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Abstract

Question: Regeneration failure and gradual tree dieback are major threats for the
persistence of savanna-like grazed oak woodlands. Current research has argued that the
scarcity of “safe sites”, in particular shrubs, is the main cause of the lack of effective
tree recruitment. But can different shrub species be considered as safe sites generally?
Do two distinct shrub species, with contrasted life strategies, affect several life stages of
tree regeneration in similar ways or do they specifically influence the recruitment
process?

Location: Holm oak woodlands of SW Iberian Peninsula (40° 02’N; 06°06°W)
Methods: We surveyed densities of recently emerged and survived seedlings as well as
small and large saplings during two consecutive years in 40 sites that were
independently managed comparing plots encroached by either Cistus ladanifer (a
shallow-rooted shrub with reported allelopathic compounds that forms thick
populations) or Retama sphaerocarpa (a N»-fixing deep-rooted shrub that forms
scattered populations) versus their respective control plots (without shrubs). To assess
the effect of mature trees and both shrub species on the performance and survival of
recently emerged oak seedlings, we established an acorn sowing experiment in the same
surveyed microhabitats (open spaces, shrub, tree and tree-shrub).

Results: The survey showed that both shrubs species had a positive effect at early
recruitment stages. At later life stages, this effect weakened under Cistus whereas it
strengthened under Retama. The acorn sowing experiment showed that both shrub
species buffered abiotic conditions and enhanced seedling functioning similarly, but
Retama enhanced seedling survival to a higher extent than Cistus.

Conclusions: The two shrub species impose a specific template that is able to affect the
long-term dynamics of Mediterranean oak woodlands. Cistus shrubs are effective to
protect seedlings physically against herbivores and facilitate early survival, but may
compete with older stages of oak regeneration. By contrast, Retama shrubs exert a
stronger biological facilitation and guarantee log-term persistence of surviving
seedlings. We argue that improved understanding of the effectiveness of different nurse
plants and their contrasting factors is of major interest for the conservation and
restoration of degraded oak woodlands.

Keywords: Dehesa; Cistus ladanifer; Retama sphaerocarpa; Quercus ilex; nurse plant;
shrub encroachment.
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Introduction

Many oak woodlands are managed for livestock husbandry worldwide (Grove &
Rackham 2003; McCreary 2004; Salehi et al. 2008; Bergmeier et al. 2010). In many
cases, an open forest cover is created through tree thinning and shrub clearing to
enhance pasture productivity. The result is a savanna-like landscape that consists of a
pasture matrix with isolated oak trees and a sparse shrub cover. The most outstanding
example of such landscapes in Europe is the dehesa in the Southwest of the Iberian
Peninsula, which covers nearly 3.5 million ha (Moreno & Pulido 2009). The high
structural diversity generated in these landscapes has been associated with a high
biological diversity (Diaz et al. 1997). Holm oak constitutes the most important tree
species of this system in ecological and economical terms (Blanco et al. 1997). It is
considered a keystone species of Mediterranean Basin forests (Terradas 1999; Blondel et
al. 2010) because of its importance for the maintenance of ecosystem services
(Plieninger & Wilbrand 2001; Marafion et al. 2009; Gea-lzquierdo et al. 2010; Howlett
et al. 2011; Plieninger et al. 2011). However, these woodlands, as in other
Mediterranean climates zones (e.g. California, Tyler et al. 2006) and agricultural
landscapes worldwide (Gibbons et al. 2008), are under threat by a lack of effective
regeneration, accompanied by a gradual dieback of adult trees. Studies of demographic
structures of tree populations, based on age or size classes, have confirmed an almost
complete lack of juvenile classes (Pulido et al. 2001; Plieninger et al. 2003; Ramirez &
Diaz 2008). This insufficient natural oak regeneration has been explained mainly by
deficient seed dispersal to suitable sites for seedling establishment and survival (Pulido
& Diaz 2005). Thus, it is of particular interest for current research on the dynamics of
oak savannas to identify effective “safe sites” for tree regeneration to guarantee the

system stability and likelihood of persistence.
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Temporal abandonment, and subsequent shrub encroachment, has been proposed as a
cost effective tool, compared to artificial plantation, to enhance natural recruitment of
trees (Pulido et al. 2010; Ramirez & Diaz 2008). Shrubs may play a major role for tree
regeneration both at the dispersal and post-dispersal stages (Mufioz & Bonal 2007;
Puerta-Pifiero et al. 2007; Puerta-Pifiero et al. 2010; Gémez et al. 2008). Dispersers, for
example rodents (Mufioz & Bonal 2007; Smit & Verwijmeren 2011) and jays (Gémez
2003), transport acorns preferentially towards shrubs partly because they can forage and
feed more safely from predators (Mufioz & Bonal 2007). Many of the seeds that they
transport under shrubs are consumed, but — compared to other microhabitats — the
surviving acorns have a higher probability to exceed a safe threshold for early
regeneration (Gomez et al. 2008; Perea et al. 2011; Puerta-Pifiero et al. 2010). The
prevention of desiccation and the improvement of germination and emergence
conditions of cached acorns have been shown to be the most prominent facilitative
effects of shrubs at this stage (\Vander Wall 2001; Gémez-Aparicio et al. 2005; Puerta-

Pifiero et al. 2007).

