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Abstract

Questions: Does edaphic heterogeneity (i.e. switches between gypsum and cal-

careous soils) affect annual plant community assembly in highly restrictive soils?

Our main hypothesis is that soil filtering is the main determinant of species

assembly, subsequently modulated by climate and lastly by biotic interactions,

such as Stipa tenacissima and the biological soil crust (BSC) at fine spatial scales.

Our study system is highly suitable to test the importance of edaphic heteroge-

neity to the assembly of annual plant communities, since calcareous and gyp-

sum soils are in close contact and freely receive propagules.

Location: Annual plant communities of semi-arid steppes in central Spain.

Methods:We built a soil affinity index (SAI) for each species to measure mean

soil affinity (MSA; analogous to the community-weighted mean – CWM) in

each local assemblage.

Results:Most species were able to establish in both substrates, but gypsum soils

clearly exerted a stronger filtering effect. Stipa favoured an expansion of the

niche space in calcareous soils but not in gypsum, and BSCs not only reduced

annual species richness, diversity and cover, but also the range of SAI values of

local assemblages.

Conclusions: This study highlights the importance of the probabilistic filtering

(sensu From plant traits to vegetation structure, 2010, Cambridge University Press,

Cambridge, UK) of soil characteristics to the assembly of annual plant communi-

ties, as opposed to an ‘all-or-nothing’ filter.

Introduction

Restrictive soils usually support outstanding floras, con-

tributing to some of the most remarkable biodiversity hot-

spots in terrestrial ecosystems (Harrison & Inouye 2002;

Mota et al. 2011) and constituting ideal models for testing

important questions of ecology and evolutionary biology,

such as adaptation, speciation and endemisms (Harrison &

Rajakaruna 2011; Escudero et al. 2015). Although soil

specificity has long intrigued ecologists and botanists (Mac-

nair & Gardner 1998 and references therein), not until

recently has our knowledge on critical aspects of edaphic

endemisms, such as the physiological mechanisms

involved in coping with soil limitations (Palacio et al.

2007) and their evolutionary origins (Moore & Jansen

2007; Kay et al. 2011), been improved.

Although the plant communities on special soils have

been described and classified (Rivas-Mart�ınez & Costa

1970; Meyer & Garc�ıa-Moya 1989 for gypsum soils;

Brooks 1987 for serpentine soils), almost no information

is available on the processes involved in their commu-

nity assembly; but see Anacker (2011) and Schechter &

Bruns (2012) for serpentines. Lack of knowledge is

especially noteworthy, since one of the core topics in

plant ecology is to understand processes governing com-

munity assembly and plant co-existence (Vellend 2010;

G€otzenberger et al. 2012; HilleRisLambers et al. 2012).

In this sense, ecological assembly rules (sensu G€otzen-

berger et al. 2012) are mediated through hierarchically

structured ecological filters such as dispersal, the abiotic

environment and biotic interactions (Callaway 2007;

Stokes & Archer 2010; Michalet et al. 2015). Shipley

(2010) introduced the term ‘stochastic filter’ to explain

the mechanism that drives species assembly when dif-

ferent functional traits have different probabilities to

pass through the environmental filter and establish in
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the final community, as opposed to an ‘all-or-nothing’

filter.

The substrate can be the strongest abiotic filter selecting

which plants from the species pool are able to establish in a

specific site under edaphically restrictive conditions (Grace

et al. 2000; Weiher et al. 2004). However, soil specificity is

not an all-or-nothing plant response, since it shows a gra-

dient from exclusive specialists to rather generalist species

(Safford et al. 2005; Palacio et al. 2007). This suggests that

the filtering role of special soils can be modulated by other

local factors (both abiotic and biotic) that exacerbate or

mitigate soil limitations and eventually affect the forma-

tion of realized assemblages. For instance, edaphic limita-

tions posed by serpentines can interact with climate to

promote large-scale community patterns (Fernandez-

Going et al. 2013). Restrictive effects of gypsum soils and

specific adaptation of species to cope with these restrictions

are discussed in Escudero et al. (2015).

