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ARTICLE INFO ABSTRACT

Stipa tenacissima steppes cover 70,000 km? in the Mediterranean basin. In these habitats, resprouting shrubs form
woody patches that were removed in the past to promote fiber and forage production. Patches are recovering
after decades of abandonment. Patches enhance plant richness and affect ecosystem functioning. Yet, they have
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Facilitation been commonly considered as a single entity, paying scarce attention to patch heterogeneity, patch dynamics
Drylands and their impact on community composition. We describe the physical and biotic structure of 450 patches in 15
Recruitment

catchments along a climate gradient in southeastern Spain, and analyze the drivers of overstory and understory
composition and recruitment of patch-forming species. Patches were formed by one to six species (Quercus coc-
cifera, Juniperus oxycedrus, Rhamnus lycioides, Ephedra fragilis, Pistacia lentiscus and Osyris lanceolata). Climate de-
termined the species composition in each patch, their physical characteristics and the recruitment of patch-form-
ing species. Species cover and richness depended on the dominant species. Our results suggest that patches dom-
inated by Quercus coccifera and Juniperus oxycedrus may decline and patches dominated by Rhamnus lycioides and
Ephedra fragilis may expand as climate warms. They also provide new insights on the interactions in patch com-

Community assembly
Climate change
Desertification

munities very relevant for the conservation and management of S. tenacissima steppes.

1. Introduction

Drylands cover around 45% of the world's land area (Pravalie,
2016). Climate models suggest that dryland cover will increase by 23%
by the end of this century (Huang et al., 2016). In drylands, vegeta-
tion is frequently patchy, and this structure is closely linked to ecosys-
tem function (Berdugo et al., 2020). Vegetation patches modulate the
flow of water, nutrients and sediments, acting as resource sinks (Lud-
wig and Tongway, 1995; Aguiar and Sala, 1999; Merino-Martin
et al., 2015). They also affect community composition and species rich-
ness (Ludwig et al., 2004; Zhang et al., 2016).

Steppes dominated by the tussock grass Stipa tenacissima L. cover
70,000 km? in the western Mediterranean basin. They frequently form
mosaics of woody vegetation patches immersed in a matrix of S. tenacis-
sima tussocks, small sub-shrubs and bare soil. In S. tenacissima steppes,
patches of woody species act as keystone components of the commu-
nity (sensu Hurlbert, 1997), their cover is often low, but they af-
fect ecosystem functioning, vascular plant richness, and plant and soil
macroinvertebrate communities (Maestre and Cortina, 2004, 2005;
Doblas-Miranda et al., 2009; Rolo et al., 2016). Woody patches in
S. tenacissima steppes modify climate and soil properties favoring the
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establishment of shade tolerant species at their understory (Maestre
and Cortina, 2005). These species benefit from the decrease in evap-
orative demand and temperature range, and the increase in soil fertility
to the point that they may withstand the reduction in soil water avail-
ability (Amat et al., 2015).

In S. tenacissima steppes, woody vegetation was removed in the past
to reduce competition and promote forage and fiber production (Servi-
cio del Esparto, 1953; Fernandez-Palaz6n, 1974, Gasque and Gar-
cia-Fayos, 2004). In the early stages of succession, patches of woody
species are usually associated with the margins of abandoned agricul-
tural terraces and rock outcrops unsuitable for agriculture (Cortina et
al., 2009; Rolo et al., 2016). Steppe colonization by patch-forming
species may be initiated in these patches, and progress at rates that de-
pend on climatic conditions —particularly water availability, topography,
soil fertility, and species dispersal and establishment ability (Rolo et
al., 2016; Tormo et al., 2012, Castillo-Escriva et al., 2019). Fur-
thermore, establishment may be driven by the dynamic nature of pos-
itive and negative plant-plant and plant-animal interactions (Maestre
and Cortina, 2004, Soliveres et al., 2015; Amat et al., 2015,
Castillo-Escriva et al., 2019). However, studies on woody patch
dynamics have paid scarce attention to their multi-specific nature
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by considering them as homogeneous entities or focusing solely on
patch-forming species. No study has described so far the composition of
patch-forming species and the drivers controlling patch composition.

Patch capacity to modify the environment depends on their compo-
sition and size. For example, contrasting rooting habits, water and nutri-
ent demand, litter accumulation, and the amount and quality of radia-
tion in the understory in different patch-forming species generate differ-
ent microhabitats and colonization opportunities (Aguiar et al., 1992;
Archer et al., 2002; Blank and Carmel, 2012; Arroyo et al., 2015).
Furthermore, as patches increase in size, they provide further opportuni-
ties for colonization because of the intensification of the environmental
effects, the time elapsed since the establishment of the first patch-form-
ing species, and the increase in habitat heterogeneity. Heterogeneity in
environmental conditions within the patches has been well character-
ized in drylands - including S. tenacissima steppes, as well as its effects
on community composition and plant functional traits (Hochstrasser
and Peters, 2004, Holmgren et al., 2010; Pescador et al., 2014;
Amat et al., 2015; Soliveres et al., 2015). Yet, our knowledge on the
heterogeneity of woody patches in S. tenacissima steppes, its drivers and
its role in community assemblage is still scarce.

