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Abstract. In stressful environments many plant species are only able to survive if they benefit from the fa-
cilitative effect of “nurse” species. Typically, these nurses are species adapted to the stressful environmental
conditions that favor the formation of vegetation patches, where other, less-adapted species can be established
However, ecological interactions can be influenced by abiotic and biotic factors. In this study we quantified the
effect of grazing and aridity on the patch structure of gypsophilous plant communities and the role that gypso-
phytes, species adapted to gypsum soils, play in structuring these communities. Specifically, we created signed
networks (networks with positive and negative links) at grazed and ungrazed sites in two areas in the middle
Ebro Valley, Spain, that differed in aridity. We built networks connecting plant species with positive and nega-
tive links derived from the spatial associations between species. Then, we divided networks in partitions which
represented the different vegetation patches present in the community. We found that vegetation patches were
more specific (same species always were associated in the same patch type) in high aridity and grazed sites,
where environmental conditions were the most stressful and many species persisted by associating with nurse
species. Gypsophytes were more important aggregating species than nongypsophytes in grazed high aridity sites
Independently of study sites, gypsophyte shrubs acted as nurses, but small gypsophytes segregated from othef
species and formed monospecific patches. In conclusion, grazing and aridity influenced the patch structure of
gypsophilous plant communities. Gypsophytes played an important role structuring the patch community, but
this importance depended on environmental conditions and the identity of gypsophyte.

1 Introduction gypsophytes (Parsons, 1976). Gypsophytes have characterjs-

tics that allow them to resist the stressful conditions of gyp-
In arid and semiarid regions, soils that have high gypsumsum soils, including the production of mucilaginous seeds
content are widespread (Mota et al., 2011; Parsons, 1976)vhich can anchor and become established on crusted soils
Gypsum soils impose severe limitations for the survival of and maintain humidity during germination (Escudero et al.
plants, as their physicochemical features prevent Seed"né.ggg), or the accumulation of soil toxic ions in their struc-
germination or the uptake of water and nutrients. In thesetures (Palacio et al., 2007). The specialized nature of gyps
soils physical and biological crusts develop on the top soilophytes contributes to their rarity and has led the Europea
layer and form a physical barrier to plant species establishlUnion to treat gypsophilous communities as priority habitats
ment (Awadhwal and Thierstein, 1985); and some nutrients CCE, 1992).
such as P, K, Mg, and N are scarce while others such as Although gypsophilous communities have been the subr
Cat? appear in toxic concentrations (Breckle, 1998; Mota ject of considerable study, more remains to be known, a
et al., 2011). These particular conditions have contributecthe nature of the interactions that gypsophytes establish wit
to the evolution of specialized flora in these environments:other plant species in the community. In arid regions the
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40 H. Saiz et al.: Plant—plant spatial association networks in gypsophilous communities