Here, we studied annual plant communities on gypsum

and calcareous outcrops under semi-arid mediterranean

conditions. Our aim was to clarify the role of restrictive

soils in community assembly. Our study sites are especially

suitable due to their dense and homogeneously distributed

soil seed banks (Caballero et al. 2008; Olano et al. 2012;

A.M.L. Peralta, A.M. S�anchez, A.L. Luzuriaga & A. Escu-

dero, unpubl.) and the co-existence of gypsum and calcar-

eous soil patches. This means that differences in local

species assemblages between these two soil types are not

the result of dispersal assembly rules (Zobel 1997; Spasoj-

evic et al. 2015). Therefore, the annual communities on

these soils share not only the same climate, but also the

pool of available species (Escudero et al. 2015). Further-

more, the short life cycle of these annual species allowed

us to cover entire ontogenetic plant development, avoiding

misleading results due to changes in the magnitude and

direction of interactions throughout the life stages of the

co-occurring plants (Holzapfel &Mahall 1999; Luzuriaga &

Escudero 2008).

Water pulses can also largely determine plant assem-

blages in semi-arid environments (Chesson et al. 2004;

Miranda et al. 2011), particularly in those dominated by

annuals (Venable et al. 1993; Pake & Venable 1995; Rivas-

Arancibia et al. 2006). Some perennial neighbours act as

biotic filters in annual plant assemblages (Facelli & Temby

2002; Armas & Pugnaire 2011). In a previous study, we

found that Stipa tenacissima (Poaceae) exerted a contrasting

effect on annual plant species assemblages, reducing spe-

cies richness and diversity under extremely dry conditions,

while increasing them under milder conditions (Luzuriaga

et al. 2012). Well-developed biological soil crusts (BSCs;

Belnap & Lange 2003) are also recognized as key compo-

nents of drylands, not only due to their effect on ecosystem

function (Maestre & Cortina 2003; Castillo-Monroy et al.

2010) but also because they contribute to small-scale het-

erogeneity that finally determines annual plant commu-

nity structure and composition (Luzuriaga et al. 2012).

A recently developed method that quantifies plant trait

distributions and their variations within and among com-

munities under different environmental conditions allows

for assessing the relative importance of climate and local

filters on the formation of annual plant assemblages (Fres-

chet et al. 2011; Bernard-Verdier et al. 2012; Violle et al.

2012). Here, we use a similar approach and propose a soil

affinity index (SAI) that quantifies soil specificity (gypsum

vs calcareous soil preferences) and can be scaled up to the

community level. Soil affinity clearly represents a species-

specific property that is crucial for species establishment

(including survival, growth and reproduction) and, if

quantified in the same way as a functional trait, it can help

understand community assembly in restrictive substrates.

We combined SAI and other tools originally developed to

describe trait diversity patterns among communities to

identify filters (i.e. assembly rules) operating on annual

plant assemblages under contrasting environmental condi-

tions ruled by the variable climate (three sampling years),

the presence of Stipa and two substrate types (gypsum vs

calcareous).

We hypothesized that soil filtering would have a crucial

effect on species assembly, and that soil filtering would be

modulated by climate, biotic interactions with Stipa tena-

cissima and with BSCs. The combined effect of these filters

would be reflected in the distribution of SAIs at each local

assemblage. Overall, we expected the range of the

weighted community SAIs in each assemblage to be lower

under stressful conditions of low water availability (dry

years) and in open areas (away from Stipa canopies), as

abiotic filtering is expected to increase species similarity

(Weiher & Keddy 1999; Wilson 1999). We also expected

Stipa to influence soil filtering by shifting the limits of SAI

distribution relative to open areas or by expanding the

range of SAI values (‘range shift’ and ‘range expansion’,

respectively, sensu Sch€ob et al. 2012). Furthermore, the

presence of Stipa tussocks may also improve niche differen-

tiation and reduce competition (Lundholm 2009) without

altering soil filtering. At the same time, BSCs together with

mosses and loose stones may affect small-scale heterogene-

ity and, eventually, annual community assembly.

Methods

Study site

This study was conducted at two locations in central Spain

(Titulcia: 40°80N, 3°340W, 513 m a.s.l. and Ont�ıgola

39°580N, 3°400W, 607 m a.s.l.). Two nearby plots of

30 9 30 m were established at each location on two con-

trasting substrate types: soils derived from gypsum out-
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crops and soils derived from limestone or calcareous marls

on mild slopes (around 15°). Since the two geologic layers

are in contact, soils occur very close and transitions are

very sharp. This area has a semi-arid mediterranean cli-

mate with a mean annual rainfall of 400 mm�m�2�yr�1

and amean annual temperature of 14.5 °C (from the near-

est weather station at Aranjuez 40°020N, 3°370W, 590 m

a.s.l.). Above-ground vegetation in the four study plots

(independent of the soil type) was a steppe dominated by

Stipa tenacissima, a tussock-forming grass, scattered in bare

ground area. Gypsum soils showed a well-developed BSC

dominated by lichens (e.g. Diploschistes diacapsis (Ach.)

