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Abstract

A low tree stand density has been showed as necessary to thrive with summer drought in semiarid
Mediterranean open woodlands. Shrub encroachment of these open woodlands is currently
recommended to guarantee the persistence of the system, due to the nursery effect of shrubs on tree
seedling. However, the increase in abundance and cover of a shrub understory in these water limited
woodlands could bring consequences to tree overstory functioning. The present study analyzes the
physiological status of scattered Quercus ilex L. trees in paired adjacent plots with and without the
presence of a shrubby understory in CW Spain. Two contrasting shrub strategies were addressed in
order to take into account possible species-specific effects: a dense-shallow rooting shrub (Cistus
landanifer L.) and a sparse-deep rooting shrub (Retama sphaerocarpa (L.) Boiss). Leaf water
potential (at predawn and midday), leaf gas exchange parameters (net photosynthetic rate and
stomatal conductance), leaf nitrogen content and chlorophyll fluorescence transients (maximum
photochemical efficiency and performance index, sensu Strasser et al., 2004) were measured during
three consecutive summers. Trees growing with Cistus as understory showed significant lower leaf
water potential, leaf gas exchange parameters, leaf nitrogen content and chlorophyll photochemical
efficiency than trees growing without shrub competence. However, the presence of the legume
Retama did not affect significantly the physiological state of Quercus ilex. Thus, we conclude that the
presence of a shrubby understory has the potential to modify the functioning of scattered trees, but

these effects are species-specific.

Keywords: Plat-to-plant interaction, OJIP, Cistus ladanifer, Retama sphaerocarpa, Iberian dehesa,

Encroachment.
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1. Introduction

Ecosystems with scattered trees occur throughout the world. The prevailing ecological usage of these
systems denotes a continuous grass layer as understory and scattered trees layer as overstory. They
comprehend both natural ecosystems, as savannas and sparse woody steppes, and man-made open
woodlands (Scholes and Archer, 1997; Manning et al., 2006; Moreno and Pulido, 2009). Open
woodlands are the result of the simplification, in terms of structure and woody species number, of
former close forests. These practices have been the origin of well-established cultural landscapes as
European wood-pasture (Eichhorn et al., 2006; Bergmeier et al., 2010), Mediterranean open
woodlands (e.g. Iberian dehesas; Vicente and Ales, 2006) or some scattered oak systems of North
America (McEwan and McCarthy, 2008) which have been sustained over a long period of time.
Furthermore, tree clearance in water-limited ecosystems of semiarid regions have important
consequences for remnant trees which, due to a higher soil volume available, enhance their production
and functioning (Pulido and Diaz, 2005; Moreno and Cubera, 2008). Indeed, scattered trees could
play an important role in facilitating climate change adaptation. They are keystone structures because
of the disproportionally large ecological values and ecosystem services that they provide relative to

the area they occupy in these landscapes (Manning et al., 2009).

However, there is a great concern worldwide about regeneration failure in open woodlands
(Plieninger, 2006; Tyler et al., 2006; Alijanpour and Mahmoudzadeh, 2007; Campos et al., 2007;
Gibbons et al., 2008; Manning et al., 2009). At this point, some authors have argued that seedling
survival is related to ‘‘safe sites’” offered by the presence of shrubs in Mediterranean climates (Castro
et al., 2004; Gomez-Aparicio et al., 2004; Gomez-Aparicio et al., 2005; Pulido and Diaz, 2005; Smit
et al., 2008; Gémez-Aparicio, 2009). Consequently the shifting from two-layered to three-layered
systems (tree, shrub and pasture), commonly referred as ‘shrub encroachment’, has been
recommended to ensure tree regeneration and so that long-term persistence of the Mediterranean open

woodlands (Ramirez and Diaz, 2008; Plieninger et al., 2010; Pulido et al., 2010).
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But shrub encroachment is also seen as a potential threat both natural and human-dominated scattered
trees ecosystems worldwide (Fensham et al., 2005; Manning et al., 2006; Acacio et al., 2008; Wigley
et al., 2010). A great variety of causes, ranging from climate change to grazing and fire suppression
are implicated in this global phenomenon which can have the potential to alter thoroughly the
structure and functioning of scattered-trees systems due to the introduction of a new woody vegetation
layer (van Auken, 2000). Trees in semiarid open woodland depend on soil resources which take up far
away from interstitial areas between trees (Joffre and Rambal, 1993; McPherson, 1997) thanks to their
long lateral roots (Schenk and Jackson, 2002; Moreno et al., 2005). Thus, competition for soil
resources between shrubs and trees is likely to affect the functioning and persistence of the tree layer

in water-limited open woodlands.

Barnes & Archer (1999) described strongly asymmetrical tree-shrub interaction. Understory shrubs,
whose establishment is facilitated by the overstory trees (Prosopis), impressed a pronounced negative
effect on Prosopis after their ingress in the system. Soil resource depletion by shallow-rooted
understory shrubs appears to be a primary factor contributing to the demise of the deeply rooted
overstory Prosopis plants. Kume et al. (2003) found that the understory woody vegetation had
negative physiological effects on the overstory pine needles through the competition of roots for water
and nutrients. Cubera and Moreno (2007) and Pulido et al. (2010) reported a clear competition for
soil nutrients and water between trees and shrubs in Mediterranean open woodlands; mature Quercus
ilex trees growing with a pasture understory showed a significantly improved nutritional and
physiological status, faster growth, and higher fruit productivity, than trees growing with a shrub

understory.