creation of microhabitats by adapted plants in which thesee Verdu and Valiente-Banuet, 2008, 2011, to see an exam-
stressful environmental conditions are ameliorated allows thele of network analysis in plant communities).
persistence of nonadapted species (an interaction called fa- In this study we used a network approach to quantify
cilitation, Bruno et al., 2003). Typically, those microhabi- the structure of the interspecific interactions in gypsophilous
tats are vegetation patches created by perennial plants thatant communities and the role that gypsophytes play in
act as “nurses” and several plants that establish under thestructuring these communities. To our knowledge, this is
canopies (Fowler, 1986; Pugnaire et al., 1996). An underthe first study to assess plant—plant interactions in a gyp-
standing of the nature of the interactions between plantsophilous community at community level. We built plant—
species is very important for the conservation of natural com-plant signed networks (sensu lato, networks with positive
munities, because facilitation can be an effective tool to re-and negative links) considering the spatial association be-
store and conserve natural habitats (Castro et al., 2004; Pueytaveen species in the community. Spatial patterns among
et al.,, 2009). Gypsophytes are good candidates for actinglant species are a suitable indicator of the nature of the inter-
as nurses and facilitating the establishment of other, lessactions among plants (Tirado and Pugnaire, 2005; Cavieres
adapted species because they are adapted to the stressful cetal., 2014). Specifically, we identified vegetation patches of
ditions of gypsum sails. gypsophilous plant communities in areas that differed in arid-
In plant communities, biotic interactions can be modulatedity and livestock grazing intensity. Vegetation patches were
by abiotic and biotic factors. It has been suggested that fabuilt attending to the structural balance criterion for signed
cilitative interactions become more important with increas- networks, grouping in the same partition nodes which share
ing aridity, because nurses buffer harsh environmental condipositive links while separating nodes negatively linked (Dor-
tions (Pugnaire and Luque, 2001; Pugnaire et al., 2004); aneéian and Mrvar, 2009). We considered that each partition
with increasing grazing intensity as palatable species benefifsensu lato, group of species spatially associated among them
from spatially associating to nonpalatable species (Graff eland segregated from other species) represented a particular
al., 2007; but see Smit et al., 2009; Soliveres et al., 2012 fotype of vegetation patch in the community. We analyzed the
examples about the interaction between aridity and grazing)specificity of the vegetation patches in the community (i.e.,
However, in gypsum soils moderate grazing intensities carthe same species always were associated in the same patch
result in a decrease of importance of facilitative interactionstype) and the role of gypsophytes forming and differentiat-
as the trampling of herbivores can break the soil crust and ining those patches. We hypothesized that gypsophytes act as
crease water infiltration, which enhances seeds establishmenturses forming vegetation patches where other plant species
and survival (du Toit et al., 2009; Pueyo et al., 2013). Thus,establish. We propose that (a) in high aridity ungrazed site
how grazing modulates biotic interactions in a gypsum envi-gypsophilous plant community presents most specific vege-
ronment is unknown. We may expect that facilitation plays tation patches and positive interactions are the most impor-
a predominant role in most stressful and ungrazed environtant because environmental conditions are the most stress-
ments where gypsophytes are more common (Pueyo et alful; and (b) gypsophytes have a significant role in structuring
2008). vegetation patches at the highly arid and ungrazed sites as
Typically, studies of plant—plant interactions have focusedthey are the best-adapted species to that environment.
on specific pairs of species and the direct effect that a partic-
ular species (nurse) has on another (Pugnaire et al., 1996;
Howard and Goldberg, 2001). However, this approach in-
cIudes only a small portion of all th_g in_teractions that oc- 21 Study area
cur in an ecosystem and recently facilitation has started to be
studied at community level (Cavieres et al., 2006; Valiente-The study was conducted at the la Lomaza wildlife refuge
Banuet and Verdu, 2007; Soliveres et al., 2012). From thegmunicipality of Belchite) and the Alcubierre Mountain
second half of the 20th century, the network approach hasange (municipality of Lecifiena) in the middle Ebro Val-
been a common tool to study interactions at the commudey, Zaragoza, Spain. Both areas have gypsum soils that have
nity level by ecologists (Bascompte, 2007; Heleno et al.,high gypsum content, but La Lomaza is more arid than Alcu-
2014). Treating species as nodes within a network allowshierre (Table 1). Several gypsophytes occur at both locations
the identification of properties of the communities and thesuch asHelianthemum squamatuth.) Pers.,G. struthium
roles that species play within the community, which can- subsp.hispanicaand Ononis tridentatal.., but some other
not be addressed otherwise (Ings et al., 2009). However, thepecies are only present at one of these locations. Among the
use of ecological networks has focused on a few types ohongypsophytes, small shrub species suciAtagmus vul-
systems (predator—prey, pollination and seed dispersal mugaris L. and grasses such &aygeum spartungfL.) Kunth.
tualisms, and parasitism; Ings et al., 2009), while neglect-are common in La Lomaza, and tall shrub species such as
ing others. This is particularly evident for plant communi- Rosmarinus officinalid.. and Cistus clusiiDunal predom-
ties, even though facilitation and competition among plantinate in Alcubierre (Braun-Blanquet and Bolos, 1957). At
species are major structural forces in these communities (bugach location a grazed and an ungrazed site were selected for
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the study. Personal interviews with landowners confirmed thehe same point on the transect multiplied by the total numbe
grazing management practices and were used to calculate thef points in the transect; Saiz and Alados, 2012).