Once a seedling has emerged, shrubs can facilitate seedling survival mainly through
protection against herbivory and improved suitable abiotic conditions. This is of great
importance as most mortality of tree seedlings occurs after the first summer season
(Gomez 2004). Hence, shading from direct radiation can reduce water stress and prevent
the desiccation of early recruits (Gomez-Aparicio et al. 2004; Smit et al. 2008)
influencing positively seedling survival and growth (Puerta-Pifiero et al. 2007).
However, it has been argued that the outcome may differ depending on the shrub

species that is present (Gémez-Aparicio et al. 2004; Puerta-Pifiero et al. 2007). Shrub
4
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species with contrasted key functional traits may affect the availability of abiotic
resources or the impact on biotic stresses differently, resulting in a potentially different
outcome (Eldridge et al. 2011). For instance, unpalatable shrubs, or high density shrub
formations, may be more effective against herbivore pressure and thus enhance tree
survival (Smit et al. 2006). However, relatively few studies have explicitly examined

this effect in natural communities rather than in transplanting experiments.

In addition, it is uncertain if the differential effect among shrub species affects similarly
all life stages of the facilitated plant or if it varies during its ontogeny. Shrub species
whose above and below-ground traits contributed to competition, while only above-
ground traits contributed to facilitation can be beneficial at early regeneration stages but
detrimental at older ones (Sthultz et al. 2007). In this context, surprisingly, few studies
have assessed deviations from this evidence such as the effect of a shrub species whose
below-ground traits contributed mainly to facilitation (Kulmatiski et al. 2008; Gomez-

Aparicio et al. 2005; Puerta-Pifiero et al. 2006).

In this study, we aim to determine if two different shrub species (Cistus ladanifer and
Retama sphaerocarpa, with contrasted life strategies: a competitor and a facilitator of
neighboring vegetation, respectively; Rivest et al. 2011; Rolo & Moreno 2011) enhance
oak recruitment in Iberian dehesas in comparable ways and guarantee thus the long-term
persistence of the land-use agro-system. We assessed shrub effects from early
recruitment stages to the large sapling stage. This approach would comprise most of the
valuable information because of the small differences on survival after the sapling stage.
Studying different recruitment stages, rather than inferring recruitment failure through

indirect studies of tree population age structure, would allow us to explain the processes
5
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that have led to the observed age structure and assess effectively the effect of different

shrub species on the regeneration process.

We address three specific questions 1) Is there a consistent beneficial effect of shrub
cover on the different recruitment stages (seedlings and small and large saplings)?; 2)
Do the two shrub species offer similar conditions (physical protection and/or favorable
abiotic conditions) and impact the process of seedling survival similarly?; 3) Are these
effects dependent on species-specific, shrub-specific and life-stage specific
combinations? We hypothesize that Cistus, a competitor for soil resources, may impose
a detrimental effect on all stages of tree regeneration. Retama, a No-fixing shrub with
reported beneficial effect on soil properties, would facilitate both early and late stages of
tree regeneration. However, the contrasted physiognomy of each shrub population (thick
Vs sparse, respectively) could additionally determine crucial factors, such as browser or
disperser activity, and modulate strongly this outcome. Finally, we expect that the effect
of shrubs would be more conspicuous beyond the tree canopy where tree regeneration is

more vulnerable to the lack of “safe sites”.

Material and Methods

Study area, system and species

The study was conducted in the north of the Extremadura region of central western
Spain (39° 27°—40°12° N; 05° 90’— 06° 30” W), in flat or gently sloping (3-5%) terrain,
located at an altitude of 400 —-500 m a.s.l. The soils are oligotrophic and acidic and are
classified as Chromic Luvisols and Dystric Cambisols (IUSS Working Group WRB

2006). The climate of the area is Mediterranean with hot, dry summers and mild, rainy
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winters. Mean annual precipitation and temperature are 546.8 mm and 15.5 °C (data

taken from the closest weather stations, 10 km away from the furthest site).

The dominant vegetation in the region is a savanna-like open woodland, which is
dominated by a scattered holm oak overstory (Quercus ilex) with native pastures as
understory, and occasionally a sparse to dense shrub layer, mostly represented by
Retama sphaerocarpa (L.) Boiss and Cistus ladanifer (L.) (hereafter Retama and Cistus,
respectively). Pasture is the main fodder source for livestock in this system, acorns and
tree foliage are also important fodder sources, but shrubs are almost not consumed apart
of fruits (Olea & San Miguel 2006). Cistus is a drought-tolerant semideciduous shrub,
with a shallow-dense root system, and often forming extensive, clumped pure stands
(Silva & Rego 2004). Its leaves and stems can secret a large amount of exudates with
allelopathic agents that inhibit the growth of competing herbs (Sosa et al. 2010). It has
been shown to compete with the neighboring tree overstory and herbaceous understory
(Rivest et al. 2011). Its suitability as a nurse plant has been widely questioned (Acacio
et al. 2007). Retama is a N fixing leafless shrub often forming monospecific scattered
patches and developing a dimorphic rooting system, with both lateral roots and a main
deep taproot (Prieto et al. 2010). This species has been shown to enhance diversity and
productivity pasture understory (Pugnaire et al. 1996; Rodriguez-Echeverria & Pérez-
Fernandez 2003; Rivest et al. 2011). Pasture is dominated by annual Mediterranean
herbaceous species, specifically the grasses Agrostis curtisii, Agrostis castellana and
Gaudinia fragilis, the legumes Ornithopus compressus, Trifolium resupinatum and
Trifolium angustifolium, and the forbs Bellis perennis, Helianthemum guttatum and

Raphanus raphanistrum.



