant differences between

the ploughing treatment and the control, and there

were also significant temporal differences. Xylem

water potential ranged from -3.4 ± 0.1 to -0.7 ±

0.2 MPa, and cuticular transpiration was 62.4–

192.9 mmol H2O kg-1 s-1. Acorn production did

not differ significantly according to soil treatment,

and showed large intra-specific variability. Individual

values ranged from 0 to 1,220 g m-2 (fresh weight).

Positive relationships were found between xylem

water potential, cuticular transpiration and relative

water content measured at midsummer, and acorn

production during the three studied years. These

results suggest that climatic conditions and soil water

availability have a strong influence on plant water

status, and therefore on acorn development during

summer. The results also reflect the ability of this

species to adapt to the Mediterranean climate by

preserving water during dry periods, which to a large

extent can be attributed to stomatal closure at high

relative water content levels, and low cuticular tran-

spiration during these periods.
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Introduction

The dehesa (an open woodland forest) is the main

agroforestry system in Mediterranean areas of south-

west Spain. It is an artificial system used for livestock

and other agro/silvi/pastoral purposes (Joffre et al.

1988; Olea and San Miguel-Ayanz 2006). Monospe-

cific holm oak forests cover an area of about

820,000 ha in Spain. They are also found in mixed

stands associated with other species such as Q. faginea

Lam. or Q. suber L., covering a total area of about

2.5 Mha (Pulido et al. 2005; Garcı́a-Mozo et al. 2007).

Similar systems occur in Crete, Sardinia and northern

Greece, but have almost entirely disappeared on the

Italian mainland (Eichhorn et al. 2006). Moreover,

dehesas dominated by holm oak are threatened by poor

regeneration, inappropriate livestock management,
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and the sometimes dramatic effect of the ‘‘oak

decline’’ disease (Diaz et al. 1997).

In addition to their use for livestock, dehesas also

have an important role as an ecological niche for

various fauna species. Therefore, they are of great

economic, ecological, social and aesthetic value to

the Iberian Peninsula (Diaz et al. 1997; Moreno et al.

2007).

Acorns are a major feed resource for livestock and

wild mammals, birds and insects in oak forests.

Acorn development is very slow during spring and

summer, and the fruits are still very small (less than

0.5 cm in diameter) in early September, when a fast

growth period begins (Siscart et al. 1999). Individual

trees show highly variable intra- and inter-annual

production, depending on several environmental and

endogenous factors, at least from late summer and

autumn of the previous year until autumn in the

dissemination year (Rodrı́guez-Estévez et al. 2007).

Many studies related to acorn production by Q. ilex

have focused on crop quantification (Martı́n Vicente

et al. 1998; Álvarez et al. 2002; Carbonero et al.

2002; Gea-Izquierdo et al. 2006), but little research

has focused on the influence of management practices

(soil treatments and pruning) on tree physiological

status and acorn production (Siscart et al. 1999;

Moreno et al. 2007; Alejano et al. 2008; Moreno and

Cubera 2008). Soil management techniques modify

soil hydraulic functions and water infiltration into the

soil (Pulido et al. 2001), so it is very important to

determine the effect of these practices on water status

of holm oaks. Special emphasis should be placed on

the seasonal evolution of physiological water rela-

tions and its response to water stress, since there is no

common oak strategy in response to dry periods

(Abrams 1990).

The most important factor limiting the establish-

ment, subsequent growth of tree stands, and plant

distribution in Mediterranean ecosystems is the water

deficit during summer (Di Castri 1981; Ogaya and

Peñuelas 2006). Drought induces vegetation water

stress, which is the result of complex interactions of

the plant with soil and the climate (Baquedano and

Castillo 2006). Strategies evolved in species to

preserve water during periods of severe water deficit

include changes in gas exchange, leaf area, rooting

depth, stomatal opening and osmotic adjustment

(Tognetti et al. 1998; Savé et al. 1999; Ogaya and

Peñuelas 2003). For this reason the water status of

plants (e.g. xylem water potential) needs to be

considered when assessing plant phytosanitary status

and vigor (Sala and Tenhunen 1994; Knops and

Koenig 2000), as does its influence on fruit produc-

tion (Larcher 2003; Alejano et al. 2008). Water

parameter studies carried out with Q. ilex under field

conditions have particularly focused on the dry

season or on Q. ilex ssp. ilex, the other form of the

species (Rodà et al. 1999). Q. ilex ssp. ballota and Q.