According to Canadell et al. (1996), who reviewed the maximum rooting depth of the major terrestrial
biomes, mean maximum rooting depth for trees from the various water-limited regions of the world is
12.6 £ 3.4 m while for shrubs is 3.5 + 0.3 m. Thus, although most studies indicate the existence of a
strong competence for belowground resources between trees and shrubs, according to their rooting

profile, a certain complementarity in the use of soil resources could also exist between these two

4
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functional plant groups. The coexistence of functional groups in scattered-tree systems have often
been attributed to a rooting-niche separation, and several published studies have reported a
complementary use of soil resources among plant functional types around the world (Weltzin et al.,
1997; Midwood et al., 1998; Dulormne et al., 2004; Moreno et al., 2005; Bucci et al., 2009;
Kulmatiski et al., 2010). However most of them analyzed the coexistence between trees and grasses
and little is known about the coexistence and the nature of interaction between woody vegetation

layers .

In order to clarify the effects of shrubs on trees under water-limited conditions, we analyzed the
ecophysiologycal state of scattered Quercus ilex trees in shrub encroached open woodlands in western
Iberian Peninsula. Each open woodland was composed by two habitats, one shrub encroached and one
adjacent control without shrub layer. Additionally, due to the great variety of structural,
morphological and functional types of shrubs present in Mediterranean woodlands, we selected two
widely spread shrub species as a representative of two common plant functional types (sensu Gitay
and Noble, 1997), one deep rooted (Retama sphaerocarpa (L.) Boiss) and one shallow rooted (Cistus
ladanifer L.). These two basic types of rooting profile correspond to two main rooting profile
strategies to cope with highly seasonal water shortage (Schwinning and Ehleringer, 2001; Schenk and

Jackson, 2002; Silva et al., 2002; Bucci et al., 2009).

We hypothesized that the presence of a shrub layer in the Mediterranean open woodland may affect
the ecophysiological state of the tree layer due to the interaction for soil resources and this effect
could be dependent of the functional shrub type present. Therefore, we try to answer the following
specific questions (i) can a shrubby understory compete with the tree overstory for belowground
resources (N and water), and so that affect their ecophysiological state?, and (ii) can different rooting
strategies of shrub understory perform different responses in the ecophysiological tree state?. Given
the sparse and deep rooting system of Quercus ilex (Moreno et al. 2005), we expect that Cistus, a
shallow rooted shrub (< 50 cm, Silva et al., 2002), could use the soil water complementarily and

compete strongly for N. By contrast, Retama, a deep rooted leguminous shrub (> 10 m, Haase et al.,

5
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1996), may facilitate N acquisition but compete for deep soil water, so that their effects on the
ecophysiological state of trees would be more conspicuous at the end of the summer when this

resource gets limiting and becomes essential for Quercus ilex (Cubera and Moreno, 2007).

2. Material and Methods

2.1 Study system and species

The study was carried out in Iberian dehesas, savanna-like open woodlands dominated by scattered
oak (10-40 trees ha) with a native pasture understory. This man-made landscape occupies 3.1 million
ha in SW Iberian Peninsula (Moreno and Pulido, 2009), and is considered to be the most extended
silvopastoral system in Europe (Eichhorn et al., 2006). Similar open woodlands extend both in
southern Europe and northern Africa (Eichhorn et al., 2006). Dehesas are a simplification of former
Mediterranean forests and shrublands in terms of their structure and woody species number in order to
favoring the pasture layer. Traditionally, pasture layer was maintained through management practices
as: (a) regular thinning and pruning of trees; (b) livestock grazing for prevention of shrub
encroachment; and (c) periodical mechanical clearance of shrubs (Moreno and Pulido, 2009).
Currently, two main divergent trends seem to threat the system, extensification and intensification
being the former process more widespread and dominant than the latter which is more localized.
Extensification is associated to certain abandonment allowing shrub encroachment of grasslands and

open woodlands (Pinto-Correia and Mascarenhas, 1999).

The study is focused on Quercus ilex (Q.ilex hereafter), a small- to medium-sized trees (3-20 m in
height, usually 5-10 m in Iberian dehesas), that grow in dry subhumid climate in the Mediterranean
basin. This sclerophytic specie has morphological and physiological features with moderate capacity
and plasticity to face severe drought conditions (Martinez-Vilalta et al., 2002; Mereu et al., 2009).
Cistus ladanifer (CI, hereafter) is a shallow rooted shrub (< 50 cm, Silva et al., 2002) that grows in
dense population and with allelopathic compounds (Chaves and Escudero, 1997). Retama

sphaerocarpa (Rs, hereafter) is a leafless N-fixing, deep rooted shrub (> 10 m, Haase et al., 1996) that
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grows in more sparse population and with positive effects on soil nitrogen content (Rodriguez-

Echeverria and Pérez-Fernandez, 2003).

2.2 Study area

The study was performed in the north of Extremadura region, Central-Western Spain (39.54 - 40.02
N, 05.58 - 06.15 W). Extremadura represents the primary area for dehesa landscape, with 1.03 million
ha dominated by these open oak woodlands (MMARM 2007). The climate of the area is
Mediterranean, with hot, dry summers, and mild, rainy winters. Mean annual precipitation and
temperature are 552 mm and 16 °C. All woodland stands were flat or gently sloping areas. Soils were
fine-textured for oak woodlands with CI understory, and coarse-textured for oak woodlands with Rs

understory, being oligotrophic and acidic in all cases.