Lumbsch, Squamarina lentigera (G.H. Weber) Poelt, Fulgen-

sia subbracteata (Nyl.) Poelt and Psora decipiens (Hedw.)

Hoffm), whereas calcareous substrates were not as lichen-

rich (e.g Cladonia convoluta (Lam) Cout.). Both soil types

showed a rich annual plant community of up to 38 species

0.25 m�2 (e.g. Chaenorrhinum reyesii – Scrophulariaceae,

Ctenopsis gypsicola – Poaceae, Campanula fastigiata – Campa-

nulaceae, Omphalodes linifolia – Boraginaceae, Cleonia lusi-

tanica –Lamiaceae, Arenaria leptoclados – Caryophyllaceae;

App. S1).

Experimental design andmonitoring

Ten 50 9 50 cm quadrats were randomly established in

each of the four plots. Five quadrats were established adja-

cent to mature Stipa plants on the upper slope of tussocks

and five quadrats in open areas devoid of perennial vegeta-

tion (located at least 1 m apart from the nearest Stipa tus-

sock). Each 50 9 50 cm quadrat was divided into 100 cells

of 5 9 5 cm, which were our sampling units (2 loca-

tions 9 2 substrate types 9 10 quadrats 9 100

cells = 4000 sampled cells�yr�1). This grid cell size

reflected the average height of the studied annuals to

ensure that co-occurring species in a cell are interacting

(Luzuriaga et al. 2012).

Surveys were carried out in the spring 2006, 2008 and

2009. These years differed strongly in temperature and

precipitation pattern (App. S2). The year 2008 was excep-

tionally dry, with nearly 40% less precipitation than the

mean annual precipitation of the previous 30 yr. In 2008,

only 11 out of the 40 quadrats had more than three spe-

cies, and their frequencies were very low in all cases. Fur-

thermore, none of the species occurred in more than five

quadrats. Consequently, data from 2008 were only used to

model overall species richness, species diversity and plant

cover, but were dropped from the comparison between the

plots. Each quadrat was a realized combination of the

regional species pool, which was defined as all the species

observed in the 75 quadrats in 2006 and 2009 (five quad-

rats were altered by human or rabbit activity in 2009 and

could not be used in the study).

The percentage cover of each annual plant species was

visually estimated for each cell. Total moss and lichen

cover were also visually estimated for each cell at the

beginning of the experiment in 2006.

Diversity index

In order to estimate plant community diversity, we calcu-

lated the inverse Simpson index using species cover per-

centage per quadrat for the three sampling years as an

abundancemeasure (Jost 2006):

Inverse Simpson ¼ 1P
p2i

where pi is proportion of species i. This index has also

been called the ‘effective number of species’ (MacArthur

1965), and represents the number of species that a com-

munity would have if species were distributed equally.

This diversity index was calculated for each quadrat with

PRIMER v 6.1.11 software.

Soil affinity index of each species

To evaluate the affinity of each species to gypsum or calcar-

eous soil, we proposed a soil affinity index (SAI) for each

species that appeared in more than five quadrats (out of

the 75). This index was considered as analogous to a

species attribute and was calculated as follows:

SAI ¼ Gy� Ca

Gyþ Ca

where,Gy is the number of cells on gypsum substrate occu-

pied by species i and Ca is the number of cells on limestone

(calcareous) substrate occupied by species i. The final SAI

for each species was the mean of 2006 and 2009 weighted

by species abundancemeasured at the cell level. This index

varied between �1 and 1 (species that appeared exclu-

sively on calcareous and gypsum substrate, respectively).

Following this index, species were classified as gypsophytes

(SAI > 0.6), calcophytes (SAI < �0.6) or indifferent to

substrate type (�0.6 < SAI < 0.6; App. S1).

Community-level measures of soil affinity

The SAI distribution in each local realized assemblage was

described using three parameters: range, abundance-

weighted mean and diversity of SAI values. Mason et al.