stocking rate (Table 1). Stocking rates corresponded to tradi- To compare the;; anda;; for each pair of species, we
tional grazing management practices in the region and modealculated the lowere(;) and upper«(;;) limit of the 95 %
erate grazing intensities (Robles and Passera, 1995). Thuspnfidence interval of/the Poisson distribution fitted with
the study included four sites: one ungrazed (HU) and on€The spatial association between speciaad j was defined
grazed (HG) site at the most arid location, La Lomaza, andas follows:

one ungrazed (LU) and one grazed (LG) site at the least arid

location, Alcubierre (Table 1). lij =11if aj > ef, 1)
lij=-11f a; < ei;, (2)
2.2 \Vegetation survey and data analysis lij=0if a;; > ¢ and g;; < e;;. 3)

At the four study sites vegetation was surveyed using theT
point-intercept method (Goodall, 1952). The point-intercept

jr
method has limitations to account for rare species (Van deand negative if; <e;;. N
Maarel and Franklin, 2005); thus, we recorded a large num- We calculated the following indices from the network: the

. o : ,
ber of points at each site to overcome this problem. At eadprqporglon of ngmasfsomaﬂye sp;]ecu:]s (NAST SIS, wherg ii
site, six 250 m long linear transects were established and thé ":’ ¢ et'nlljm er .ot.speC|eZ ;hat avg at fel.askt one signii
plants that were in contact with the transect line in pointscan spatial association), and the number of links per specic

— —_yS S .. i
at 20cm intervals were recorded in May and June 20100 = L/S, whereL = 2in1 Zj=1|lu|)- The proportion of
(T = 1251 points per transect, 12516= 7506 points per nonassociative species and the number of links per specié

site). The presence of all the species was registered, regaré(—aﬂ(aCt the random §patia| a_ssqciation between plant s_peci(
less of its life stage. We identified four gypsophytetel. in the community. High NAs indicates that several species d

squamatumHerniaria fruticosal.., G. struthiumsubsp his- not present any significant spatial association in the commu
panicaand O. tridentata(Mota e,t al., 2011), all of which nity, and lowD indicates that the spatial association betweer

were present at the four sites. For each transect, we calculatd§OSt SPECIES 1S r_1eutra|. The balance petween posmvg af
the abundance of each specie; ), total species richness negative associations was measured using the association

(S), community evenness(= H'/In(S), whereH’ is Shan- tio (rat_iq N (,L+ — Li)/(.LJr +L™), whereL* is. the_ ”“”.‘ber
non diversity index /i’ — Zis—l piinp:, wherep is the pro- of positive links and,_‘ is the n_umber of negative Imk_s inthe
portion ofn; respect the total plant abundance in each tran_network). The association ratio reflects the predominant typ

sect), abundance of gypsophyt@ypso sum of the abun- of links in the network (a positive ratio value indicates that

dances of all gypsophytes in the transect) and the amounl?ositi\_’e Iink; areé more common than negative [inks, while
of bare soil (BS, number of points in the transect wherenegat've_‘ ratl_o valge indicates the con\./er'se). D|fferences_ b
no species were presefiyl Differences between sites were twgen sites in thelr.network characte.rlstllcs were te;tgd in
evaluated using generalized linear models that included arid?s'"9 gener_allzed linear models, which included aridity and
ity (low or high) and grazing (ungrazed or grazed) as fixeq9razing as fixed factors.
factors, in R softwareh{tp://www.Rproject.ory

he spatial association betweeand; is positive ifa;; > el.+

2.4 Network partitioning and importance of gypsophytes

2.3 Network construction and analysis Each network was divided i partitions based on the struc-

tural balance criterion (Traag and Bruggeman, 2009). A nett

To quantify plant community organization at each site, sixwork that has positive and negative links is balanced if all of
plant—plant spatial association networks (one network peiits nodes can be assigned to one unique partition, such th
transect) were created based on the transect data. In thesdl of the links between nodes that conform a partition are
networks, the nodesi,(j) are plant species and the links positive {;; =+ 1 for everyi and j within a partition) and

(Z;;) represent the spatial association between each pair ddll of the links between nodes that conform different parti-
species in the transect. The spatial association between eations are negativel; = —1 for everyi and j in different

pair of species was calculated comparing the number of copartitions; Doreian and Mrvar, 2009). In our study, the par-
occurrences of the two species on the transect and the nuntitions represented the different types of vegetation patche
ber of expected co-occurrences based on their abundancehat occurred in the ecosystem, and distinguished betwee
The number of co-occurrences of a pair of speciend patches based upon the specific species present in each ty
Jj (aij) was the number of points in the transect whére of patch (Fig. 1). If there were isolated blocks of species (i.e.
and j appeared together, and the expected number of cothe network could be divided in subnetworks that were no

occurrences for each pair of specieand j (e;;) wase;; = connected), each subnetwork was assigned to its own parti-
n/T x n/T x T (i.e., the probability of finding and; at tion (i.e., they were considered different vegetation patches).
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Table 1. Characteristics of the study sites in the middle Ebro Valley, Spain.