2.3 Experimental layout

We selected twelve open woodland stands for our study, which were grouped in function of the type
of shrubby understory present. In six stands the understory was composed only by Cl and in the rest
six stands the understory was composed only by Rs. In each stand two adjacent plots (habitats) were
selected, being similar in soil, slope and tree cover but contrasting in understory cover, one habitat
with shrubby understory (shrub encroached (SE), either with Cl (SEc)) or with Rs (SEgs)) and the
adjacent one without shrubby understory (control, CT). Shrub cover was function of the type of shrub
present. In this way, Rs cover ranged from 20% to 30%, 1.75 m height on average, while CI cover
ranged from 60 to 95%, 2.2 m height on average. Tree layer was only composed by Q.ilex in all plots.
Canopy size of mature trees ranged from 5 to 20 m width and stem diameter at breast height ranged
from 30 to 90 cm (Table 1). Tree cover ranged from 10 % to 31 %; although tree cover was generally
lower in SE plots than in their respective CT plots (Table 1), this difference was assumed to have not
any effect on results because in all cases tree cover was well below the threshold of tree-tree

competition for soil resources (Moreno and Cubera 2008).
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In each of 24 plots (6+6 stands x 2 habitats), six matures similarly-sized trees (around 40 cm of DBH)
were selected to conduct measures (144 trees in total). Measures were taken in three consecutive
summers (2007-2009). The first summer was considered as average respect to water availability
according to the rainfall accumulated in that hydrological year (21" sept 2006 to 20" sept 2007), 527
mm compared with the decade average of 552 mm. The following two years were qualified as dry and

very dry, with 445 and 364 mm, respectively, for the whole hydrological year.

2.4 Leaf water potential

Tree leaf water potential () was measured in the 144 selected trees during the dry season (from July
to September) of the three consecutive years. Measurements were made by means of a Scholander
chamber (Skye Instr., UK, model SKPM 1400) once per month (around mid-month) . In 2007 and
2009 two measurements were taken each day: predawn potential before sunrise (ypd), and midday
potential (ymad). In 2008 just ypd Was measured due to technical constraints. Measurements were
conducted on two current-year twigs per tree (around 1-2 mm in diameter and 2-4 leaves)
immediately after excision. A third twig was sampled if the observed difference in the water potential
between the two measurements was higher than 0.2 MPa. Twigs were excised from the outer portion

of peripheral branches in the mid height of the canopy.

2.5 Leaf Gas exchange.

Net leaf photosynthesis (A, umol CO, m? s?), stomatal conductance (gs, mol H.O m? s?) and
intracellular CO2 concentration (Ci, pmol mol?) of Q.ilex leaves were measured by means of a
portable differential infrared gas analyzer (IRGA model LCi, ADC BioScientific Ltd., UK) and a
broadleaf chamber (area: 6.25 cm?). Measurements were made on the same trees and days as y in
2007 and 2009. Two sun-exposed current-year leaves per tree were measured between 9:00 and 11:00
am. A red/blue light emitting diode (LC pro, ADC) was used to measure gas exchange at saturating
light (1500 mmol m? s?). Intrinsic water use effiency (IWUE) was calculated as neat leaf

photosynthesis rate divided by stomata conductance (Medrano et al., 2009). Apparent soil-to-leaf
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hydraulic conductance (K.) was calculated as leaf transpiration rate (E, mmol H,O m2 s'1) divided by
leaf water potential gradient (Ay = ypd - wmd) (Sperry, 2000). Additionally, in July and August of 2009
in two stands (one with CI and one with Rs) a daily track of gas exchange was measured in the same
trees (six trees in SEc plot, six in SErs plot, and six in each of their respective CT plots).
Measurements were made at intervals of one hour from sunrise till midday and at intervals of two
hour from midday till sunset. In all cases leaves were harvested after each measurement to determine
their leaf area, and then to recalculate the gas flux parameters according to the amount of the leaf area

that was included in the chamber.

2.6 Nitrogen content

Leaf nitrogen content (N, mg g*) was sampled in the 144 trees two different years, in 2007 and 2009.
Full-extended leaves of 40 current- year twigs (10 per aspect) were harvested per tree by the end of
July in both years. Leaves were removed from twigs and grounded in order to make a composite

sample per tree. Then, N content was analyzed by Kjeldhal procedure.

2.7 Chlorophyll Fluorescence measurement

Maximum PSII photochemical efficiency (Fv/Fm ratio), the most widely used PSII efficiency
indicator, was determined to check the functional state of photosynthetic apparatus. Many studies
have used this ratio as an indicator of photosynthesis performance under different kind of stress as
low water availability or low temperatures (Garcia-Plazaola et al., 2000; Ogaya and Pefiuelas, 2003;
Baguedano and Castillo, 2006). However, some studies have shown this parameter to be quite
insensitive to change at low or moderate stressful conditions (e.g., Thach et al., 2007). Force et al.
(2003) demonstrated the advantage of using a number of JIP test-derived fluorescence parameters to
evalutate the photosynthetic apparatus functioning due to their effectiveness and sensivity, rather than
using only the Fv/Fm ratio. The JIP-test analyzes the fluorescence transient to derive a number of
biophysical parameters that quantify the energy flow through PSII. The performance index (PI) on an

absorption basis (Strasser et al., 2004) has been introduced as a multi-parametric expression of the
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three independent steps which contribute to the initial stage of photosynthetic activity of the reaction
center (RC) complex, namely absorption of light energy (ABS), trapping of excitation energy (TR),
and conversion of excitation energy to electron transport (ET). In addition, the PI has been found to be
sensitive to different kind of stress, i.e. excess light or drought (Bussotti, 2004; Thach et al., 2007).