To better understand patch features and the effect of woody patches
on community composition, we studied the cover of vascular plants in
450 woody patches distributed in 15 small catchments dominated by S.
tenacissima steppes along a climatic gradient in southeastern Spain, and
generated explanatory models of overstory and understory composition
and the recruitment of patch-forming species based on patch and catch-
ment characteristics.

2. Material and methods

We selected 15 catchments along a 60 km-transect in a semiarid
area in Alicante, southeastern Spain (Fig. 1, Table 1). Catchment
slopes are covered with S. tenacissima steppes, whereas catchment bot-
toms are frequently occupied by abandoned rainfed agricultural ter-
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races. We intentionally excluded catchments with a significant presence
of Pinus halepensis Mill., because this species has often been planted, and
planting techniques alter soils and vegetation. In each catchment, we
sampled variables describing the whole catchments, the slopes and the
agricultural terraces, as well as the woody patches (Table S1). Only
perennial species were taken into account for the analyses, as they domi-
nate plant cover in S. tenacissima steppes in southeastern Spain and show
less inter and intra-annual variability in abundance than annual plants.

2.1. Catchment characterization

Mean annual precipitation and temperature data were obtained from
Atlas Climatico Digital de la Peninsula Ibérica (Ninyerola et al.,
2005). Total surface area of each catchment and the number of woody
patches in the slopes were estimated using aerial photographs and field
surveys (Rolo et al., 2016). We identified as patch any cluster of
woody vegetation >1 m diameter. Finally, we measured soil depth in
30 randomly selected points across the whole catchment, excluding agri-
cultural terraces. We used the distance from soil surface to bedrock or
consolidated rock as indicator of soil availability. We hammered a 1 cm
diameter iron rod into the soil until no further advance was perceptible.
Based on this measure, we calculated an indicator of soil availability as
the proportion of points where soil depth was lower than 30 cm.

Because of the internal variability of the catchments, we stratified
vegetation sampling within each catchment. Using aerial photographs
and on-site surveys, we divided the slopes of each catchment into 1-3
different units that were relatively homogeneous in terms of exposure,
topography and plant cover. A total of 27 units were selected across
the 15 catchments. In each unit, we established 2 to 4 15 x 21 m-plots
(49 plots in total; the number of plots per unit depending on unit size)
(Fig. S1). In each plot, we quantified plant cover, and the cover of

11
e

|
\

Fal)

Fig. 1. Distribution of the 15 catchments studied in the province of Alicante, southeastern Spain. Catchment codes correspond to those shown in Table 1.



Table 1
Description of the studied catchments. MAT and MAP stand for mean annual temperature and precipitation, respectively. There were no abandoned crop terraces in catchments 8, 13 and 14. No dispersion measure is shown for woody species cover in
abandoned crop terraces because we used data from a single transect along each catchment.

Abandoned crop No. Recruitment density
Catchment MAT MAP Catchment terraces surface area study Total No. (recruits/ha)
Code  name (°C) (mm) surface area (m ?) (m?) plots patches mean + SE Cover of patch-forming species in abandoned crop terraces (%)
Rhamnus Juniperus Osyris Quercus Pistacia Ephedra
lycioides oxycedrus lanceolata coccifera lentiscus fragilis

1 Aigiies 16 417 26,484 9130 4 69 198 + 123 3.8 2.0 1.1 0.7 0.0 0.0

2 Aspe3 18 282 29,522 2166 4 365 183 + 120 19.3 0.0 0.0 0.0 0.0 21

3 Ballesteral 18 343 23,624 2841 4 152 198 * 83 7.4 0.0 0.0 0.0 1.9 0.0

4 Ballestera2 18 343 27,688 3641 3 156 116 + 103 34.1 0.0 0.0 0.0 19.3 0.0

5 Campello 18 357 75,858 3150 3 263 11 =18 9.9 0.0 3.9 0.0 21.7 0.0

6 Colmenar2 18 300 13,851 170 4 212 508 * 484 29.7 0.0 0.0 0.0 0.0 0.0

7 Colmenar3 18 300 41,128 1619 2 207 143 * 67 20.5 0.0 0.0 0.0 8.0 0.0

8 Orihuela 16 361 97,317 0 3 306 85 + 73 - - - - - -

9 Porxa 18 368 51,235 9976 3 264 413 * 366 18.6 0.4 3.0 2.8 8.9 0.0

10 Torre6n 18 343 30,647 3049 4 139 497 + 275 8.6 0.0 6.5 2.4 9.0 0.8

11 Ventésl 15 293 34,194 1390 3 143 42 + 18 1.0 0.0 0.0 0.0 0.0 0.0

12 Vila 17 525 50,626 11,596 4 211 286 * 266 6.5 0.2 8.1 0.0 8.9 0.4

13 Crevillente 16 382 25,183 0 3 228 402 + 247 - - - - - -

14 Vent6s3 16 288 28,209 0 3 107 11 + 18 - - - - - -

15 Aspe5 18 306 11,998 968 2 163 270 = 112 14.1 0.0 0.0 0.0 0.0 1.4
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loose rocks and rock outcrops by visual estimation in 14 consecutive
1.5 x 1.5 m-quadrats along a downslope belt transect. Total plant cover
was estimated as the sum of the plant cover of all species present in each
quadrat (thus, values above 100% indicate canopy overlapping). Species
richness was derived from these data. In each plot, we also recorded all
individuals of patch-forming species whose canopy projected area was
less than 1 m2.