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Large scale survey of seedling and saplings

We selected 40 private dehesa estates (hereafter referred as sites) across a 2500 km?
area to assess the patterns of oak recruitment (see Appendix S1 for relevant
characteristics). The average of the minimum distance between sites was 3.4 £ 0.6 (SE)
km. All sites were characterized by the presence of a Q. ilex overstory with an average
tree density of 26 + 1.6 (SE) tree ha® and an average tree diameter at breast height of
49.5 £ 1.9 (SE) cm. Each site included two adjacent plots (ca. 1 ha) close to one another
(i.e. less than 100 m apart), similar in tree cover, soil type and slope, but differing in the
presence of shrub: one plot without shrubs (control plot) and one with the presence of
shrubs (encroached plot). In half of the sites (n = 20) the encroached plot was composed
of Retama (hereafter Retama sites), in the other half (n = 20) it was composed of Cistus
(hereafter Cistus sites). Encroached plots of Retama sites exhibited an average shrubby
cover of 34.0 £ 2.9 % and an average shrub height of 1.8 £ 0.1 m. Encroached plots of
Cistus sites exhibited an average shrubby cover of 77.5 + 2.8 % and an average shrub
height of 1.9 + 0.1 m. The presence of a shrub layer in the encroached plots had been in
all cases caused by a recent (last 10-15 years) reduction in grazing pressure, according
to landowners. Additionally, in each site we felled three shrubs randomly selected in the
encroached plot. Annual rings were measured in a stem disk sawed at the stem base of
each felled shrub. This value was considered as a surrogate of time of abandonment and
it was similar between types of sites (12.4 = 0.7 and 11.0 £ 0.7 years in Cistus and
Retama sites, respectively). Grazing intensity in control plots was apparently similar
among sites (personal observation based on pasture height at mid summer, and the
generalized presence of cattle), although sites were managed by different owners and

surely subtle differences exist.
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We surveyed the presence of recently emerged seedlings (with acorn attached), small
saplings (< 30 cm height, with evidence of at least one bud scar) and large saplings (>
30 cm height, with evidence of more than one bud scar) in the 80 selected plots (40 sites
x 2 plots (control and encroached). In each plot we performed a 2 m wide transect,
starting at the base of a tree randomly selected and following a random direction. Each
transect was ~ 300 m long and crossed the canopies of ~ 10 oaks. Thus, four different
habitats were surveyed: two from control plots, beneath the tree canopy (hereafter tree)
and beyond the tree canopy (hereafter open spaces); and two from encroached plots,
beneath trees (hereafter tree-shrub) and beyond the tree canopy (hereafter shrub).The
surveys were performed in late spring of 2007 and 2008. We repeated the same
transects in autumn of 2007 and 2008 to record the survival of recently emerged
seedlings. At this growth stage most mortality occurs after the first summer season;
small and large saplings are less likely to be affected by losses through desiccation
(Smit et al. 2008). We performed different transects each year to minimize
interdependence effects, for example by recording the same sapling both years. We
assessed the area (length) of transects using digital orthoimages, tree cover by
measuring tree canopy diameters, and shrub coverage by estimating visually their
proportion on transects. These values were assessed to include in the statistical model

differences in terms of tree canopy and shrub cover in surveyed area.

Acorn sowing experiment

To experimentally assess the effects of shrubs on the process of early recruitment
(seedlings < 1 year old), we performed a controlled acorn sowing experiment. In

November of 2008 we collected ca. 5000 acorns from trees that were selected randomly

9
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in two sites (two private dehesa estates, one encroached with Cistus, 39°57°52.3”’N -
6°6’16.3’W, and one encroached with Retama, 39°56°40.5’N - 6°11°39.7’W).
Unsound acorns as well as acorns with weevil damage marks were discarded. All acorns
were stored at 4° C until further handling. In February 2009 we sowed 300 acorns in
each of the four microhabitats (open space, tree, shrub, and tree-shrubs) in the same two
sites where the acorns were collected (total: 2400 acorns, mean fresh weight 2.6 + 0.1 g
(SE), ranging from 1.5 to 7.0 g). Acorns were sown in groups of 50 and placed inside
metal cages to avoid damage through large herbivores and mice and to exclude
additional seed rain. Cages were randomly distributed within each microhabitat. We
checked seedling emergence at the end of spring and monitored seedling survival
monthly until autumn rainfall started in late September.