Thus, the Pl was also used as an indicator of photosynthetic apparatus functioning

Chl fluorescence transient of Q. ilex trees were measured by means of a Multy-Mode Chlorophyll
Fluorometer OS5p (Multi-mode Chlorophyll Fluorometer OS5p, Opti-science Inc., USA).
Measurements were made on the same trees and days as ¢ between 7:00 am and 9:00 am in July and
August of 2009. All measurements were performed on the upper surface of three current-year fully
expanded leaf per tree following a dark adaptation period of 30 min using the leaf clip provided by the
manufacture. The data used from the original measurement were: maximal fluorescence intensity
(Fm), minimal fluorescence intensity (Fo), fluorescence intensity at 300 ps (F300 ps), and
fluorescence intensity at 2 ms (F2 ms). From the original data Fv/Fm ratio was calculated as: (Fm —
Fo)/Fm; and Pl was calculated as described in Thach et al., (2007) who redefined the original

formulae of Strasser et al., (2004):

PI'= (yre/(1- Yre)) (ol (1-#o0))((w0/(1- w0))

Where yrc represents the fraction of reaction center Chlorophylls per total Chlorophyll content; ¢po
represents the maximum quantum yield of primary photochemistry and v, represents the probability
that a photon trapped by the PSII reaction center enter in the electron transport chain. From here,
Thach et al., (2007) defined (yrc/(1- yre)) = RC/ABS, what represents the active RC density on a Chl
basis and can be estimated from the original fluorescence measurements as RC/ABS = [(F2ms — Fo) /
4(F300us —Fo)]-(FV/IFm); ((#rof/(1-¢00)) = P1r, What represents the performance due to the trapping
probability and is estimated as Ptr = Fv/Fo; and ((yo/(1- wo)) = Per, what represents the performance
due to the conversion of excitation energy to electron transport and is estimated as Per = (Fm - F2ms)

/ (F2ms — Fo). Accordingly, Pl = (RC/ABS) * Ptr * Per.

10
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2.8 Statistical Analysis

Comparison of mean values of W, Wma, A, gs, Ci, iWUE, K¢, N, Fv/Fm and PI (as variables
responses) were analyzed by means of generalized linear mixed models with random effects. All
factors, namely Type of stand (Cl or Rs), Habitat (SE or CT), Year (Y) and Month (M) and their
interactions, where treated as independent fixed effects, whereas the stand was included as a random
effect nested within. Data were checked for normality and homogeneity of variance, and were
transformed, when necessary, to correct deviations from these assumptions. Additionally variables
relationships were analyzed using linear models, and then the homogeneity of slopes between
Habitats for each Type of stand was tested through Factor x Covariate interactions in respective
ANCOVA:s. Differences in daily curves of gas exchange parameters between Habitats were compared

per hour and Type of stand and analyzed with t-test. All analyses were performed with Statistica 7.0.

3. Results

3.1 Leaf water potential

The seasonal evolution of air temperature and rainfall during the study period are shown in Fig. 1.
Measurements of predawn leaf water potential (Wpq) reflected rainfall differences among years with
higher values in 2007 and lowest in 2009 (P < 0.001; F = 418.1) (Table2; Fig. 2). Indeed, lowest
values of single measurement of tree leaf water potential were also found in 2009 (-4.6 and -3.7 MPa
both in SEci and SEgs, respectively). Wpq Was significantly lower in trees with understory than without
(P < 0.001; F =57.9), being this differences function of the type of shrub present (significant Type x
Habitat interaction; P < 0.001; F = 16.0) and year (significant Type x Habitat x Year interaction; P <
0.001; F = 8.3) (Table 2). Trees of SEci plots showed a significant lower value of ¥pq during 2008 and
2009 compared with their CT (P < 0.001 in both years), while trees of SEgs just showed significant
differences in 2008 (P = 0.02). The highest reductions in Wpq between Habitats within years were in

August of 2008 and July 2009 with a mean diminution of 37 and 40 %, respectively, in trees of SEc
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plots respect to their CT. In trees of SEgs plots the higher diminution respect to their CT was, on

average, of 19 % in August of 2008 (Fig. 2; Table 3).

With regard to midday leaf water potential (¥mq), results showed the same trend as Wpq With lower
values in trees with understory than without, being these differences function of the type of understory
present and year (marginally significant Type x Habitat x Year interaction; P < 0.061; F = 3.52)
(Table 2). In this way, in 2009 Wmq Was significantly lower in trees of SE plots with both types of
understory respect to their CT, while in 2007 just trees of SEc plots showed a significant lower value

respect to their CT (Fig. 2; Table 3).