Code Site Coordinates Aridity Grazing (in  Gypsum
eccmm ) halyeard) (%)
LU Alcubierre  4P46' N, 0°35' W 2.94 0 49.32
LG Alcubierre  4FP46' N, 0°34 W 2.87 0.66 45.83
HU LalLomaza 4323 N, 0°42 W 4.37 0 62.39
HG LalLomaza 43124 N,0°417W 4.27 0.35 43.17

Code refers to the sites with the lowest (L) and the highest (H) aridity index values and whether a site was grazed
(G) or ungrazed (U). Aridity was calculated as X0@nnual mean temperatureq@otal annual precipitation

(mm) (Martinez-Hernandez et al., 2011). Grazing was calculated as livestock individuals (in)/hectare (ha) year
(year). Gypsum is the proportion of total soil content that was gypsum. Gypsum content above 40 % is considered
extremely rich in gypsum (Meyer, 1986).

Based on the structural balance criterion, networks mighthe links ofi are concentrated within a specific partition. In
be unbalanced systems because they can have links that a@arr study,P; indicated the importance of a plant species in
not meet balance criteria (i.e., not all of the links within a differentiating among vegetation patches in the plant com-
partition are positive or not all of the links between parti- munity.
tions are negative; Doreian and Mrvar, 2009). An index of Thel; andP; of gypsophytes represented their importance
frustration can quantify the extent to which a network de- in the network. In each network, species were assigned to a
viates from perfectly balanced organization. As an index ofgroup: species that had a low or a high intrapartition degree,
frustration, we used the proportion of all of the links in the and species that had a low or a high participation. Important
network that did not meet the structural balance criterionspecies were more likely to be in the highand in the high
(F = ((Umy #+1) + (me.my # 1)L, Wherely, is the P; groups. We assessed the importance of a species in two
number of links within the partitiolMx, and/u, u, is the  ways: the importance of a species in attracting other species
number of links between partition®y and My). Here, F in the vegetation patches (which was reflected by Ih, the pro-
reflects the specificity of the vegetation patches in the com-ortion of times that species occurred in the higlyroup),
munity (i.e., the same species were always associated to thend the importance of a species in differentiating vegetation
same patch type): communities that have IBwalues have patches (which was reflected by Ph, the proportion of times
high species-specific patches. Network partitioning was perthat species occurred in the high group). Groups were
formed using Pajekhftp://pajek.imfm.si/doku.php built using Ward's clustering method and including all of the

In a partitioned network, the role that each node has inspecies present in the network (Ward, 1963). For each study
the organization of the network can be assessed, based on isite, the importance of gypsophytes in the network was as-
intrapartition degree and participation (Guimera and Amaral,sessed using contingency tables that included low and high
2005). Intrapartition degred;() measures the extentto which ;, or low and highP; values and plant type (gypsophyte
a node is connected to the other nodes within its partition.or nongypsophyte) as categories. In addition, the effects of

Specifically, aridity and grazing on the importance of gypsophytes were
assessed using chi-square tests, with study site as category.
L = (li.mtx = D) /0Dy » Contingency tables were built including the data from all

transects at each site. The importance of each species of gyp-
My, Dy, is the number of links per node withifty, and sophyte was assesged by comparing th(_a Ih and Ph for all gyp-
sophytes with a chi-square test, including the data from all

opy, 1S the standard deviation of the number of links per ) ) )
node within M,. A positive I; indicates that is more con- transects. Group clustering and proportion comparisons were
é)erformed with R.

nected than the average within the partition, and a negativ
I; indicates that is less connected than the average. Here,
I; reflected the extent to which a species aggregated othes Results
species in the vegetation patches where it occurred.