ilex ssp. ilex have morphologically different leaves

but can interbreed (Terradas 1999); however, they

have distinct main distribution ranges, with Q. ilex

ssp. ilex occurring in wetter coastal or oceanic-

influenced areas in the north and east of the Iberian

Peninsula, and Q. ilex ssp. ballota occurring mainly

in more continental and inland areas of southern,

central and western Spain (Ruiz de la Torre 2006).

Although many factors affect acorn production,

plant water status during summer is likely to be a

major factor affecting seed growth and acorn pro-

duction. Therefore, the main objective of this study

was to assess how, and to what degree, is annual holm

oak acorn production influenced by plant water

status, edaphoclimatic conditions and land use. The

detailed steps of this study were: (1) to characterize

the evolution of plant water relations parameters in a

dehesa of Q. ilex ssp. ballota; (2) to analyze the

possible relationship between the water relations

parameters and acorn production; and (3) to identify

the edaphoclimatic parameters influencing plant

water status and acorn production, as a basic tool

for managing such agroforestry systems.

Materials and methods

Description of the experimental plots

The study was carried out at the Huerto Ramı́rez farm

(Villanueva de los Castillejos, Huelva province,

Spain UTM, zone 29: X, 644288: Y, 4161376). The

total plot area involved was approximately 2.9 ha,

and the average density of trees was 69 trees ha-1.

Average size characteristics (mean ± SD) of trees

involved are 6.15 ± 1.68 m (height); 32.56 ±

10.79 cm (diameter) and 3.86 ± 1.36 m (crown

radius). The main use of this farm is for Iberian pig

and sheep breeding, so the plot was surrounded by an

electric fence to prevent animal entry. The climate of
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the area is Mediterranean, with rainfall (annual

precipitation = 633.4 mm) occurring mainly in

autumn and winter, and the average annual temper-

ature is 18.6�C. The vegetation of the area is

dominated by holm oaks (Q. ilex ssp. ballota with

an understorey mainly composed of Cistus ladanifer

L. The latter has changed substantially as a result of

frequent ploughing of the soil. A weather station that

registered rainfall and temperature data on a daily

basis was established in the area.

Two soil treatments (ploughing, P; plough-

ing ? sowing, PS) were carried out on the plot in

winter 2005, leaving an untreated area as control (C).

Each treatment (P, PS, C) was applied in three

replicate subplots (0.325 ha per subplot), covering a

total area per treatment of about 1.0 ha (3 treat-

ments 9 3 subplots 9 0.325 ha/subplot % 2.9 ha).

For PS treatment, 300 kg of superphosphate was

spread as fertilizer and Lupinus luteus L. was sown

using an oscillating tube. In addition, 11 ditches (3

ditches in C; 4 in P, and 4 in PS) were dug in the whole

plot to facilitate description of the soil profiles, and to

determine the soil water holding capacity (WHCu) and

effective soil depth (ESD), according to Domingo

et al. (2006). Soil profiles in the plot revealed a parent

rock of slates and quartzites, a stoniness of

31.9 ± 2.9%, while the fine earth was comprised of

24.5 ± 1.5% sand, 42.6 ± 1.1% silt and 32.9 ± 1.8%

clay. The pH was 4.3 ± 0.1, the ESD ranged from 42

to 100 cm (75.6 ± 5.4 cm), and WHCu ranged from

29.0 to 128.4 mm (90.9 ± 7.8 mm).