3.2 Gas exchange parameters

According to ¥ values, mean values of net CO> assimilation rate (A) and stomatal conductance (gs)
were significant lower in 2009 than in 2007 (P < 0.01 each one; F = 97.9 and 91.2; respectively)
(Table 2). For both parameters, differences among SE and CT plots were shrub species-dependent,
with a significant Type x Habitat interaction (F = 7.6; and 7.1 for A and gs, respectively; P < 0.01 in
both cases) (Table 2). Trees of SEc plots showed significantly lower values of gs in both years, with a
significant reduction of A just in 2009, respect to their CT. By contrast, trees of SEgs plots did not
show significant differences respect to their CT (Fig. 3, Table 3). The highest differences between
Habitats within years were in August of 2009 with a diminution in trees of SEc plots respect to their
CT of 37 and 40 % for A and gs, respectively (Fig. 3). With regard to intracellular CO; concentration
(Ci), trees of SEc plots showed significantly lower values of in both years, whereas trees of SEgs plots

exhibited just a significant reduction in 2009 (Table 3).

Furthermore, daily curves of A and gs showed the same trend as above. Thus, there were significant
lower values in trees of SEc plots respect to CT ones during whole day in each parameter, while in
trees of SErs plots there was just a significant reduction of gs in the first part of the morning, respect

to their CT, and differences were not significant for A at any hour (Fig. 4).

3.3 Intrinsic water use efficiency (IWUE) and apparent soil to leaf hydraulic conductance (Ky)

12
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Trees of SEgs plots showed a significant higher value of iWUE than their CT in 2009, whereas in 2007
there were no differences. By contrast, trees of SEc plots showed a significant higher value of iWUE
both years (Table 3). This result was the consequence of a higher reduction of gs than A values in
trees with understory than without. Additionally, when plotting iWUE data in function of Wpq, as an
indicator of water stress, a significant linear relationship was detected (r ~ -0.33, P < 0.05), increasing
IWUE as W,q decrease, except for trees of SE¢i (r = -0.02; P =0.84) (Fig. 5A,B). Indeed, test of
homogeneity of slopes was not significant for SErs compared to their CT trees (P = 0.37 ), but for
SEc the test resulted significant (P < 0.01). In all cases, Ci increased significantly with the decrease
of iWUE (r < -0.50, P < 0.01; Fig. 5¢). With regard to K., on average was reduced by a 60% the less
favorable year (2009) compared to the average year (2007). Trees of SEc plots showed a significant
lower value of K. compared to their CT in 2007, whereas in 2009 there were no significant
differences, despite the consistent reduction (Table 3). Trees of SEgs did not exhibit any significant

effect on K. neither 2007 nor 2009.

3.4 Leaf nitrogen content

Differences in N between CT and SE were function of the year and the type of shrub present
(significant Type x Habitat x Year interaction; P < 0.001; F = 7.54) (Table 2). In this way, N was
lower in 2009 than 2007 (12.5 and 14.2 mg g respectively; P < 0.01; F = 142.9). Trees of SEc plots
showed a lower N than their CT, being this reduction significant only in 2007 (Table 3). In contrast, it
is noteworthy a slight but consistent N increase in trees of SEgs plots respect to their CT, although

differences were not significant in both years of study (Table 3).

3.5 Fluorescence

Differences for Fv/Fm ratios and Pl among Habitats were dependent of the shrub species, with a
significant Type x Habitat interaction (F = 10.1 and 31.4 for Fv/Fm ratio and PI, respectively, P <
0.001 in both cases) (Table 2). Trees of SEc; plots showed a significant lower value of Fv/Fm than CT

(2.5 % decrease; P < 0.001), while trees of SEgs plots did not show differences respect to their CT

13
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(Table 3). PI showed the same trend than Fv/Fm values (Table 3). Thus, Pl was reduced by 30% in
trees of SEc respect to CT ones (P < 0.001; F = 31.35), with no differences in tress of SEgs (Table 3).
The strongly decline in Pl in trees of SEc; plots was mostly accounted for by the decrease in electron
transport function and trapping function with a reduction of 20 and 10 % respectively compared with
CT. Additionally, the active RC density on a Chl basis (RC/ABS) was also slightly reduced (Fig. 6).
Although no significant differences were found in the Pl of trees of SEgs plots compared with their

CT, is noteworthy a slight reduction mostly due to a decrease in the trapping function (Fig. 6).

4. Discussion

The presence of the shrub layer in the open woodland studied had marked consequences in the
physiological state of the tree layer. The response of the tree layer was function of the shrub specie
present, a consistent competitive relation for soil resources was found with the presence of Cl as
understory, while Rs exerts a less intense competition for soil resources, even become neutral. Cl with
a shallower rooting profile competed more strongly for soil resources with Q. ilex than Rs, despite the
higher overlapping of rooting profiles. Therefore, the resource partitioning hypothesis based just on
rooting profiles is unlikely to be a general mechanism explaining plant-to-plant interaction in mixed
systems (van Noordwijk et al., 1996; Weltzin et al., 1997: Ong et al., 1999; Moreno et al., 2005;
Mulia and Dupraz, 2006). Moreover, the spatial partitioning of belowground resources in two-layered
systems could not be enough for full understanding of plant interaction and coexistence which may be

also driven by demographic processes (Cipriotti and Aguiar, 2010).