Participation ¢;) measures the extent to which a node is 3.1 Effects of aridity and grazing in plant communities
connected to all of the partitions in a network. Specifically, and network structures

wherel; u, is the number of links of within the partition

p=1— ZM Ui w192, At the study sites in the middle Ebro Valley, Spain, the in-
x=17n teraction between aridity and grazing had a significant effect
wherel; is i total number of links. AP; close to 1 indicates on species richness(p <0.001), evennesg, p =0.0149)
thatl;, s, is similar for all of theM partitions in the network  and the abundance of gypsophyt€ypsg p <0.001). At the
(li,m1 ~ li,m2...), and aP; close to O indicates that most of low aridity sites, grazing increased E andGypsq however,
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Figure 2. Plant—plant spatial association networks of the plant com-
munity at four sites in middle Ebro Valley, Spain. Study site refers to
the sites with the lowest (L) and the highest (H) aridity index values
and whether a site was grazed (G) or ungrazed (U). Matrices were
Figure 1. Ecological meaning of partitions in plant—plant spatial as- divided in partitions, which represented the different types of vege
sociation networkgA) Spatial association of plant species. Species tation patches in the community. Partitions were created following a
can associate forming a multispecific vegetation patch (species 1, &tructural balance criterion. Positive associations (grey squares) fell
and 3 always co-occur in space), can segregate separating diffewithin, and negative associations (black squares) fell outside of pa
ent types of vegetation patches (species 1, 4 and 6 never co-occtitions. Matrices were based on the transect number 6 at each study
in space), or can associate randomly (species 7 co-occurs with alite.

species but also appears alor(@) Plant—plant spatial association

networks. Nodes represent species and links represent the spatial

association between pairs of species (complete lines are positivég reduced the proportion of NAs and increadedAt the
spatial associations, and dashed lines are negative spatial assochigh aridity sites, grazing did not have a significant effect on
tions). Network is divided in partitions (grey circles), so that speciesNAs or D (Table 3). Grazing increased the association ra
within a partition connect with positive links (species 1, 2 and 3) tio (ratio, p =0.003) and reduced the number of partitions
while species from different partitions connect with negative links jn the network (1; p =0.041), independently of aridity (Ta-
(species 1, 4 and 6). Nodes that do not connect to others (species ae 3), which indicates that plant species aggregated in veg

are not included in any partitiofiC) Matrix for plant—plant spatial ~ oa4i0n patches where grazing occurs; however there wefe
association networks. Nodes are rows and columns of the matrix

and the intersection between two nodes represents their link (gremore types of patches where grazing was absent. Networks

squares are positive links, while black squares are negative links Y/vere more balanced (i.e, was lower,p <0.001) at the high

Partitions are represented as blocks within the network, so that posd'idity sites than they were at the low aridity sites (Table 3),

itive links fall within partitions, and negative links fall outside. which suggests that spatial associations among plant species
in vegetation patches were more species-specific in the high

aridity sites because plant species preferentially associated

at the high aridity sites, grazing did not have a significant ef-With the same species, rather than with any given species in
fect ons and E, and reduce@ypso(Table 2). Thus, aridity ~the community (Fig. 2).
modulated the effects of grazing in the plant communities.
Aridity and grazing had a significant effect on the amount of
BS (p <0.001 andp = 0.0104, respectively). BS was higher
at the high aridity sites than it was at the low aridity sites, and
grazing increased BS independently of aridity (Table 2).

The interaction between grazing and aridity had a sig-
nificant effect on the proportion of NAs and (p =0.002
and p =0.002, respectively). At the low aridity sites, graz-
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Table 2. Characteristics of the plant community at the four study sites in the middle Ebro Valley, Spain.

Study site  Species richness  Evenness Gypso Bare soil cover
LU 26.5+1.48 0.65-0.02 63+8.39 0.42+0.02
LG 42.83+2.61 0.740.01 115.6#49.17 0.46£0.02
HU 29.17+2.57 0.71£0.02 174.6425.82 0.59:0.02
HG 27.83+1.22 0.74:0.01 77.1A49.82 0.68+0.03

Study site refers to the sites with the lowest (L) and the highest (H) aridity index values and whether a site
was grazed (G) or ungrazed (Bypsq sum of the abundances of all the gypsophytes that occurred on linear
transects. All values are given as meastandard error.

Table 3. Characteristics of the spatial association networks of the plant community at the four study sites in the middle Ebro Valley, Spain.