Assessment of acorn production

Acorn production (AP) was assessed in 18 trees (six

per treatment/control). The trees used to estimate

acorn production were selected by stratified sampling

considering stem diameter and treatment. To harvest

acorns, four containers (0.45 m diameter at the top)

were placed under the crown of each tree to the north,

south, east and west of the trunk, respectively, at a

distance of 0.75 of the crown radius, and fixed to the

ground with long nails. The bottom of each container

had small holes to facilitate the evacuation of

rainwater. Acorns were collected from each container

on a fortnightly basis during three dissemination

periods (2006/2007 to 2008/2009) from October to

January. The acorns were transferred to the labora-

tory in polyethylene bags for counting and

determination of fresh weight. The moisture content

was also determined by drying in an oven (65�C)

until a constant weight was reached. AP was calcu-

lated as grams fresh weight of acorns per m2 of the

orthogonal projection of the crown on the ground

(g FM m-2).

Water relations parameters

Water parameters for nine trees (three per soil

treatment/control) chosen at random within the 18

trees selected for AP were measured every 6–7 weeks

during three consecutive years (from June 2006 to

December 2008). Two humidity digital probes

(ECHO�) were installed at a distance of approxi-

mately 1–1.5 m from the selected trees, one moni-

toring the mean soil water content from 5 to 25 cm

depth and another monitoring from 25 to 45 cm

depth. Xylem water potentials (W) were measured

using a pressure chamber (Model 1000, PMS Instru-

ments, Corvallis, OR, USA). On each sampling

occasion and no later than 1 h after dawn two

current-year shoots per tree containing fully

expanded leaves were collected from the east and

west sides of the external part of the crown at the

middle of its height. These samples were immediately

refrigerated in the dark prior to transfer to the

laboratory in a plastic bag within 2 h. We checked in

advance that there were no significant differences

between the water potential measurements made in

the field immediately after the shoots were cut, and

those made in the laboratory after transfer of the

shoots (Myers and Craig 1988). The selected shoots

were 10 cm long and each had a minimum of five

attached leaves. In addition to the above, a further

two shoots (15–20 cm in length) were cut per tree and

sampling occasion. These were kept refrigerated in

the dark with their basal ends immersed in distilled

water until transferred to the laboratory. The latter

shoots were subsequently used for cuticular transpi-

ration measurements and to construct isothermal

pressure-volume curves.

To construct the pressure-volume curves, a total of

nine shoots (one per tree) were used on each

sampling occasion, taken from among the shoots

refrigerated in distilled water; they were covered with

a polyethylene bag for 24 h to improve hydration.

Further details related to the methodology for

pressure-volume curves are described in Corcuera
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et al. (2002) and Dreyer et al. (1990). Data were

obtained using the free transpiration method (Rob-

ichaux 1984), which involved making W and fresh

weight measurements of the shoots over short periods

at a constant temperature (25 ± 2�C) until they were

dehydrated. The shoots were oven dried at 70�C to

determine dry weight (DW) and relative water

content (RWC). Following construction of the

pressure-volume curves (no over-saturation points

were detected), the following parameters were deter-

mined: osmotic potential at full turgor (Wp100);

osmotic potential at the turgor loss point (Wp0);

relative water content at the turgor loss point

(RWC0); and apoplastic relative water content

(RWCa) (for further information about the parameters

mentioned in this paragraph see Koide et al. 1989).

Cuticular transpiration was assessed using the

method of Quisinberry et al. (1982). Two healthy and

fully developed leaves were picked at random from

each of the nine trees (one leaf per shoot), rehydrated

in the dark for 24 h, then placed abaxial surface down

on a plastic mesh in a lighted laboratory. The leaf

fresh weights (FW) were measured at intervals of 5,

10 and 30 min for a minimum of 7 h (with 5 min

intervals during the 1st h; 10 min intervals during the

2nd h; and 30 min intervals during the 3rd h and until

the end). Precision scales (0.1 mg) and a chronometer

were used for weight measurements. Before the

measurements were taken the leaves were exposed to

light with the base of the shoot immersed in water,

and were covered with a translucent polyethylene bag

for at least 60 min to facilitate stomatal opening and

temperature equilibration (Cape and Percy 1996;

Burghardt and Riederer 2003). This process enabled

construction of descending transpiration curves

which were used to estimate the relative water

content at the point of stomatal closure (RWCc) and

the cuticular transpiration (Ec, mmol H2O kg-1 s-1).