Trees in presence of Cl reached significant lower Wyq than control trees, and differences were higher
in drier years (2008 and 2009), when the rainfall was under the decade average. By the end of the
summer of 2009, the less favorable year, Wpq Of trees encroached with CI (-2.1 MPa) was 40 % lower
than control trees (-1.5 MPa), suggesting that CI compete for soil water with the tree layer, and that
this effect increase as the abiotic stress increase. This result seems to contradict the “so-called” stress
gradient hypothesis, which postulates that the importance of facilitation in plant communities

increases with increasing abiotic stress. Also Maestre et al. (2005, 2006), through a meta-analysis of
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results of many studies, have recently showed that the stress gradient hypothesis cannot be
generalized neither in arid nor in semiarid environments. Moreover, this hypothesis applies for
combination of plants in equilibrium, but our results indicate that the strength of competitive effects
of Cl on Q. ilex could compromise the long survival of trees in stands densely encroached with ClI,
due to their detrimental effects to water and nutritional (N) tree status, with negative consequences for
stomatal conductance and the photosynthetic apparatus. The negative consequences of Cl presence on
Q.ilex surely will be reinforced with the increasingly recurrence of severe drought episodes in

Mediterranean region (IPCC, 2007).

Contrary to trees of SE¢ plots, trees encroached with Rs did not show significant differences with
control trees for Wpq, €ven in drier years (Table 2). The differential consequences of two shrub species
studied on tree water relations leaded, consequently, to differential responses in the gas exchange
parameters. It is known that Q. ilex have a high stomatal control when face water stress, closing the
stomata at relatively high water potentials in order to avoid dangerous losses of conductivity in the
xylem caused by low water potentials (Martinez-Vilalta et al., 2003). In this way, in agreement with
the stomatal control of water deficit, trees growing with Cl as understory showed a sharp reduction in
gs. Daily curves measured in 2009, also evidence this trend, showing a significant reduction of gs
during whole day. Trees growing with Rs as understory also showed a slight reduction of gs during
the morning despite the absence of significant differences in Wy (Table 2). Accordingly, the
significant reduction of K. in trees of SEc plots suggests that certain level of xylem embolism might

have occurred (Martinez-Vilalta et al., 2003).

The reduction in gs of trees encroached with ClI could have leaded to a significant, but lower,
reduction in A, and hence an increase in iWUE, both in 2007 and 2009. In trees growing with Rs there
was also a significant increase in iIWUE in 2009. In principle, our average values support the idea that
with increasing water stress there is a higher reduction in gs relative to the reduction in A leading,
consequently, to an increase of iIWUE (Aranda et al., 2005). The significant lower Ci values of

encroached trees suggest that the photosynthetic machinery is not damage and non-stomatal
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limitations are not likely (Flexas and Medrano, 2002). However, looking deeper, our results
contradicted partly this assumption when plotting the response of iWUE in function of W¥pq, as
indicator of water stress. Whereas trees encroached with Rs presented an increase in iWUE with
increasing Wpq, trees encroached with Cl seemed to exhibit an increase in iWUE at low Wpq but a
steep decrease at high Wpq (Fig. 5A). This decrease in iWUE was parallel to an increment in Ci (Fig.
5C), suggesting the predominance of non-stomatal limitation of photosynthesis beyond certain water

stress threshold (Flexas and Medrano, 2002).

Trees with Cl as understory showed a clear diminution of N in the two years analyzed, what suggests
that CI competes for this soil resource, as expected given the dense and shallow rooting profile of CI.
It is well known that there is a strong correlation between photosynthetic capacity and leaf N
concentration (Gulias et al., 2003), indeed half of leaf N is invested in the photosynthetic apparatus.
Thus, the lower N content in trees growing with Cl could have compromised their photosynthetic
machinery, especially under a severe water stress. On the other hand, tress growing with Rs had a
consistent, but not significant, increase in N respect to control trees both years. Pasture growing under
Rs has been shown to have higher N content (Puignaire et al., 1996), benefited by the N-fixing
behavior of the Rs, although there is no evidence of direct transfer (Rodriguez-Echeverria and Pérez-
Fernandez, 2003). The clear benefit of N-fixed by Rs for pasture but not for trees is in agreement with
the high and low root density of pasture and trees, respectively, in the uppermost soil layer of
Mediterranean open woodland (Moreno et al., 2005). Overall, results would indicate a low
competitive capacity of Q. ilex for soil N compare to plants with dense shallow rooting profile
(pasture and CI). This limitation to compete for soil N in nutrient-poor ambient could be mitigated for

the high internal N-use efficiency of Q. ilex (Silla and Escudero, 2004)

The presence of an understory composed by Rs did not seem to have any significant effects on the
Fv/Fm ratio and PI in agreement with the low differences found for N leaf and leaf ¥ between trees of
SErs and CT ones. By contrast, and as consequence of the detrimental hydric and nutritional status of

Q. ilex in presence of Cl, trees of SEc plots showed a significant lower value of Fv/Fm and a drastic
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diminution of Pl compared to their CT (Table 2). Leaf photoprotection in plants subjected to
excessive light, as in the Mediterranean during summer time, and water stress depends primary to
their capacity to thermally dissipate absorbed light by non-radiative process (Chaves et al., 2003).
Under this condition, the result of sustained energy dissipation activity could reduce the
photochemical efficiency (Fv/Fm) due to a down-regulation of photochemistry (Flexas and Medrano,
2002). Regarding to PI, trees of SEc plots exhibited a significant reduction of its three defining
components (Fig. 6), showing electron transport (Per) the highest reduction with a diminution around
20% compared with control trees. A decrease in Per could be a sign that energy produced in the light
reactions cannot be used for CO; fixation (Strasser et al, 2000). To sum up, the results suggest that the
presence of Cl as understory can compromise the functioning of Q.ilex, however trees seem to face

plant-to-plant competition through certain photosynthetic and hydric adjustments.