Study site  Proportion of nonassociative species  Linkage per species  Association ratio  Number of partitions  Frustration

LU 0.43+0.03 1.3+0.13 0.53£0.06 4.17#0.6 0.06+0.02
LG 0.23+0.03 2.26+£0.15 0.83:0.02 2.6 0.56 0.04:0.01
HU 0.39+0.04 1.24£0.21 0.6A40.1 48304 0.01+£0.01
HG 0.42+0.04 1.08+0.12 0.8 0.05 3.33£0.33 0.01£0.01

Study site refers to the sites with the lowest (L) and the highest (H) aridity index values and whether a site was grazed (G) or ungrazed (U). Frustration was calculated as the
proportion of links that did not fulfill the structural balance criterion.

3.2 Importance of gypsophytes in structuring plant 4 Discussion
communities

Gypsophytes appeared in the high intranode degree groué'l Effects of aridity and grazing in plant communities
43% of the time (Ih=0.43), which suggests that they had and network structure
an important role aggregating species in the study areaB

while they appeared in high participation groups 10 % of the " g
) . “fected the structure of plant communities on gypsum soils in
time (Ph=0.1). Furthermore, gypsophytes were more im- . S

: S . the middle Ebro Valley. Grazing increased the amount of bare
portant, aggregating other species in vegetation patches than ; . " . :

. ; . soil and the ratio of positive-to-negative plant—plant associ-

the nongypsophytes in the plant community only at the hlghations in the communities. Consumption of plant biomass
aridity, grazed site (HG; Fig. 3). Neither aridity nor grazing ’ P b

had a significant effect on the importance of gypsophytes inby herbivores reduces vegetation cover, which increases the

the plant communitiesy? = 0.463, p — 0.927). Thus, it ap- amount of bare soil (McNaughton, 1986; Milchunas and

. . . Lauenroth, 1993), and also increases the spatial association
pears that gypsophytes played a role in aggregating species

; L ; etween grazing-resistant and vulnerable species as it is a
in the plant community independently of environmental con- . .

ditions, but they were not more important than nor|gyps()_common defense mechanism against grazers of plants (Olff
phytes, and Ritchie, 1998). In addition, as presented in the hypoth-

Attending to the importance of gypsophytes, there wereESiS: grazing reduced the number of partitions in the net-

no significant differences between the spec'pqﬁ(:S 537 work (i.e., grazed communities presented less types of veg-
i = 0.136, 42, = 2.177. ppn=0.536, Fig. 4) Visual. anall- etation patches). Plant consumption and trampling by her-
=0.136, x5,,=2.177,pph=0.536, Fig. 4).

k . } X bivores can disrupt the plant community structure in arid
ysis of the proportions suggests thaypsophila struthium

. . A ; environments by randomizing the organization of vegeta-
subsphispanicaandOnonis tridentatavere more important y g g g

; ies in the bl it th h h tion patches, which creates a more homogeneous distribu-
aggregating Species In the plant pommunlty than t € Ot. Ction of plant species among patches (Adler et al., 2001). This
gypsophytes (Fig. 4a), but the difference was not signifi-

; o .homogenization increases the similarity among vegetation
cant. These results suggest that species-specific aggregat'?)%tches in a plant community.

in vegetation patches was not strongly linked to the special-
ization to gypsum soils of benefactor species.

iotic (grazing) and abiotic (aridity) factors significantly af-

In our study, plant—plant spatial association networks indi-
cated that positive interactions dominated over negative inter-
actions in all study sites, but this dominance did not vary with
aridity. Theory posits that positive interactions become more
frequent in natural communities as stress increases (Bertness
and Callaway, 1994), but more recent formulations show that
this relationship is unimodal when stress is based on resource
limitation (Maestre et al., 2009). In our case we did not find
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Figure 3. Importance of gypsophytes in the plant association net-Figure 4. Importance of each gypsophyte species in the study are
works at the four study sites in the middle Ebro Valley, Spain. Study of the middle Ebro Valley, SpairGypso G. struthiumsubsp.his-
site refers to the sites with the lowest (L) and the highest (H) aridity panicg Ono: O. tridentata Hel: Hel. SquamatumHer: Her. fru-
index values and whether a site was grazed (G) or ungrazed (U}icosa (A) Proportion of times that each gypsophyte appeared in
(A) Proportion of times that plant species appeared in a high in-high intrapartition degree group (lh) in the study ar@). Propor-
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trapartition degree group (Ih) at each study siB). Proportion of  tion of times that each gypsophyte appeared in high participation

times that plant species appeared in high participation group (Phjroup (Ph) in the study area. There were no significant difference
at each study site. Bars include the proportion of times that a gyphetween gypsophytes.