2.2. Vegetation in abandoned crop terraces

We estimated the surface area covered by agricultural terraces using
aerial photographs and in situ surveys. In each catchment, we selected
one third of the terraces randomly, and set linear transects perpendicu-
lar to the stone walls. We used the point-intercept method at 1-m inter-
vals to record the identity of all vascular plants in the sampled terraces
and calculate their frequency.

2.3. Patch characterization

We located and geo-referenced all woody patches in each catchment
by using aerial photographs and field surveys (Rolo et al., 2016).
Then, we randomly selected 30 patches per catchment for patch charac-
terization. As patches were chosen at random, we considered that patch
attributes represented the actual status of woody vegetation patches in
each catchment. In each patch, we differentiated two groups of vas-
cular plants: patch-forming and accompanying species. Patch-forming
species are large resprouting shrubs which are main components of
woody patches and barely appear in isolation when adults. Accompany-
ing species are small shrubs, herbs and grasses which are present in the
understory of the patches but may also grow independently of them.

We recorded the aspect, slope and specific location of each woody
patch. We measured the maximum canopy height, the maximum canopy
diameter and the orthogonal diameter for the whole patch and for each
patch-forming species within the patch (Table S1). Litter depth and soil
depth were measured in 6-10 randomly distributed points underneath
the patches, the number of points depended on canopy projected area.
Soil depth was measured as described above.

We also recorded the identity and cover of all accompanying species
underneath the canopy and in the periphery of each patch. For this,
we set a belt transect along each patch and parallel to the slope.
Transects extended 1 m upslope and 1 m downslope from the patch,
and their length was thus dependent on patch size. We visually esti-
mated the cover of each accompanying species in consecutive 50 X 50
cm-quadrats along the transects.

2.4. Statistical analysis

We used linear mixed models (LMM) to integrate the spatial struc-
ture of the sampling design, with catchment as a random factor, and
factor Unit nested within catchments. We used generalized linear mixed
models (GLMM) with Poisson error distribution when data did not fit
model requirements and could not be transformed. Similarly, patch was
considered a random factor when analyzing differences in plant cover
in different parts of the patch understory, to account for their lack of
independence. The significance of the differences between attributes of
patch-forming species were tested by means of Fisher LSD (Recruitment
density) and Tukey HSD test (other variables), as the effect of the former
variable could not be separated by means of Tukey HSD test.

We used Non-metric Multidimensional Scaling (NMDS) to under-
stand how environmental variables (mean annual precipitation and air
temperature, aspect, slope, stoniness, plant cover, and the cover of
loose rocks and rock outcrops) determined the cover of patch-forming
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species in the patches. First we built an ordination of the patches based
on the cover of patch-forming species. Then, we fitted the environmen-
tal variables and the cover of each patch-forming species onto the ordi-
nation. NMDS has been recommended over other ordination techniques
for community analysis because it does not ignore community structure
that is unrelated to environmental variables, and it does not assume mul-
tivariate normality (McCune and Grace, 2002). We used Bray-Cur-
tis distance measures with random starting configurations for NMDS.
We found no correlation among predictor variables. We used a similar
strategy to understand how environmental variables and patch-forming
species determined the cover of accompanying species in the patches.
First, we built an ordination of the patches based on the cover of ac-
companying species, and then we fitted environmental variables and
the cover of patch-forming species onto this ordination. Later, we used
regression analysis to determine the level of covariance between the
cover of accompanying species, environmental variables and the cover
of patch-forming species. Finally, using the axes of the accompanying
species ordination, we tested the effect of environmental variables and
cover of patch-forming species on understory composition by means of
a PERMANOVA. This allowed us to take the spatial structure of the data
into account by analyzing the interaction between environmental vari-
ables, patch-forming species and catchment.

All analyses were performed using R 3.6.1 statistics software (R
Development core team, 2018), and packages lme4 (Bates et al.,
2015) and Vegan (Oksanen et al., 2019).

3. Results
3.1. Patch-forming species in slopes and abandoned terraces

The number of woody patches in the slopes of the studied catch-
ments ranged from 69 to 365, which corresponds to a range of densi-
ties of 31-155 patches/ha (Table 1). We identified six patch-forming
species: Pistacia lentiscus L., Quercus coccifera L., Rhamnus lycioides L., Ju-
niperus oxycedrus L., Ephedra fragilis Desf. and Osyris lanceolata Hochst.
& Steud. Patches dominated by R. lycioides (i.e, patches where canopy
projection area of R. lycioides was bigger than the projected area of
any other patch-forming species) were the most abundant, followed by
patches dominated by Q. coccifera and P. lentiscus (Fig. 2).