5. Conclusions

The effects of the presence of a third vegetation layer (shrub) on the ecophysiological status of trees in
the Mediterranean open woodland studied depend on the shrub species. Moreover, the differential tree
performance under contrasting shrub strategies varies among years in function of the water
availability (annual precipitation), what exemplifies the complexity of plant-to-plant interactions in
the system studied. Whereas there was a slight interaction for soil resources between Rs and tress, and
consequently, on their functional status, Cl compete hugely affecting trees widely. In addition,
Mediterranean open woodlands are likely to experience more frequent and intense droughts with the
on-going climate change. So that, long term water shortage could also lead to a carbon starvation, that
could affect tree survivorship (McDowell et al., 2008), when trees are growing with a dense layer of

Cl.

Moreno & Pulido (2009) proposed periodical shrub encroachment of managed Mediterranean open
woodland to favor natural tree regeneration and thus the persistence of the system. This study
highlights the differential behavior of different shrub layer where each functional shrub type would

need a different planning to minimize the potential negative consequences of shrub understory-tree
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overstory interaction. Certainly, integrated overviews are needed to clarify interactions among
different tree-shrub types along successive life stages in order to optimize management practices of

currently threatened Mediterranean open woodlands.
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Table 1.

Main characteristics of the tree and shrub layer of paired plots without (Control) and with an

understory layer (Shrub Encroached) composed either of Cistus ladanifer (Cl) or Retama

sphaerocarpa (RS).

Habitats
Control Shrub Encroached

Tree Layer Tree Layer Shrub layer

Stand Type %' DBH? %' DBH® %? Height
1 CL 16 40 12 44 95 2
2 CL 19 50 15 47 60 2
3 CL 26 40 22 37 70 2,3
4 CL 26 46 19 32 80 2,7
5 CL 26 47 16 38 95 1,8
6 CL 27 45 19 42 90 2,5
7 RS 29 60 16 73 30 2,5
8 RS 13 50 27 56 30 0,8
9 RS 18 40 10 44 30 1,7
10 RS 26 50 20 54 20 1,8
11 RS 15 43 31 41 25 2
12 RS 22 45 12 40 25 1,7

1.2 05: Cover estimated as the percentage of land cover by tree canopy? or shrubs?.

3 DBH: Diameter at breast height
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Table 2.

Results from a Generalized Linear Mixed Model on a nested ANOVA design testing for the effects of

Type of stand (either Cistus or Retama), Habitat (either with or without shrub understory), Year and

Month as Factors, and tree leaf water potential (MPa) measure at predawn (Wpq) and midday (¥ma),

net photosynthesis rate (A, pmol CO, m? s?), stomatal conductance (gs, mol H,O m? s ),

intercellular CO concentration (Ci, pumol mol?), intrinsic water use efficiency (iWUE, pmol CO;

mol -1 H,0 ), apparent soil-to-leaf hydraulic conductance (K., mmol H,O MPa® m-2s?), leaf nitrogen

content (N, mg g*), photoquemical efficiency (F./Fm) and Performance Index (Pl), as response

variables. Significant differences: ***P < 0.01, ** P <0.05, *0.05< P <0.1

Type (T)
Habitat (H)
Year (Y)
Month (M)
T*H
T*Y
T*M
H*Y
H*M
Y*M
T*H* Y
T*H* M
T*Y*M
Z*Y*M
T*H*Y*M

Wod Ynd A gs Ci iWUE Kr N Fu/Fm Pl
F F F F F F F F F F

0.12 0.89 0.00 0.34 0.11 0.20 559*+*  0.91 0.92 0.07
57.85%**  11.06***  3.66* 15.11%**  8.28***  16.06***  4.23** 10.14*** 13 59*** 35 g]***
418.1%**  6.12** 97.85***  91.18*** 114.1*** 201 105.3%**  142.9%** -
345 4%** B 71*kk 18 8ORFx A4 G4*x*k 12 247F* 18 @pwr* 3D 4QRAx - 18.45%** 1] 15%**
15.95%** 250 7.55%**  7,09***  0.08 0.67 4.13** 24.42%%*  10,12%**  31.35%**
2.41* 60.29%** 4 25%* 0.07 0.01 0.39 26.66™**  0.53 -
1.59 B.59%* *  7Ekxk 7 @4wkx  11.12%*F 7 7pkxx  B3EFF* - 9.75%** 0,01
5.69%** 081 1.80 0.35 144 1.19 0.04 5.63** -
4.70%** 074 1.12 0.12 1.94 0.75 0.01 0.01 8.11%**
31.03***  27.10***  3.19** 6.46%*x  B.AT*** g gorEx  1170%* - -
8.30***  352* 1.76 0.49 0.83 0.18 3.58* 7.54%%* -
1.89 1.98 0.11 1.01 1.25 1.06 128 6.41** 14.90%***
2.92%* 4.21%* 7.A8*** G 85*Fx  BBOFIF 7 ggxRk 24 TAXRE -
1.21 0.64 2.31 0.06 0.60 0.81 0.92 -
0.57 1.10 1.29 0.40 0.86 0.50 0.12 -
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Table 3.