(2005) defined functional richness as the amount of niche

space filled by species. Based on this definition, we com-

puted the soil affinity range (SAR) as analogous to func-
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tional richness in order to quantify the amount of space

used in the gypsophily–calcophily gradient by each assem-

blage. We calculated the range of soil affinity values in

each assemblage as follows:

SAR ¼ maxðSAIÞ �minðSAIÞ

The SAR values can range between 0 (all species in the

assemblage have the same SAI) and 2 (at least two species

in the assemblage have extreme SAI values).

Themean soil affinity index (MSA) is analogous to com-

munity-weighted mean (Garnier et al. 2004). It weights

the SAI by species relative abundance and sums overall

species, providing a single community trait value. It quan-

tifies mean gypsophily or calcophily for each quadrat, thus

scaling the degree of soil affinity at the community level. It

was calculated as follows:

MSA ¼
Pn

i¼1ðSAIi � CoviÞPn
i¼1 Covi

where SAIi is the soil affinity index for species i and Covi is

the cover of species i in the quadrat. MSA values can range

between �1 (only calcophytes in the quadrat) and 1 (only

gypsophytes).

The soil affinity diversity (SAD) describes the divergence

of plant species cover along the soil affinity gradient. It was

computed as the Rao (1982) quadratic diversity (Pavoine

& Dol�edec 2005; Lep�s et al. 2006):

SAD ¼
XS

i;j

dij � Covi � Covj

where S is species richness, and dij is the difference in SAI

values between species i and j, calculated as:

di;j ¼ ðSAIi � SAIjÞ2

where SAD values range between 0 and 1 (minimum and

maximum dispersion in SAI values, respectively).

These three community-level parameters were com-

puted using the package FD for R (R Foundation for Statis-

tical Computing, Vienna, AT).

Null model approach to test abiotic filtering

Null models were constructed to test the hypothesis that

plant composition is controlled by abiotic filtering of soil

type, climatic conditions and/or biotic determinants, such

as the sharp variation between Stipa neighbourhood and

open areas. We generated 10 000 null assemblages,

assuming a random distribution across quadrats and

species, to obtain 10 000 null values of SAR, SAD and

MSA for each random assemblage. If our hypothesis was

true, we would expect that the amount of space occupied

along the gypsophily–calcophily gradient would be lower

in real assemblages than in null ones (Mouchet et al.

2010), leading to lower SAR values in real assemblages.

Likewise, SADwould be lower in real assemblages because

plant abundance for each species would be concentrated in

some areas along the gypsophily–calcophily gradient. Fol-

lowing the same reasoning, MSAs calculated from null

assemblages would be closer to 0 than those calculated

from real assemblages.

The null assemblages were constructed by permuting

the contents of the species x cover matrix of all the quad-

rats using R (R Core Team 2013).

Differences were considered to be significant when

observed SAR and SAD values and observed absoluteMSA

values were lower than the 0.05 percentile of simulated

values for these parameters.

Statistical analyses

We performed repeated measures generalized linear

mixed models (rm-GLMM) to model six community

attributes of the realized annual plant assemblages: rich-

ness, diversity (inverse Simpson), total cover of annual

plants, mean soil affinity index (MSA), SAR and SAD.

We built a fully factorial model for each variable with

year, microenvironment, substrate and location as fixed

factors. Although the climate, exposure and slope of the

two locations were very similar, location was included

in the models as a fixed factor to control for idiosyn-

cratic differences. Quadrat was included in the models

as a random variable to account for the repeated mea-

sures undertaken in each quadrat in 2006 and 2009.

Total lichen cover was considered as a covariable. We

checked the correlation between variables to avoid mul-

ticollinearity problems. The error distribution and link

function that best fitted our data were used for each

rm-GLMM (Table 1).

Results

We found 72 species in the two locations in the 3 yr of

study. Species richness varied greatly among years with

47, 28 and 64 species in 2006, 2008 and 2009, respectively.

Of these 72 species, 14 appeared exclusively on gypsum

soils, 20 on calcareous soils and 38 species on both. The

SAI was calculated for the 42 species that appeared inmore

than five quadrats (6.6%). According to this index, 19 spe-

cies were classified as gypsophytes (SAI > 0.6), ten as

calcophytes and the rest (23) as indifferent (App. S1). Most

of the regional species pool occurred on both calcareous

869
Journal of Vegetation Science
Doi: 10.1111/jvs.12285© 2015 International Association for Vegetation Science

A.L. Luzuriaga et al. Community assembly in restrictive soils



and gypsum soils and mainly differed in their relative

abundance (Fig. 1).