A set of biophysical parameters were recorded to assess the differential effects of two
shrubs species on key resources needed by seedlings (microclimate and soil resources).
For each cage we recorded the irradiance by means of hemispherical photographs, dry
season air temperature and relative humidity by means of a data-logger (PCE-HT71,
Spain), and soil moisture in the first 40 cm by means of TDR probes (Tektronix 1502C,
UK) following the procedure described by Cubera and Moreno (2007). Photographs
were taken above each cage, approximately at 0.25 m above the ground, using a
horizontally leveled digital camera (Nikon Coolpix 995) and aimed at the zenith using a
fish-eye lens of 180° field of view (Trichon et al. 1998; Valladares & Guzman 2006).
According to these authors, photographs were taken under cloudless homogeneous sky
conditions before sunrise. The following morphological and functional variables were
measured to asses direct or resources-mediated effects of shrubs on seedling
performance: i) the photochemical efficiency (Fv/Fm) and ii) height (cm) of each

seedling in the middle of the dry season; iii) the specific leaf area (SLA, cm? of leaf per
10
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g of leaf), iv) leaf area ratio (LAR, cm? of leaf per g of plant), and v) stem density (g /
cm?) in 10 surviving seedlings per microhabitat and site collected at the end of the
summer. Fv/Fm was measured by means of a Multi-Mode Chlorophyll Fluorometer
(OS5p, ADC Bioscientific, UK). Leaves were removed and scanned (Epson Expression
10000XL). Images were analyzed with Image-Pro Plus (Version 6.0) to determine leaf

area. All plant material was oven-dried for 72h at 60°C and weighed.

Data analysis

Recently emerged and survived seedling and small and large sapling data (expressed as
the number of individuals) were analyzed using Generalized Linear Mixed Models
(Bolker et al. 2009). Generalized Linear Mixed Models (GLMMSs) were constructed
separately for regeneration stages. We assume that the dependent variable (count data)
was Poisson distributed (log-link). Microhabitat (open spaces, tree, shrub and tree-
shrub) and type of shrub present (Cistus and Retama) were used as explanatory
variables. To account for differences in surveyed area per microhabitat and site its value
was included in the model as an offset (Zuur et al. 2009). The effect of sites and years
were considered random effects. When significant effect on the explanatory variables
were found, the appropriate linear contrast were set up and tested, controlling for
multiple comparisons. In all cases, model validity was checked by visual examination of
residual plots and by assessment of dispersion parameters (Bolker et al. 2009). In those
models in which we observed overdispersion, an observation-level random effect was

included to take it into account.

Subsequently, to investigate if differences between Cistus and Retama formations on

the number of recently emerged and survived seedling and small and large sapling
11
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responded to differences on shrub cover and/on time after abandonment, four additional
GLMMs were constructed, based only on the surveyed data from encroached plots.
Model validity and assessment of dispersion parameters was done similarly to previous
GLMMs. The effect of sites and years were again considered random effects. To
account for differences in surveyed area per encroached plot we included its value in the
models as an offset. Additionally to shrub cover and time after abandonment, tree
diameter at breast height and density of previous regeneration stage were also included
as explanatory variables to account for tree effect and to investigate it the effect of
shrubs changed with aging, respectively. The density of previous regeneration stage was
included in each model in a step-wise manner, excluding progressively the youngest
regeneration stages (Smit & Verwijmeren 2011). That is, in the model regarding
survived seedlings we included the density of emerged seedling, for small saplings the
density of survived seedlings and for large saplings the density of small saplings. The
“Ime4” (Bates and Maechler 2010) and the “multcomp” (Hothorn et al. 2010) packages
of the R software (R Core Development Team 2012) were used for GLMMs and

multiple comparison respectively.

In the acorn sowing experiment, between microhabitat differences in abiotic conditions
(irradiance, air temperature and humidity and soil moisture) and seedling performance
parameters (Fv/Fm, height, SLA, LAR and stem density) were assessed by analyses of
variance. Between microhabitat differences in percentages of seedling survival were
evaluated using Kaplan-Meier Analysis. Data were transformed, when necessary, prior
to analysis to comply with ANOVA assumptions. Pearson Chi-square goodness of fit
tests and ANOVA analysis were performed with Statistica 7.0 (StatSoft, Inc., Tulsa,

OK, USA).
12
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Results

Large-scale survey

A considerable proportion of visited sites lacked of recently emerged seedlings in both
years of the study. On average, we did not find any recently emerged seedling on 58.1
% of the visited sites. The proportion of sites without any sapling was considerably
lower (22.2 %), but the mean number of large saplings relative to the number of mature
trees was clearly below 1 (0.41 + 0.03), indicating a likely regeneration failure. In those
sites where we observed recently emerged seedlings, we found a significantly higher
density under shrubs, irrespective of the shrub species (Table 1), than in open spaces
(0.40 + 0.14 and 0.14 + 0.07 seedlings / 100 m? in shrub and open spaces microhabitats
respectively, P = 0.019). This positive effect was maintained during the summer
resulting in a higher density of seedlings at the end of the summer under shrubs,
irrespective of the shrub species, than in open spaces (0.19 + 0.09 and 0.04 + 0.02
seedlings / 100 m? respectively, P = 0.018). This positive effect was also maintained
during successive regeneration stages, both small and large saplings, but there were
specific differences between sites with different shrub species present (significant
interaction between type of shrub present and microhabitat, Table 1). In sites
encroached with Cistus, the positive effect of shrub was similar along life stages (Fig.
1). However, in sites encroached with Retama, the positive effect of shrubs tended to

strengthen along life stages (Fig. 1).