sophyte (dark bars) or a nongypsophyte (light bars) appeared in a

high value group (Ih and Ph). Nonsignificant differences between

gypsophytes and nongypsophytes at each site are represented by ns S . . . .
while marginally significant differencegp (values <0.1) are repre- high aridity sites, grazing did not affect species richness an

sented by &". reduced thg abundgncg of g){psophytes. Grazing increas
the bare soil cover in arid environments and the number o
species tends to decrease at local scales, which results in
decreasing or constant trend for richness with grazing inten
significant effects because, as we only have two aridity lev-sity (de Bello et al., 2007). Attending to gypsophytes, grazing
els, the difference in stress intensity might not have been sufean affect the hydrophysical properties of the soil by remov-
ficient to test this hypothesis (Maestre et al., 2006). Howeverjng the surface soil crust (du Toit et al., 2009), resulting in &
specificity of vegetation patches was higher at high ariditymore benign environmental condition which can limit the es-
sites. High aridity contributes to more restrictive soil con- tablishment of specialized flora. At the low aridity sites, how-
ditions and a thick soil crust (reflected by the large amountever, livestock grazing increased species richness, comm
of bare soil in HU and HG sites; Pueyo et al., 2007), which nity evenness and gypsophytes abundance. At the low arig
results in a plant community that is highly specialized for ity sites, the plant community was dominated Ry offici-
resisting those types of stresses (Escudero, 2009). In highalis and herbivores that feed on it (althouBhofficinalisis
aridity sites, gypsum-tolerant species created the vegetationot as nutritious as other species, it was very common an
patches of the community (e.g., with roots that can breakeasy to find in the community; Barrantes et al., 2004). Thus
through the soil crust; Romao and Mota, 2005), and the comgrazing created gaps on vegetation where other species (i
position of these patches was highly species-specific. Thigluding gypsophytes) became established (Rook et al., 2004
result coincides with our initial hypothesis and other works and reduced the abundance of the dominant species (Olff ar
suggesting that facilitative interactions are related to speciesRitchie, 1998). These species created new vegetation patch
specific attributes like indirect facilitation or differential re- where other species became established, providing prote
sponse to allelopathy (Soliveres et al., 2012). At the low arid-tion against grazers and resulting in an increase of the densi
ity sites environmental conditions are more benign, whichof links in the network.
can be related to an increase of competition in the commu- Although widely employed to study food webs or plant-
nity as a result of an increase in the relative abundance opollinator systems, the analysis of interactions in plant com
competitor species (Michalet et al., 2006). Thus, althoughmunities with networks remains scarce (Verdu and Valiente
the decrease in the importance of positive interaction wasBanuet, 2008, 2011). Traditionally, plant community struc-
not significant, less species-specific vegetation patches sudure has been studied with multivariate methods or incidenc
gests that facilitated species competed amongst themselvesatrices. Multivariate methods study the structure of the

for the space under nurses, but were not associated to a speemmunities by grouping species which shared similar propr

cific patch type. erties (e.g., cluster analysis), and linking community specie
We also found that the effect of livestock grazing on sev-to environmental properties (e.g., principal component anal
eral community indices was modulated by aridity. At the ysis; James and McCulloch, 1990). However, these method
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do not specifically address biotic interactions among speciesof tall and small gypsophytes @ ruthivm+ 100, tridentata
Incidence matrices employ co-occurrence patterns amongs. INye. squamatum+ WNHer. fruticosa) Showed significant
species to describe species assembly rules of the communitglifferences between both 9r0“p3<|%(tauvssmau= 4192,
which can be related to biotic interactions, but do not focus pntaivssmal= 0.041).Gypsophylla struthiursubsp hispan-
on the specific role of species in the community (Gotelli, ica formed vegetation patches in which several plant species
2000). In contrast, network analyses are specifically meanbecame established, but at the low aridity sites where plant
to study the interactions established among organisms, andommunity was dominated bRR. officinalis G. struthium
provide valuable information about the general structure ofsubsp.hispanicadid not form proper patches. On the con-
the community and the role that each species plays in thatrary, Ononis tridentataformed vegetation patches in the
structure (Newman, 2003). Thus, we believe that networkdow aridity sites (it was less abundant at high aridity sites,
are a valuable method to identify species which play a keyn,,onis =5+ 1.03 in high aridity sites}ynonis = 30.4+£4.73
role sustaining the structure of the plant community throughin low aridity sites; values are presented as meastandard
their biotic interactions. error). In high aridity site®©. tridentatapresented low cov-
erage and, thus, did not contribute to community structure as
did the other, more abundant gypsophyte sheulstruthium
subsphispanica