The area covered by abandoned crop terraces, ranged from 0.02 to
11.60 ha, or 1%-35% of the whole catchments. The cover of patch-form-
ing species in abandoned crop terraces was highly variable. Rhamnus
lycioides was present in the terraces of all catchments, being the only
species present in catchments 6 and 11. The mean cover of R. lycioides
was 15 *+ 3%, which more than doubled the cover of other patch-form-
ing species. The cover of Q. coccifera, E. fragilis and J. oxycedrus was
low in all terraces. Thus, the pattern of dominance in abandoned ter-
races was similar to slopes for all patch-forming species but Q. coccifera.
Yet, the number of woody patches in slopes did not correlate with the
cover of patch-forming species in abandoned crop terraces (R? = 0.035,
p = 0.264).

The number of species under the patches and at their periphery was
positively related to patch area both when we pooled all species, and
considered patch-forming and accompanying species separately (Table
3). However, this relationship was not hold when we segregated the
data by dominant patch-forming species. The relationship between
patch area and the density of accompanying species (sp/m?) could
be fitted to a negative exponential function (LMM, den-
sity = 1.99*€70-042+area, p < 0.001).

3.2. Patch structure and composition
Under woody patches, soils were shallow, ranging between 1.4 and

50.0 cm deep, and litter accumulation was highly variable showing a
maximum under patches dominated by Q. coccifera. On average, woody
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Fig. 2. Number of patches with 1-5 patch-forming species as a function of the dominant patch-forming species. Numbers at the top of the bars indicate the number of patches analyzed

for each dominant patch-forming species.

Table 2

Main physical and biological attributes of the 450 woody patches selected in the studied
catchments. Underneath and periphery refer to accompanying species located underneath
patch-forming species and in their immediate periphery, respectively. Different letters in-
dicate significant differences for richness and cover of accompanying species at p < 0.05.

Table 3

Estimated parameters of GLMM fits between patch area and the number of species in the
patch (a: intercept, b: slope, p: p-value, N: number of patches in the analysis). P-values
<0.05 are shown in bold. Spatial structure was taken into account by including catchment
as a random factor in the analysis.

Patch attribute Mean + SE Range Species considered in the analyses a b p N
Patch height (m) 1.61 = 0.02 0.33-3.15 All species present in the patch 17.26 0.084 <0.001 450
Patch area (m 2) 11.2 = 0.6 0.5-103.7 Patch-forming species 1.75 0.090 <0.001 450
Litter depth (cm) 1.3 + 0.1 0.1-7.0 Accompanying species 15.46 0.083 <0.001 450
Soil depth (cm) 20.0 + 0.5 1.4-50.0 Accompanying species in patches dominated ~ 7.55 0.040  0.967 49
Number of patch-forming species 2+1 1-5 by Ephedra fr agilis o .
Number of accompanying species - underneath 8 + 0a 1-26 AccomPanylng species in patches dominated 7.62 0.034 0.173 29
Number of accompanying species - periphery 7 = Oa 1-17 by Juniperus oxycedrus
R K ) Accompanying species in patches dominated 6.66 0.048  0.352 28
Total richness (Patch-forming + Accompanying— 100 2-29 by Osyris I lata
y Osyris lanceo

underneath) Accompanying species in patches dominated 7.422 0.043 0.670 69
Cover accompanying species - underneath (%) 52.7 + 1.1a 0.3-113.3 by Pistacia lentiscus
Cover accompanying species - periphery (%) 457 £ 1.2a  1.5-131.3 Accompanying species in patches dominated ~ 8.707  0.047  0.108 76

by Quercus coccifera

Accompanying species in patches dominated 7.858 0.042 0.378 199

vegetation patches were 1.5 m high and covered 11 m? (Table 2).
Woody patches were formed by a combination of 1-5 patch-forming
species, and between 1 and 26 accompanying species. Yet, only in 16 out
of the 450 patches coexisted more than 3 patch-forming species (Fig.
2). Average number of accompanying species in the patches ranged be-
tween 13.9 species per patch in patches dominated by O. lanceolata
and 18.2 species per patch in patches dominated by Q. coccifera. Quer-
cus coccifera patches hosted more species than patches dominated by
any other patch-forming species. The biggest patches where those dom-
inated by Q. coccifera, reaching a maximum projected area of 104 m?2,
followed by P. lentiscus patches (Table 4). Patches dominated by R.
lycioides were the most abundant (199 patches out of 450; Fig.

by Rhamnus lycioides

2). Patches dominated by J. oxycedrus and O. lanceolata were the least
abundant.

We recorded 92 accompanying species. Some were widespread: Stipa
tenacissima and B. retusum, were present in more than 50% of the sam-
pled area, followed by Asparagus horridus, Fagonia cretica, Fumana eri-
coides, Globularia alypum and Helianthemum violaceum, that were present
in more than one third of the sampled area.