Tree presence induced a large effect on emerged and survived seedlings and small and
large sapling density (Fig. 1). Indeed, the combined positive effect of shrub and tree led

to a higher abundance of most regeneration stages under tree-shrub microhabitat than in
13
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open spaces (Fig. 1). In sites encroached with Cistus, the highest densities were found
under tree-shrub microhabitat for all life stages (Fig.1). In sites encroached with Retama
there was also a significantly higher abundance than in open spaces for all life stages.
However, in these sites, compared to shrub effect (Fig.1), the effect of trees-shrub was
less apparent at older regeneration stages (no significant differences between tree-shrub
and shrub microhabitats at the small sapling stage, P = 0.999; and significantly lower at

the large sapling stage, P = 0.031).

Previous regeneration stage density had a marked positive effect on the number of
survived seedlings and small and large saplings (Table 2). Indeed, we observed a 9.9 %
positive difference in the number of survived seedlings per number of emerged
seedling, a 23.7 % positive difference in the number of small saplings per number of
survived seedling and a 7.2 % positive difference in the number of large saplings per
number of small saplings. At the large sapling stage, the effect of the previous stage
density was notoriously different per type of shrub species. In presence of Retama, there
was a 75.1 % positive difference in the number of large saplings per number of small
saplings than in presence of Cistus. The differences in shrub cover or time after
abandonment among encroached plots of Cistus and Retama sites did not show any
effect on most of the regeneration stages (Table 2). Exceptionally, at the small sapling
stage there was a marginally significant positive effect of time after abandonment,
yielding a 10.5 % positive difference in the number of small saplings per year increase.
The effect of tree size showed a positive effect on emerged seedlings but a negative

effect for large saplings.

Acorn sowing experiment
14



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

Microclimate characteristics

The presence of a woody overstory induced significant modifications on the
microclimatic conditions compared to that of open spaces (Table 3A). Air temperature,
vapor pressure deficit (VPD) and irradiance exhibited lower values under shrub, tree,
and tree-shrub than that of open spaces. Nevertheless, these differences were less
marked in sites encroached with Retama, showing a 10% reduction in air temperature
and 40 % in irradiance on average under shrub, tree, and tree-shrub than that of open
spaces. Soil moisture showed a significant reduction under Cistus, whereas under

Retama there were no differences.

Seedling emergence

Seedling emergence was low in all microhabitats studied and there were no significant
differences between microhabitats either in sites encroached with Cistus or Retama.
Nevertheless, it is noteworthy that maximum emergence values were found under trees
and tree-shrubs in both types of sites (34% and 31% respectively in sites encroached
with Cistus; 25% and 27% respectively in sites encroached with Retama). In contrast,
open spaces and shrubs showed lower values in both types of sites (22% and 21%
respectively in sites encroached with Cistus; 21% and 23% respectively in sites

encroached with Retama).

Seedling performance

In the middle of the dry season, seedlings growing in open spaces showed a
significantly lower value of F./Fm than those growing under shrub, tree or tree-shrub
microhabitats (Table 3B). Among shrub, tree or tree-shrub, there were no significant

differences in F/Fm values. Other morphological parameters also showed significant
15
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differences between microhabitats at the end of the summer. SLA was significantly
lower in surviving seedlings of open spaces than under shrub, tree or tree-shrub.
Seedlings growing in open spaces were smaller but with denser stems than under shrub,
tree or tree-shrub. In addition, seedlings growing in open spaces tended to show a lower
LAR which, together with the higher stem density, suggests a greater investment on

stem tissue than leaves.

Seedling survival

Seedling survival at the end of summer exhibited significant differences between
microhabitats (Fig. 2). Open spaces showed the lowest values. Just 20 - 28% of emerged
seedlings in spring survived at the end of the summer in open spaces. Most of these
seedlings seemed to have died of desiccation, although we did not find a significant
reduction of soil water content in open spaces (Table 3A). Tree and tree-shrub showed
the same positive pattern. Under shrub there was also a positive effect on seedling
survival but the extent of this effect differed noticeably between Cistus and Retama. The
proportion of surviving seedlings was around 41 % under Cistus, while it was up to 90

% under Retama.

Discussion

Our results showed that both shrub species exhibited a positive influence on certain
patterns of oak recruitment in open Mediterranean woodlands in general. Facilitative
effects of shrubs on plant recruitment have been widely reported in semiarid, tropical
and temperate environments (Padilla & Pugnaire 2006; Brooker et al. 2008; Gomez-
Aparicio 2009) as well as in the dehesa system in particular (Ramirez & Diaz 2008;

Smit et al. 2008; Pulido et al. 2010). Experimental evidence has been confirmed at
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regional scale by a recent study which established a positive relationship between shrub
cover or shrub species richness with regeneration densities of Q. ilex and other Quercus

(Plieninger et al. 2010).