Following measurement of the dry weight of each

leaf the specific leaf area (SLA, m2 kg-1) was

calculated.

Data analysis

Plant characteristics (SLA and water relations param-

eters) measured on 24 sampling dates, and AP

measured on three sampling dates, were analyzed

by repeated measures analysis of variance, soil

treatment being considered a fixed factor. Normality

and equality of variances were checked using the

Kolmogorov-Smirnov test. When differences among

treatments were significant (P B 0.05), Tukey’s HSD

test was used to check them. Bonferroni test was used

to check differences among dates. Possible links

between AP and physiological and edaphical param-

eters were estimated by regression analysis (AP as

dependent variable) and Pearson’s correlations. All

statistical analyses were carried out using SPSS� 17.0

statistical software. The criteria used to perform and

interpret the statistical analyses were based on Dillon

and Goldstein (1984) and Sokal and Rohlf (1995).

Results

Water relations parameters

Differences between soil treatments during the study

period were only significant for Wp100 (P \ 0.001,

F = 192.50) between P and C, with lower values for

the latter (-1.8 ± 0.1 and -1.3 ± 0.1 MPa, respec-

tively). Therefore, we focused on analyzing the

differences found between measurement dates and

trees, as well as the possible effect of environmental

parameters on water status and AP.

The seasonal evolution of air temperature, soil

humidity and rainfall during the study period are

shown in Figs. 1 and 2. Xylem water potential ranged

from -3.4 ± 0.1 to -0.7 ± 0.2 MPa (Fig. 3), and

there were significant variations depending on mea-

surement date (P \ 0.001, F = 84.19) and a signif-

icant relationship with precipitation in the 30 days

period prior to the water potential measurements

(r2 = 0.26; P = 0.010). The seasonal variations of

the parameters derived from the pressure-volume

curves are shown in Fig. 4. The analysis revealed

significant differences among dates, although not for

the parameter Wp100 (P = 0.253, F = 8.74), where

values ranged from -1.9 ± 0.4 to -1.2 ± 0.3 MPa

in midsummer 2006 and April 2007, respectively.

Moreover, RWCa and RWC0 were strongly correlated

(r2 = 0.86; P \ 0.001). Values of RWCa ranged

from 33.0 ± 4.8% (April 2007) to 76.9 ± 4.0% (July

2008).

Figure 5 shows the seasonal course of relative

water content at RWCc and Ec during the study.

Average RWCc values for the nine holm oaks ranged

from a minimum of 62.0 ± 3.9% (March 2008) to
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91.2 ± 5.9% (June 2006). The Ec showed a sudden

increase in autumn and a decline at the end of winter.

There were no significant differences for SLA

among the study dates. Monthly average values

ranged from 26.2 ± 9.7 m2 kg-1 in October 2008

to 39.3 ± 3.4 m2 kg-1 in February 2007.

Acorn production

AP varied significantly during the study period,

ranging from 0 to 1,220 g m-2 per tree and year.

Average AP per treatment for the study period (2006–

2008) was 339.7 ± 98.8 g FM m-2 for C,

265.4 ± 40.6 g FM m-2 for P, and 233.4 ± 20.7 g

FM m-2 for PS. Average AP per year was

338.8 ± 83.1 (2006); 313.7 ± 60.9 (2007) and

186.1 ± 28.4 (2008). The differences were not

significant (P [ 0.05) neither among years nor

among treatments. The annual average of moisture

content of acorns was 40.3% (2006), 44.3% (2007)

and 48.1% (2008).