Comparison of the mean values (standard error in parenthesis) of tree leaf water potential (MPa)
measure at predawn (Wpq) and midday (Wma), net photosynthesis rate (A, pmol CO; m2 s?), stomatal
conductance (gs, mol H,O m? s?1), intercellular CO, concentration (Ci, umol mol?), intrinsic water
use efficiency (IWUE, umol CO2 mol ** H,0 ), apparent soil-to-leaf hydraulic conductance (K., mmol
H,O MPa! m-? s?), photochemical efficiency (F./Fn), performance Index (PI) and leaf nitrogen
content (N, mg g?) of trees with (SE) and without (CT) understory in fields encroached with Cistus

ladanifer or Retama sphaerocarpa. Between stands differences: ***P < 0.01, ** P < 0.05.

2007 2009
cT SE cT SE
Wod -0.9 (0.04) -0.9(0.04)  -1.4(0.06)  -1.9 (0.07)™
g -26(0.07)  -2.8(0.09)™  -2.8(0.05)  -2.9 (0.04)™
A 10.1 (0.6) 9.1 (0.6) 8.4 (0.3) 6.1 (0.3)™
£|gs 0.14(0.01)  0.11(0.01)™ 0.10(0.01)  0.06 (0.01)™
g|ci 207.6(8.3) 182.7 (10.4)™ 283.9(7.3)  264.3(8.4)"
9|IWUE  90.0(48)  106.2(40)™  90.1(2.4) 106 (3.4)™
Z|Ke 273(03)  2.11(0.19)™  1.4(0.08) 1.19 (0.07)
FulFm - - 0.80 (0.002)  0.78 (0.003)™*
PI - - 28.01(0.9)  20.4(0.6)™
N 150(0.6)  13.2(0.2™  125(0.2) 12.1(0.2)
P -0.9 (0.04) -0.9(0.03)  -1.7(0.06) -1.8 (0.06)
g -3.1(0.06) -31(0.05)  -2.6(0.05)  -2.8(0.06)
g|A 10.3 (0.6) 9.8 (0.6) 6.6 (0.4) 6.7 (0.4)
§ gs 012(0.01)  012(0.01) 0.08(0.01)  0.07(0.01)
5|Ci 2035(7.2)  212.7(9.0)  292.9(84)  257.0 (9.4)™"
S[IWUE 943 (4.0) 94.6 (4.6) 96.5(3.1)  110.3(34)™
s | Ko 1.6 (0.09) 1.73(0.10)  139(0.11)  1.18(0.08)
S | FulFm ; ) 0.78(0.003)  0.78 (0.002)
x| p| - - 22.8 (0.8) 22.5(0.8)
N 14.1(0.2) 14.4(0.2) 12.6 (0.2) 12.8(0.2)
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Figure 1. Monthly average values of maximum (Tmax), minimum (Tmin) and mean temperature (T) and

monthly accumulated rainfall at the study site from September 2006 to September 2009. Data from

the nearest weather station (Aldehuela del Jerte, 40.00 N, 6.13 W)
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Figure 2. Time evolution of tree leaf water potential (MPa) at predawn (¥p4) and midday (¥md)
measured during summer of 2007, 2008 and 2009 in trees with (SE) and without (CT) shrub
understory in plots encroached with Cistus ladanifer or Retama sphaerocarpa (mean values and
standard error). Vertical bars represent annual accumulated rainfall from September 21" till following
September 21", Between Habitats (SE vs CT) differences per Year and Month: ***P < 0.01, ** P <

0.05.

30



0 --+--CT —=—SE
% 13 - 15 -
= 10 - =10 | Feag
0 0
I A 3 J A 3 J A 3 I A 3
03 03
: 0,2 =02 -
: : : }\E”i
2 0.1 - ‘ﬁ;f_f; . 0.1 - E_g\‘
I:l T T T T T | e D T T T T T T
I A B I A B T A B T A8
2007 2000 2007 2009
Encroached with Cistus ladanifer Encroached with Retama sphaerocarpa

713

714  Figure 3. Time evolution of A and gs measured in trees with (SE) and without (CT) shrub understory
715  in plots encroached with Cistus ladanifer or Retama sphaerocarpa in July, August and September of

716 2007 and 2009 (mean values and standard error). Between Habitats (SE vs CT) differences per Year

717  and Month: ***P < 0.01, ** P < 0.05.
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Figure 4. Daily evolution of A and gs measured in trees with (SE) and without (CT) shrub understory
in plots encroached with Cistus ladanifer or Retama sphaerocarpa (mean values and standard error).
Values were recorded hourly till 10 h and then each two hour till 16 h (solar hour). Comparison

between Habitats (SE vs CT) per Type of shrub and Hour, ** P < 0.05, * 0.05 < P < 0.10.
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Figure 5. Relationship between leaf water potential (¥,s, MPa) and intrinsic water use efficiency

(iIWUE, pmol CO; mol * H,O ) of trees with (SE) and without (CT) shrub understory in plots

encroached with Cistus ladanifer (A) or Retama sphaerocarpa (B). Figure C depicts the relationship

between intrinsic water use efficiency and intracellular CO. concentration. A linear model was fitted

for data points.
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Figure 6. Relative difference among trees with shrub understory and their respective control in plots
encroached with Cistus ladanifer (Cl) or Retama sphaerocarpa (Rs) in the Pl and its components:
active RC density on the Chl basis (RC/ABS), performance due to trapping probability (Ptr), and

performance due to electron transport probability (Per). *** P < 0.01.
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