The high density of seedlings under trees, both in control and encroached plots, the
positive effect of tree size on the number of seedling, and the low rates of seedling
emergence across microhabitats in the acorn sowing experiment, evidence two main
processes that explain in a high extent the lack of regeneration in holm oak woodlands:
recruitment limitation and deficient seed dispersal to safe sites (Pulido & Diaz 2005;
Smit et al. 2009). Although we did not separate the effect of shrubs on pre-dispersal and
dispersal processes explicitly, our results suggest that both shrubs had positive effects at
least during the dispersal stage. Seedling emergence beyond the canopy edge tended to
be higher under shrubs than in open spaces. This result suggests an active dispersal of
acorns toward shrubs, rather than a passive dispersal that is common under tree
canopies (Smit & Verwijmeren 2011). In the study area, holm oak mostly relies on
rodents for the dispersal of acorns in open woodlands (Mufioz et al 2009). In this way,
rodents may enhance oak reproduction success away from the mother tree by successive
dispersal movements to safe sites (Perea et al. 2011). But it is also likely that other
factors, in particular, physical protection against herbivores or, less probably,
prevention of acorn desiccation, were responsible for the observed differences in the
density of emerged seedlings between open spaces and shrubs (Gomez-Aparicio et al.

2004, 2005).

On the other hand, some evidence of a negative effect of shrub cover on seedling

occurrence and abundance has been reported in some other studies (Pausas et al. 2006;
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Acacio et al. 2007). These authors argued that shrub presence can arrest tree recruitment
by worsening/impeding several regeneration processes as acorn yield, dispersal and
seedling survival (Acacio et al. 2007). Our results showed that the recruitment stages
that follow seedling survival were in most cases positively associated with shrubs.
However, associations were strongly species-specific, which strengthens the assumption
that the physical and biological environment may play a major role in this multi-phase
process (Gomez-Aparicio et al. 2004, 2005). This result may be of concern in many
other man-made ecosystems of the world that are threatened by the lack of effective tree
regeneration (Gibbons et al. 2008; Manning et al. 2006; Mountford & Peterken 2003;

Laborde et al. 2008; Steenkamp et al. 2008; Weinberg et al. 2011).

Seedlings performed similar plastic adaptations under shrub species

Seedlings showed opposite patterns on morphological parameters depending on the
microhabitat where they grew, suggesting adjustments to each specific abiotic
condition. For instance, seedlings exhibited higher values of SLA when growing under
tree, shrub and tree-shrub, probably to enhance light capture in the shade (irradiance 30-
60% of full sunlight; Table 3) (Rodriguez-Calcerrada et al. 2010). In open spaces, by
contrast, they seemed to invest more on stem tissue (as expressed in lower height and
higher wood density), probably to enhance their resistance to cavitation. During extreme
drought events, however, plants with high wood density may be less successful in
maintaining their water potential within safe margins and may be more subjected to
extensive embolism (Hoffmann et al. 2011). In this context, we found that seedlings
growing in open spaces, where mortality rates were the highest, showed significantly

lower photochemical efficiencies than those growing in the three woody microhabitats.
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These results suggest that both shrubs species enhanced seedling survival by buffering

stressful conditions (Smit et al. 2008).

Specific combinations of shrub species and life-stages can influence recruitment
patterns

Our results confirm the hypothesis that the two distinct types of shrub with contrasting
characteristics can affect the different stages of the recruitment process differently.
Puerta-Pifiero et al. (2010) highlighted that differences in disperser activity among
vegetation types may modulate holm oak seedling establishment. For instance, the
differences in the population physiognomy; Cistus forms more clumped populations (ca.
80% of cover) than Retama (ca. 35% of cover) (Appendix S1), would offer better
protection for disperser activity (Mufioz et al. 2009; Pons & Pausas 2007) and could
lead to a higher chance of seedling establishment. Nevertheless, we observed that shrub
cover effect did not differ between shrub formations (Table 2) and both shrub species
showed similar positive effects on seedling emergence (Table 1). These evidences
suggest that even low shrub cover formation, as Retama, may constituted and effective
threshold to enhance seedling emergence. We caution that further investigation relating
shrub cover and the factors that determine pre-dispersal and post-dispersal losses, such
as disperser activity or acorn predation rates in both vegetation types, is needed to
corroborate these observations (Broncano et al. 1998; Cierjacks & Hensen 2004; Perea

et al. 2011; Puerta-Pifiero et al. 2010; Santos & Telleria 1997).