The other gypsophytesjel. squamatunand Her. fruti-
In the middle Ebro Valley, gypsophytes had a more impor-cosa did not aggregate other species. Those species present
tant role than the other species in the plant communities onlysmaller canopies and tend to occur in monospecific patches
in one site (HG); however, neither aridity nor grazing had aat all of the study sites. This can be explained by differ-
significant effect on their overall importance. Independentlyent mechanisms. For example, as they are small plants, it
of the presence of gypsophytes, some nongypsophytes, pais unlikely that they can facilitate other species, (Sala and
ticularly dominant species such hsspartumandR. offic-  Aguiar, 1995). Furthermore, they can establish on bare soil
inalis, formed vegetation patches and played a significant(where others cannot) because they have traits that make
role in the plant communities. At high aridity sites, vege- them adapted to semiarid environments (e.g., the seeds of
tation patches were formed by gypsophytes Bndpartum  Hel. squamatunpresent mucilage, which helps them to an-
(in HU, h;ygeum =0.8, PRygeum = 1), which is a very thick  chor to the soil surface; Escudero et al., 1999). Thus, it ap-
grass that can survive in gypsum soils, that can survive inpears that plant traits (e.g., plant size, life form) are more
gypsum soils and allows several small plant species tp esimportant in structuring vegetation patches in gypsophilous
tablish at its edges (Pugnaire et al., 1996). At those sitesplant communities than the tolerance to gypsum soils.
grazing reduced the abundancelofspartum and gypso-
phytes became more important in aggregating other species.
At low aridity sites, vegetation patches were formedbyf- 5 Conclusions
ficinalis (in LU, 1hgosmarinus = 0.67, PRosmarinus = 0.83),
which is a shrub taller than the gypsophytes and dominate3he analysis of plant—plant spatial association networks re-
the space in the communitiRosmarinus officinalisreated  vealed that abiotic and biotic factors such as aridity and live-
low-diversity patches, and displaced most of the plant speciestock grazing influence the structure of plant communities
in the community to the gaps that it did not occupy. That on gypsum soils in the middle Ebro Valley, Spain. At the
dominance could be associated with an allelopathic strategyigh aridity sites, grazing reduced the abundance of gypso-
that is typical of several species that are in the same genughytes, but they continued conforming vegetation patches of
or family (Angelini et al., 2003). Grazing reduced the abun- the plant community. However, at the low aridity sites, graz-
dance ofR. officinalis which allowed gypsophytes to form ing reduced the dominance of a few species, which enabled
vegetation patches that differed from thoseRofofficinalis  the establishment of other species that can form vegetation
(but differences were not statistically significant; Fig. 3). patches. Gypsophytes played an important role in structuring

There were no significant differences in the impor- the vegetation patch organization in the plant communities
tance of gypsophytes structuring the networks. How-on gypsum soils, independently of environmental factors. For
ever, Fig. 4 suggests thab. struthium subsp. hispan-  example, tall gypsophyte shrubs suchGasstruthiumsubsp.
ica and O. tridentata were more important in aggre- hispanicaandO. tridentatawere important in aggregating
gating species (Ih). These species are tall shrubs, whilespecies, while small gypsophytes suchHed. squamatum
Hel. squamatumand Her. fruticosa are smaller. Typi- andHer. fruticosadid not because they were able to estab-
cally, shrubs are responsible for the formation of vegeta-lish themselves on bare soils, where other species cannot. In
tion patches in semiarid environments (Sala and Aguiaraddition to the gypsophytes, other species suth apartum
1995) and bigger canopy size is related to more facili- or R. officinalisplayed an important role in structuring vege-
tated species richness (Tewksbury and Lloyd, 2001). Furtation patches. To understand the mechanisms that drive the
thermore, a chi-square analysis comparing the importancerganization of gypsophilous communities, it is important to

4.2 Importance of gypsophytes structuring plant
communities
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