The regression analysis of the studied parameters

(both edaphoclimatic and physiological) revealed a

significant positive relationship between AP and

xylem water potential at midsummer in the three

summers of the study (Fig. 6). Moreover, a positive

relationship was also found between Ec (July) and AP
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(P = 0.015, F = 6.68, r2 = 0.21, AP = 19.112

e0.0369Ec). Parameters derived from the pressure-

volume curves (RWC0 and RWCa) were positively

related to AP (Figs. 7, 8), except for RWCa measured

in 2006, that was not correlated with AP (P = 0.952,

F = 0.00, r2 \ 0.001).

There was a positive correlation between ESD and

WHCu (r2 = 0.76; P \ 0.001). These two parameters

were positively correlated to soil water content

during summer (r2 = 0.63; P = 0.020). In contrast,

the relationship between WRCu and AP was negative

but significant for the 2006 data (P = 0.048,

F = 4.61, r2 = 0.15; n = 18), whereas the trends

for 2007 and 2008 showed negative correlations but

were not significant (r2 \ 0.05, P [ 0.10).
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Discussion

Xylem water potential showed marked seasonal vari-

ations that reflected seasonal changes in rainfall and

temperature. The lowest values were recorded during

the summer months despite the fact that unusually

rainy summers (over 100 mm) occurred in the area

during 2006 and 2007. These results are similar to

those obtained in other surveys involving Q. ilex

(Martinez-Vilalta et al. 2002; Cubera and Moreno

2007) and other Mediterranean sclerophyll species of

the same genus (Oliveira et al. 1992; Knops and

Koenig 1994; Nardini et al. 1999; Otiendo et al. 2006).

W values during summer 2008 (-3.4 MPa), the least

favourable period, indicated marginally severe water

stress during the year concerned. Typical values

indicating onset of severe water stress, i.e. between

-3.0 and -3.5 MPa (Aussenac and Velette 1982;

David et al. 2002) occurred during summer 2008, and

the level recorded in that year was substantially lower

than in 2006 and 2007, reflecting a lack of rainfall. In a

recent study in the province of Huelva, Alejano et al.

(2008) recorded average xylem water potential values

of approximately -4.0 MPa during the summer

months of 2004 and 2005, as a consequence of the

severe drought in that area in those years.

We observed high intraspecific variability in AP,

consistent with the findings of Olea and San Miguel-

Ayanz (2006), and individual tree production was

similar to that obtained in other studies (Cañellas

et al. 2007; Alejano et al. 2008). The positive

relationship between W (measured in midsummer)

and AP could indicate that trees require adequate

water levels for acorn development during summer

and the beginning of autumn. Alejano et al. (2008)

made similar observations and reported water poten-

tials ranging from -2.5 to -4.1 MPa, a much greater

range than that which occurred in our study. Resource

deficiency, such as low water availability, is a main

reason for the premature abortion of fruits (Larcher

2003), and typically occurs at the beginning of seed

development. AP is likely to fail with summer water

potentials below -4.0 MPa, similar to the minimum

limit determined by Alejano et al. (2008). This lower

limit is probably associated with total stomatal

closure and the loss of hydraulic conductivity,

although production would be seriously limited with

values below -3.0 MPa (Aussenac and Velette 1982;

David et al. 2002; Pesoli et al. 2003).

Water parameters derived from the pressure-

volume curves were similar to those obtained in

other surveys involving Q. ilex (Corcuera et al. 2002;

Corcuera 2003; Villar-Salvador et al. 2004). Our

results revealed significant variations in RWC0 and

RWCa values throughout the year. The lower values

occurred in late winter and early spring, which may

have been due to the age of the leaves; during this

period leaves from the previous year still remained on

the trees. However, in summer RWC0 and RWCa

values tended to remain high. Seasonal RWC patterns

are usually associated with the ability to resist water

stress and freezing temperatures (Nardini et al. 2000).