Additionally, there must be other factors in Retama sites that contribute to losses after
seedling emergence compared to that of Cistus sites. Results of the acorn sowing

experiment showed a higher capacity of Retama to improve seedling survival (Fig. 2)
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and morphology (Table 3B) than Cistus. However, results of the large-scale survey
showed that the survival of seedlings under Retama at the end of the summer was
similar than under Cistus (Table 1). The positive effect of Retama on the production of
pasture understory (Pugnaire et al. 1996; Rodriguez-Echeverria & Pérez-Fernandez
2003; Armas et al. 2011; Rivest et al. 2011) suggest that this shrub could attract
herbivores and thus may involve higher losses by browsers once seedlings are
established. Additionally, increased pasture growth could reinforce competition for soil
resources with negative consequences for young seedlings (Cubera et al 2012). By
contrast, Cistus arrests pasture growth (Rivest et al. 2011) and herbivores may be
attracted in a lesser extent. In the acorn sowing experiment, the exclusion cages avoided
the activity of browsers, showing, therefore, similar patterns for seedling survival under

both types of shrubs.

Once seedlings have passed the first summer, the outcome that functional traits of the
facilitator species exert on the abiotic conditions could be more determining than the
benefit of physical protection. Our results showed that the effect of Retama was more
evident at the sapling stages compared to open spaces than that of Cistus (Fig 1). In
addition, large sapling abundance in Retama formations was much more responsive to
small sapling abundance compared to that of Cistus formations (Table 2), suggesting an
accumulative effect under Retama. Smit and Verwijmeren (2011) reported similar
results in a grazed wood-pasture system with presence of blackthorn, arguing that a
cumulative grazing effect can lead to a strong spatial association between saplings and
shrubs over time. The associational resistance theory states that unpalatable species
(spiny or toxic) can facilitates palatable species by protecting against herbivores (Baraza

et al. 2006; OIff et al. 1999). However, Retama lacks of thorns and, as we argued
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previously, its protective effect might be limited, compared to Cistus populations. Thus,
this positive association between Retama and saplings over time might be related to
other factors such as improvement of soil conditions (water, Prieto et al. 2010, and
nutrients availability, Pugnaire et al. 1996; Rolo et al. 2012) or less competitive effects

on tree overstory (Rolo & Moreno 2011).

Regarding the effect of Cistus on saplings, the opposite trend was observed in Cistus
sites compared to that of Retama. Here this effect did not change along life-stages
(Table 1). These results might be related to the effect of Cistus on soil resources
availability. Previous studies have shown that Cistus exerts a sharp negative effect on
tree overstory functioning (Rolo & Moreno 2011) and productivity (Rivest et al. 2011),
probably due to a high competition for soil resources (Rolo et al. 2012). The significant
reduction of soil water content that we found under Cistus compared to open zones
(Table 3A) supports this argument. Both findings of Cistus and Retama sites are
consistent with other studies that have shown how the balance of interactions between
nurse and protégé may shift in function of life-stage of one of the species involved

(Schupp 1992, 1995; Barnes & Archer 1999; Sthultz et al. 2007).

Conclusions

It is known that shrub presence in grazed oak woodlands can play a crucial role for
favoring tree recruitment. Here, we have argued that two different shrub species can
impose a specific template that is able to affect the whole recruitment process and, thus,
the dynamics of the system. Although both shrub species showed similar facilitative
patterns to buffer stressful conditions at the seedling stage, the net outcome is the result

of different processes that affect specifically each shrub formation. As a result, Cistus
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formations seem to be less effective to guarantee long-term persistence of surviving
seedlings than Retama formations. Thus, at the long-term the presence of Cistus may
add further limitations for effective tree recruitment and its populations could
perpetuates as a stable state. Our study was not designed to disentangle the effect of the
different factors involved in the regeneration process. Rather it assessed the recruitment
dynamics in sites encroached with contrasting shrub species. It demonstrated that to
plan effective regeneration strategies it is crucial to take into account that different
“nurse plants” may have diverging influences on the long-term dynamics of the system.
However, further analyses are needed to disentangle the effect of the different factors

involved in the regeneration process.
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784  Table 1 Results of GLMMs from the survey data to test the effect of type of site (Cistus or
785  Retama) and microhabitat (open spaces, tree, shrub and tree-shrub) on number of emerged and
786  survived seedling and small and large sampling. Site and year were considered random effects.
787
Emerged Seedling Survived Seedling Small Sapling Large Sapling
a df. Pvalue 2 df.  Pvalue a df.  Pvalue a d.f.  Pvalue
Type (T) 69 1 0.004 6.4 1 0.011 8517 1  <0.001 01 1 0.716
Microhabitat (M) 140.7 3 <0.001 2753 3 <0001 686 3 <0001 552 3  <0.001
TxM 23 3 0.517 19 3 0599 120 3 0.007 336 3  <0.001
788
789
790
791
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792  Table 2 Results of GLMMs from the survey data to test the effect of type of site (Cistus or
793  Retama), tree diameter at breast height (TD), shrub cover (SC), time after abandonment (TA)
794  and density of previous regeneration stage (DPS), on number of emerged and survived seedling
795  and small and large sampling in the encroached plots. Site and year were considered random
796  effects.