The number of accompanying species underneath and at the periph-
ery of the patches was not significantly different (Table 2). Yet, the
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Table 4
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Main features of the woody patches dominated by the six patch-forming species (mean =+ SE). Numbers in brackets besides the values of recruitment in catchments with adults indicate
the number of catchments included. Per adult recruitment indicates the number of individuals smaller than 1 m 2 projected area per number of adults in the studied patches in each
catchment (the figure is not corrected for the number of patches in each catchment). Significant differences between attributes of patch-forming species were tested by means of Fisher
LSD (Recruitment density at catchments with adults) and Tukey HSD test (other variables). Different letters indicate significant differences at p < 0.05. Differences in cover under and at
the periphery of the patches were tested by means of GLMM (n.s. indicates no significant differences, ** indicates p < 0.01).

Patch area Recruitment density of patch- Per adult
(m?) Cover accompanying species (%) Number of accompanying species forming species (juveniles/ha) recruitment
Under Around Differences Under Around Differences All Catchments with
patches patches GLMM patches patches GLMM catchments adults
Quercus 27.1 £ 2.5a 48.0 £ 2.9 39.1 £ 27 .s. 10.4 = 0.5 7.7 0.3 i 3.9 * 2.4b 17.3 £ 9.9a (3) 0.79 = 1.47b
coccifera
Pistacia 13.8 = 1.1b 52.1 + 2.7 48.8 + 3.0 n.s. 85 + 05 6.4 + 0.3 w 17.5 * 6.8b 52.9 + 19.5a 1.18 = 1.64b
lentiscus @
Rhamnus 6.4 = 0.3c 54.0 £ 1.7 47.2 £ 1.7 n.s. 7.6 = 0.2 7.9 + 0.2 n.s. 124.4 + 3.0a 132.5 + 26.1b 4.75 + 4.65 ab
Lycioides 14)
Juniperus 7.1 = 0.9¢ 43.6 = 6.8 41.5 £ 5.2 .s. 7.4 = 0.7 7.6 = 0.5 o 27.2 = 10.0b 72.3 = 24.1 ab 6.18 + 7.76a
oxycedrus )
Ephedra 8.3 = 0.7bc 545 + 29 41.9 + 3.6 n.s. 7.8 0.3 7.5+ 0.3 n.s. 38.2 = 11.6b 72.4 = 20.5 ab 5.93 + 7.17a
fragilis ]
Osyris 5.3 = 0.6¢ 65.5 + 4.1 57.6 + 4.3 n.s. 81 + 05 5.8 = 0.5 w 14.3 £ 5.2b 55.6 = 16.6 ab 1.35 £ 1.97b
lanceolata 3
number of accompanying species was higher under patches dominated o |

by P. lentiscus, Q. coccifera and O. lanceolata than in the periphery
of those patches (Table 4). The cover of accompanying species in
the periphery of the patches was lower than underneath them (LMM,
p < 0.05, Table 2), but this difference was not present when we stud-
ied the patches of each species separately (LMM, p > 0.05, Table 4).

The composition of the community of accompanying species under-
neath and in the periphery of the patches differed (Table S2). Most
species showed higher cover underneath the patches than in their pe-
riphery. In contrast, the cover of a few species was higher in the pe-
riphery. These included Fumana ericoides, F. tymifolia, Globularia alypum,
Plantago albicans and S. tenacissima. Other species, largely the less abun-
dant species, appeared exclusively under the patches (18% of accompa-
nying species) or at their periphery (3% of accompanying species). Fi-
nally, the abundance of species as Erica multiflora, Helianthemum spp.,
Cistus spp, Phagnalon spp., Rosmariuns officinalis, Sedum album, Sideritis
leucantha, Stipa parviflora, Teucrium spp. and Thymus vulgaris was similar
in both microhabitats.

The number of species under the patches and at their periphery
was positively related to patch area both when we pooled all species
together, and when we considered patch-forming and accompanying
species separately (Table 3). The relationship between patch area and
the density of accompanying species (sp/m?) could be fitted to a neg-
ative exponential function (LMM, density = 1.99*©~0-042xarea
p < 0.001). Conversely, the relationship between patch area and the
number of accompanying species was not hold when we segregated the
data by the dominant patch-forming species in each patch.

3.3. Drivers of the abundance of patch-forming species

The relationship between climate and the abundance of woody
patches was highly dependent on the dominant species. Rhamnus ly-
cioides patches were the most abundant under warmer conditions (Fig.
3). Conversely, Q. coccifera and J. oxycedrus patches were more abun-
dant at lowest temperatures. Rhamnus lycioides patches were also abun-
dant under the driest conditions, together with patches of Q. coccifera,
J. oxycedrus and E. fragilis. In the wettest sites, O. lanceolata patches
were more abundant than patches dominated by other species. Al-
though all patch-forming species were present in most catchments,
patches dominated by O. lanceolata, Q. coccifera and J. oxycedrus were
more abundant at specific catchments, and thus, appeared to be associ-
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Fig. 3. Distribution of woody patches along gradients of mean annual air temperature and
precipitation. Circle size corresponds to the relative abundance of patches dominated by
a given patch-forming species with respect to the total number of patches dominated by
this species in all catchments. For example, most patches dominated by Juniperus oxyce-
drus were located in the catchment with lower values of mean annual temperature and
precipitation (Ventés 1).

ated to specific climatic conditions. Patches dominated by O. lanceolata
were more abundant under warm conditions, but they were present un-
der a wide range of precipitation levels. Patches dominated by J. oxyce-
drus were more abundant in colder sites and at a relative wide range of
precipitations. Patches dominated by Q. coccifera showed the maximum
abundance at low mean annual temperatures and low mean annual pre-
cipitation (288-361 mm).