Maintenance of high of RWC0 and RWCa values

during summer may be a strategy for preserving

symplastic water. These two parameters showed

positive relationships with AP, probably due to the

acorn growth process, as the absorption of water is

necessary to sustain cell expansion and solute accu-

mulation in leaf apoplast (Nonami and Boyer 1990),

and is likely to increase AP. The differences between

the high Wp0 values in late spring and early summer

and those that occurred in the following months could

be due to osmotic adjustment. This, with stomatal

regulation, would enhance the formation of water

potential gradients, which would in turn enable

growth in dry soils (Infante et al. 2003; Mediavilla

and Escudero 2004; Serrano and Peñuelas 2005;

Fernández et al. 2008). The extremely high Wp0

value in June 2006 may be related to slow recovery of

the holm oaks from the severe water stress that

occurred in 2005, in addition to the high temperatures

and low rainfall during the previous month (May

2006). Annual rainfall in 2005 was only 55% of the

long term local average, and some authors have

reported the effect of this drought period on the water

status of holm oak in the neighborhoods of our plot

(Alejano et al. 2008, Paço et al. 2009). Water stress

decreases transpiration and photosynthesis rates in

holm oak (Sala and Tenhunen 1996), and the carbon

fixed by photosynthesis may register a 40% fall when

soil moisture decreases 15% (Ogaya and Peñuelas

2003; Ogaya et al. 2003). This means the reduction of

growth rate and energetic reserves storage; the latter

playing a main role in the osmotic adjustment for the

species (Serrano and Peñuelas 2005; Fernández et al.

2008).

Parameters related to cuticular transpiration indi-

cated a clear strategy for preserving water. Q. ilex has
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morpho-physiological foliar adaptations for reducing

water loss, enabling survival in arid soils and during

drought periods (Bussotti et al. 2002; Pena-Rojas

et al. 2005). This was evident in our study through the

decrease of Ec during drier periods, in addition to the

higher values of RWCc. During periods of greater

water availability, this species tends not to control

water loss to the same degree, and hence is termed a

‘‘water-spender species’’ because it preserves water

during dry periods but not during wet ones (Infante

et al. 2003; Pena-Rojas et al. 2005; Baquedano and

Castillo 2006). SLA is an important leaf morpholog-

ical trait affected by environmental conditions and

leaf age (Ackerly and Reich 1999). We did not find

significant differences among dates or soil treatments

for SLA. This was probably due to the use of fully

expanded leaves for all measurements; in June these

were 1-month-old, whereas in April of the following

year they were approximately 1-year-old.

Analysis of the relationships between soil treat-

ments and water relations parameters for Q. ilex

indicated that ploughing affected Wp100. An expla-

nation for this is that water infiltration in ploughed

soils reduces water stress on the trees, and reduces the

need to make osmotic adjustments. Several authors

have described positive effects of dehesa silvicultural

treatments on AP (Pulido et al. 2001) and photosyn-

thetic activity (Montero et al. 2004).

Although not significant in 2007 and 2008, the

negative relationship between WRCu and AP could

be associated with the presence of oak decline that

affects Quercus forests in the SW of Iberian Penin-

sula. This disease is caused by different biotic and

abiotic factors. One of them is Phytophthora cin-

namomi, a pathogenic fungus that causes serious

damage to Q. ilex in the dehesas of southern Spain

(Rodrı́guez-Molina et al. 2002). Phytophthora infec-

tion causes roots to die and decreases W, stomatal

conductance and above-ground biomass; declines in

these parameters are directly related to decreased AP

(Maurel et al. 2001). The symptoms of oak decline

were evident in our study during 2006, when tree

defoliation ranged between 5 and 20% without great

differences among trees and no trees have died. It was

probably due to the rainy and warmer summer period

stimulating a major effect of P. cinnamomi on AP in

areas associated with higher WRCu. Various factors

influence acorn production in Q. ilex, including

genetic variability, tree density, spring rain and

average temperatures in June (Garcı́a-Mozo et al.

2007; Rodrı́guez-Estévez et al. 2007), or water stress

during the midsummer months (Alejano et al. 2008).

Future research in dehesas should consider long-term

capacity of response of Q.ilex to long summer

drought periods and its effects on acorn production,

consistent with the requirements of conservation of

this important natural ecosystem.
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Transpiaraçao em arvores isoladas de um montado de
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