797
Emerged Seedlings Survived Seedling Small Saplings Large Saplings
e df  Pvalue a df Pvalue a df Pvalue e df  Pvalue

Type (T) 7.4 1 0.007 8.7 1 0.003 10.4 1 0.001 0.1 1 0.879
Tree DBH (TD) 45 1 0.034 0.1 1 0.886 2.4 1 0.124 3.9 1 0.048
Shrub Cover (SC) 0.9 1 0.348 0.2 1 0.305 1.3 1 0.249 0.2 1 0.691
Time after abandonment (TA) 11 1 0.292 1.1 1 0.305 3.7 1 0.053 2.4 1 0.121
Density Prev. Stage (DPS) - - - 4.1 1 0.042 33.3 1 <0.001 35 1 0.062
TxSC 0.2 1 0.666 0.1 1 0.999 0.7 1 0.398 0.2 1 0.659
TxTA 1.8 1 0.176 0.8 1 0.383 1.2 1 0.276 0.3 1 0.579
T x DPS - - - 0.6 1 0.449 1.0 1 0.323 4.3 1 0.039

798

799
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800 Table 3 Averaged microclimatic characteristics (A) and comparison of morphological
801  and functional parameters (B) of surviving seedlings from the acorn sowing experiment
802  under shrub, tree, tree-shrubs and open spaces in sites encroached with Cistus or
803  Retama. Different letters between habitats denote significant differences at P < 0.05.

804

Cistus site
Microhabitat Effect
A. Microclimate Shrub Tree-shrub  Open spaces Tree Fatn  P-value
Temp., °C 28.3+0.2a 27.4+0.14b 28.43+0.19a 27.57 +0.14b 10.03-8680  <0.001
VPD, kPa 2.4 +0.03a 21+0.03b 240+0.04a 2.11+0.03b 27438680  <0.001
Irradiance, % 45.0+16ab 39.8+245b 76.27+2.02a 33.23 +3.67b 17.0324  <0.001
Soil moisture, % 189+1.0c  22.2+0.98a 22.16 +0.98ab 21.11 + 0.98bc 2.4 360 0.073
B. Morphology and performance
Height (cm) 595+0.24 591+0.28 588+045 555+0.2 0.65 3-221 0.581
Stem density 0.63£0.03 0.66 £ 0.04 0.73+0.04 0.68+0.02 1.2 340 0.319
SLA (cm?/g) 212.7+88a 222.8+147a 175+6.7b 201.4+7.0a 3.83-40 0.017
LAR (cm?/g) 149.7+13.6 1529+150 1298+7.4 151.2+9.6 0.9 3-40 0.441
Fu/lFm 0.80+0.01a 0.79+0.01ab 0.75+0.01c 0.78+0.01b 18.13229  <0.001
Retama site
Microhabitat Effect
A. Microclimate Shrub Tree-shrub  Open spaces Tree Fdatn  P-value
Temp., °C 25.73+0.24b 26.11+0.23b 26.91+0.23a 26.10+0.3b 6.3 3-5044 0.002
VPD, kPa 2.17 £ 0.05 222+0.04 228+0.04 2.08+0.04 1.6 3-5944 0.208
Irradiance, % 58.23 +4.04ab 44.08 +2.55b 84.37+2.98a 45.08 +4.07b 16.2 324 0.001
Soil moisture, %  20.49 +0.96 20.03+096 19.71+0.96 19.62+0.96 0.17 3-60 0.918
B. Morphology and performance
Height (cm) 7.70+£0.83a 5.83+0.58b 5.62+0.3b 4.1+0.6¢c 3.6 3-246 0.014
Stem density 0.66+0.03b  0.73+0.03a 0.73+0.02a 0.67 £0.03ab 2.3340 0.089
SLA (cm?/g) 199.5+10.6a 187.1+83b  157.6+26b 193.6+7.0b 4.4 3.40 0.009
LAR (cm?/g) 151.5+57a 1422+99ab 120.1+28b 150.1+8.7a 2.7 340 0.059
Fu/lFm 0.76 £0.01a 0.79+0.01a 0.75+0.01b 0.77 £0.02a 3.1 3-243 0.026

805  SLA: calculated as the ratio of leaf area to leaf dry mass
806  LAR: calculated as the ratio of leaf area to plant dry mass
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807  Figure 1 Abundance of emerged and survived seedlings and small and large saplings
808  (Number / 100 m?) in open spaces, tree, shrub and tree-shrub microhabitats from the
809 survey data in sites encroached with Cistus or Retama. Different letters between
810  microhabitats within type of site denote significant differences at P < 0.05.

811

Emerged Seedlings Survived Seedlings

10 - 6 1
e 8 T ~ 51 —
5 E 4
2 6+ = |
= = 3
i 2
g 4 E 2 T
3 e 2_3,

0- 0- == =

Cistus Retama Cistus Retama
Small Saplings Large Saplings

6+ 6 —
i B " a o
E - E
8 =
2 2
E a E
= =
= a =

b ° ui
== &=
Cistus Retama Cistus Retama
= Open Spaces = Tree = Shub = Tree-shnd

812

31



813
814
815
816
817

818
819

Figure 2. Cumulative survival proportion over summer, from June to September, of
seedlings growing under shrub, tree, tree-shrubs and open spaces from the acorn sowing
experiment in sites encroached with Cistus or Retama. Different letters denote
significant differences at P < 0.05.
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