All explanatory variables, but the cover of loose rocks, were related
to the ordination axes (NMDS, stress = 0.04, 4 dimensions; Fig. 4 A).
The relation was stronger for temperature (R> = 0.310), precipitation
(R? = 0.158) and plant cover (R> = 0.088). For the remaining vari-
ables, the relation was weaker (R2 < 0.04, Table S3). Hence, the com-
position of patch-forming species in the patches was mainly determined
by temperature (related to axis 1) and precipitation (related to axis 2).
The highest correlations between species cover and the ordination axes
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Fig. 4. NMDS ordination of the patches based on the cover of patch-forming species show-
ing their relationship with environmental variables (A) and the cover of patch-forming
species (B) (results of the statistical analyses in Tables S3 and S4). Arrow length and di-
rection corresponds to the magnitude and sign of the correlation coefficients between each
variable and the ordination axes. Efcov: cover of Ephedra fragilis, Jocov: cover of Juniperus
oxycedrus, Olcov: cover of Osyris lanceolata, Plcov: cover Pistacia lentiscus, Qccov: cover of
Quercus coccifera, Rlcov: cover of Rhamnus lycioides.

corresponded to R. lycioides (R?> = 0.862), Q. coccifera (R> = 0.653) and
P. lentiscus (R® = 0.437). Correlation coefficients for other species were
below 0.2 (Fig. 4 B, Table S4). Considering the relation between ordi-
nation axes and environmental variables, the abundances of Q. coccifera
and R. lycioides were related to low and high temperatures, respectively,
whereas conditions of lower stoniness and higher precipitation and plant
cover favored the abundance of P. lentiscus.

3.4. Drivers of the abundance of accompanying species

Temperature was the main variable influencing the ordination of ac-
companying species (NMDS, stress = 0.18, 4 dimensions; R? = 0.317),
and was strongly related to the first NMDS axis (Fig. 5 A; Table S5). As-
pect and the cover of rock outcrops were related to the first axis, while
stoniness and plant cover were related to the second axis. Other vari-
ables, namely slope, precipitation and rock cover, were not related to
the composition of accompanying species.

The fit of the cover of patch-forming species on the ordination axes
for accompanying species was lower than for environmental variables.
Most patch-forming species (with the exception of O. lanceolata) were
significantly but weakly correlated to the cover of accompanying species
community (R?> = 0.138 and R? = 0.077 for Q. coccifera and R. ly-
cioides, respectively; Fig. 5 B, Table S6). Most species related to the
first axis of the ordination either negatively (Q. coccifera and J. oxyce-
drus) or positively (E. fragilis and R. lycioides), while P. lentiscus was re-
lated to both axes.

Fifty-eight accompanying species showed a significant correlation
with at least one of the two first ordination axes (Fig. 5 C). Yet, only
six of them showed a correlation coefficient higher than 0.5. Carex hu-
milis, Polygala rupestris and Teucrium pseudochamaepytis correlated nega-
tively to axis 1 and thus with temperature, whereas Fagonia cretica cor-
related positively with the same axis. Two species showed strong corre-
lations with axis 2 (R2 > 0.5), either negative (Brachypodium retusum)
or positive (S. tenacissima), suggesting that B. retusum increased as plant
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Fig. 5. NMDS ordination of the patches based on the cover of accompanying species show-
ing their relationship with environmental variables (A), cover of patch-forming species (B)
and the cover of accompanying species (C) (results of the statistical analyses in Tables S5
and $6). Only highly correlated species (R> > 0.5) in plot C are shown for clarity. Arrow
length and direction corresponds to the magnitude and sign of the correlation coefficients
between each variable and the ordination axes. Patch-forming species: Efcov (Ephedra frag-
ilis), Jocov (Juniperus oxycedrus), Olcov (Osyris lanceolata), Plcov (Pistacia lentiscus), Qc-
cov (Quercus coccifera), Rlcov (Rhamnus lycioides). Accompanying species: Braret (Brachy-
podium retussum), Carhum (Carex humilis), Fagcre (Fagonia cretica), Polrup (Polygala ru-
pestris), Stiten (Stipa tenacissima) and Teupse (Teucrium pseudochamaepytis).

cover increased and stoniness decreased, and S. tenacissima followed the
opposite trend.

To assess the relative influence of environmental variables and
patch-forming species on the cover of accompanying species described
by the NMDS, we run a PERMANOVA analysis (Table 5). The effects
of all variables were significant. However, they explained a relatively
low proportion of the model variance. Only three variables explained
more than 5% of the variation each: temperature (9.4%), plant cover
(8.2%) and the cover of rock outcrops (5.5%). Four explanatory vari-
ables showed a significant interaction with catchment: stoniness, aspect,
temperature and cover of E. fragilis. Stoniness explained 52% of the
model variance, indicating that the effect of stoniness on species com-
position was strongly dependent on catchment properties. Each of the
other interactions explained less than 5% of the variance of the model.

3.5. Recruitment of patch-forming species

The density of juveniles of patch-forming species ranged from 11 to
508 individualsha~!. Density depended on the species considered:
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Table 5

Factors controlling the composition of the accompanying species community (percent-
age of variance of the PERMANOVA model explained by each factor). Asterisks indicate
p-value (***p < 0.001, *p < 0.05).

Variable Interaction with catchment
Stoniness 0.6% *** 51.5% ***
Aspect 0.6% *** 2.8% *
Temperature 9.4% 4.8% *
Plant cover 8.3% *** 0.6%
Rock outcrop cover 5.5% *** 0.4%
Quercus coccifera cover 0.1%
Pistacia lentiscus cover 0.3%
Rhamnus lycioides cover 0.4%
Juniperus oxycedrus cover 0.4% *** 0.3%
Ephedra fragilis cover 1.19% *** 0.9% ***

Rhamnus lycioides showed the largest recruitment, with an average of
124 juvenilesha™! (GLMM and post-hoc Tukey-HSD test, p < 0.05;
Table 4). The pattern was similar when we considered only catchments
where adults of the patch-forming species were present. Species dif-
fered in the density of juveniles (GLMM, p < 0.05), but Tukey-HSD test
showed no significant pairwise differences. Yet, Fisher-LSD test sepa-
rated the species with highest density of juveniles (R. lycioides) from the
lowest (Q. coccifera and P. lentiscus), other species showing intermediate
values. The density of juveniles was significantly related to precipitation
(GLMM p = 0.007), but not to temperature (GLMM p = 0.143).

Per adult recruitment (the number of juveniles of each species per
adult of that species present in the studied patches in each catchment)
differed among the different species. Juniperus oxycedrus and E. fragilis
showed higher per adult recruitment, and O. lanceoloata, P. lentiscus and
Q. coccifera showed the lowest values (GLMM and post-hoc Tukey-HSD
test, p < 0.05). The number of juveniles of patch-forming species in
a catchment did not correlate with the cover of patch-forming species
in that catchment (GLMM, p = 0.503). We only found 4 juveniles of
patch-forming species, whose adults were not present in their respective
catchments.

4. Discussion
4.1. Drivers of patch-forming species dominance and recruitment

Climate determined the number of patches dominated by different
patch-forming species in S. tenacissima steppes, and their relative cover.
Patches dominated by Q. coccifera and J. oxycedrus showed their max-
imum abundance at low mean annual temperatures and low mean an-
nual precipitations. Relative cover of patch-forming species within the
patches showed a similar trend: as temperature increased, cover of Q.
coccifera and J. oxycedrus decreased. This result was unexpected as Q.
coccifera forms dense shrublands in Mediterranean sub-humid and hu-
mid areas (>400 mm mean annual precipitation). Patches dominated
by R. lycioides and O. lanceolata were more abundant under warmer
and drier catchments, but the relative cover of these species within the
patches was mainly determined by temperature, not precipitation.

Average temperatures in southeastern Spain are expected to increase
by 2.5-3.5 °C in the next 75 years (IPCC et al., 2014). Most predic-
tions point towards a decrease in average precipitation in this area, al-
though the degree of certainty is much lower (Machado et al., 2011).
Considering that the model of species dominance along gradients of
mean annual temperature and precipitation described holds true un-
der new climate scenarios, patches of Q. coccifera and J. oxycedrus
will decline, whereas patches dominated by R. lycioides and E. frag-
ilis will become more abundant over the next decades. Species shift in
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patch-forming species might have significant implications for the func-
tioning of S. tenacissima steppes, because patch-forming species deter-
mine recruitment density, understory composition and ecosystem func-
tioning (Maestre, 2004; Amat et al., 2015).

Recruitment of different patch-forming species differed. We must be
careful at interpreting these patterns as indicators of population vitality
or stagnation, as pulse recruitment is common in drylands (Chesson et
al. (2004). We expected that, as climate (mainly temperature) deter-
mines the cover of dominant species, recruitment of those species would
also be determined by climate. However, only mean annual precipita-
tion but not mean annual temperature influenced recruitment. This dif-
ference could be due to the fact that recruitment is about number of
individuals but cover is about a combination of number and size of in-
dividuals. Hence cover will depend on number of patches but also on
the area of the patches. Patch size may or may not be determined by
the same factors as patch density. For example, in our study Q. coc-
cifera generated comparatively big patches but low recruitment. Simi-
larly, P. lentiscus germination is linked to the coincidence of persistent
rain events and high temperatures (Garcia-Fayos and Verdd, 1998),
a combination that may not affect adult growth in the same way.

We hypothesized that abandoned terraces, and particularly stone
walls, acted as local refugia for patch-forming species. Therefore, as
S. tenacissima crops in slopes were abandoned (mostly during the sec-
ond half of the 20th century; Ferndndez-Palazén, 1974; Rolo et al.,
2016), species present in the terraces would expand along the slopes.
However, the cover of patch-forming species in abandoned crop terraces
did not correlate with the number of woody patches in the slopes or the
number of seedlings of patch-forming species in the slopes. On the one
hand, expansion trajectories from abandoned terraces may be blurred
by the presence of old isolated individuals in slopes, and particularly in
ridges which could protect these species during the peak of fiber har-
vesting activities. The observed pattern may also be explained by the
dispersal strategy of these species. Most patch-forming species are zoo-
chorous, and long-distance transport from inside and outside the catch-
ments is likely. Yet, we must take into account that juveniles of particu-
lar patch-forming species were barely present in catchments where these
species were absent. Finally, the scale of our study may not be adequate
to reveal these patterns. Further analysis of the spatial distribution of the
patches and patch-forming species could shed new insights on the role
of abandoned terraces as sources of propagules.

4.2. Drivers of accompanying species

The number of accompanying species increased with patch size. This
supports the view of patches act as islands (Maestre and Cortina,
2005). Yet, we also found that species density decreases as patch area
increases: small patches are relatively richer in accompanying species
than bigger ones. This pattern may be explained by various processes,
including competitive interactions between accompanying species
(Maestre et al., 2004; Verdu et al., 2009).

This may be because an increased patch area does not result in an
increased number or an increased area of habitats inside the patches but
in an increase of the most inner part, which may be relatively homoge-
neous and not particularly favorable in terms of water and light avail-
ability (Reisman-Berman, 2007; Holmgren et al., 2010).

The cover of accompanying species was mainly determined by tem-
perature, as indicated by NMDS and PERMANOVA analyses. It was
not possible to incorporate catchment as a random factor in the PER-
MANOVA. Instead, we assessed the effect of catchment by including the
interaction between this factor and explanatory variables. The interac-
tion between stoniness and catchment explained a high proportion of
the variability in the composition of accompanying species, emphasizing
the importance of stoniness as a driver of the composition of the accom-
panying species in each catchment.



J. Tormo et al.

Patches generated different microhabitats, as evidenced by differ-
ences in the composition of accompanying species under and around
them. In most cases, the number and cover of accompanying species
was higher under the patches than at the periphery, suggesting that the
positive effect exerted by the patches could offset competition for light
and water. It also shows that patch effects decrease rapidly beyond their
projected area, as noted by Amat et al. (2015). The ability to mod-
ify the composition of accompanying species depended on the dominant
patch-forming species, which is in agreement with studies in drylands
elsewhere (Blank and Carmel, 2012; Zhang et al., 2016).

Most accompanying species where more abundant under the patches
than at the periphery. The few species restricted to the periphery (F.
ericoides, F. thymifolia, G. alypum, P. albicans and S. tenacissima) are as-
sociated with open habitats. Most species appearing exclusively under-
neath the patches (e.g., C. humilis, P. rupestris and R. peregrina) were
shade-tolerant mesic species that may find suitable microhabitat under-
neath them, and whose presence in these steppes may be linked to the
fate of woody patches. In this respect, Verdt et al. (2009) showed the
important role that philogenetic distance may play in filtering species in
patch understory.

Finally, species whose frequency was similar at both microhabitats
are generalists in this Mediterranean sector of the Iberian Peninsula,
and they are well fitted to the range of temperature and precipitation
encompassed in this study. It is worth noting that the density of some
species was very low. For some of them, as P. angustifolia and C. hu-
milis, S. tenacissima steppes represent their southernmost distribution.
However, for others (e.g., O. europaea and S. genistoides) the scarcity
was unexpected, as they are within their core distribution area, and
they commonly show good performance when planted (Valdecantos
et al., 2014). This contrasting result, could be due to the fact that in
most restoration programs plants are introduced as seedlings, hence they
have already overcome the germination and establishment phases, and
the environmental or biotic constraints affecting germination and es-
tablishment may not be so stressful for the establishment of seedlings
(G6émez-Aparicio and Peters, 2008), but we cannot exclude the pos-
sibility that previous land use had a negative effect on the abundance of
these species.

4.3. Concluding remarks

Woody patches in S. tenacissima steppes are dominated by a few
patch-forming species, but complex communities organize around them.
Different patch-forming species modify the environment differently, pro-
moting dissimilarities in accompanying species assemblages. Tempera-
ture is the main determinant of the abundance of patch-forming species,
but all species are not equally sensitive to it. Recruitment also depends
on the identity of the patch-forming species. While some species (par-
ticularly R. lycioides) are particularly abundant and successful recruiters,
other (mainly Q. coccifera) show a much more conservative strategy,
suggesting that they may be unable to cope with future climate scenar-
ios. Hence, patch persistence and expansion may be guaranteed when
R. lycioides is present, and this species may increase its presence under
warmer and drier conditions. Conversely, Q. coccifera patches were the
biggest and accommodated the highest number of species: a reduction
of the number of patches of this species could have a cascading effect
on biodiversity of S. tenacissima steppes. Our study shows that woody
patches in S. tenacissima steppes are highly diverse in structure and com-
position, and generalities on the response of patches and steppes to cli-
mate change should be made with care.
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