Although gypsum soils had a slightly lower number of

species from the accumulated species pool than calcareous

soils (52 vs 58 species, respectively), average species rich-

ness and diversity per quadrat were significantly higher on

gypsum soils (Table 1, Fig. 2). Stipa tussocks had a positive

effect on species richness, and this marked effect of Stipa

was enhanced on calcareous soils. No significant interac-

tion between Stipa and year was observed when consider-

ing the three study years (Wald0s Chi-square = 4.8,

P > 0.05). Plant cover was mainly dependent on year, and

the highest cover was obtained in 2006. The cover of

above-ground annuals was higher on gypsum soils and

increased in the vicinity of Stipa, especially in 2006. Lichen

cover negatively affected richness, diversity and total cover

of annual species.

The MSA values revealed that assemblages on gypsum

soils had a larger share of soil specialists (Table 1, Fig. 3a).

Variability of MSA values of local assemblages was higher

on calcareous soils than on gypsum soils. Differences in

MSA values between gypsum and calcareous soils were

higher in 2006 than in 2009 (substrate 9 year interac-

tion). Furthermore, Stipa had an opposing effect on the

variability of MSA values in calcareous soils, restricting

MSA variability in 2006, but increasing it in 2009. How-

ever, on gypsum soils, Stipa increased the range of MSA

values in 2006, but had nearly no effect in 2009.

The SAR, which quantifies the amount of space along

the gypsophily–calcophily gradient occupied by the species

that form each local assemblage, was higher in 2006 than

in 2009 (Table 1, Fig. 3b). Stipa increased SAR on calcare-

ous soils but not on gypsum soils. Lichen cover signifi-

cantly reduced SAR. None of the predictors had a

significant effect on SAD, which always remained low

(average SAD = 0.13 � 0.1).

The null models showed that MSA values of the local

assemblages were significantly different from random in

40% to 60% of the quadrats on gypsum soils, especially in

open areas in 2006 (Fig. 4). However, MSAs of most cal-

careous assemblages were similar to random simulations.

We detected lower SAD values than expected at random in

gypsum soils (>60% of the quadrats).

Discussion

This study provides solid evidence of probabilistic soil

filtering of annual plant assemblages (sensu Shipley

2010). This implies that soil filtering does not produce

an all-or-nothing response, since most species were

able to establish in both soil types. When the SAIs of

Table 1. Wald’s Chi-square of repeated measures GLMMs with six community attributes for 2006 and 2009. Year 2008 was not included in these models

because few quadrats had more than three species. Quadrat was considered a random variable to account for the repeated measures in the 2 yr of study.

The diversity index was calculated as the inverse Simpson’s dominance index.

Richness Diversity Index Total Cover MSA SAR SAD

Error Distribution Poisson N N N N N

Link Log Log Log Id Id Id

Micro-environment 0.2 0.003 2.2 0.2 0.1 0.05

Substrate 21.4*** 5.9* 4.8* 34.7*** 2.3 1.6

Year 2.1 0.4 269.0*** 0.6 12.7*** 3.1

Microenv 9 Substrate 5.0* 1.7 1.0 0.1 8.4** 0.4

Microenv 9 Year 0.01 1.6 4.3* 2.6 3.9* 0.1

Substrate 9 Year 0.1 1.6 3.3 4.4* 3.0 0.1

Location 14.9*** 1.7 5.3* 1.3 14.6*** 11.9***

COVAR.

Lichen Cover (�) 14.3*** (�) 3.9* (�) 4.2* 0.4 (�) 14.3*** 2.9

MSA, mean soil affinity; SAR, soil affinity range; SAD, soil affinity diversity.

Error distributions and link functions assumed in the GLMMs are as follows. N: normal. Id., identity link function; Log, logarithmic link function; COVAR, cova-

riates. (�), negative coefficient; (+), positive coefficient.

*0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001.

Fig. 1. Distribution of annual species and their percentage covers along

the calcophile–gypsophile gradient (in terms of the SAI) for each

experimental scenario (ten local assemblages pooled for each scenario)

for 2006 and 2009. Ca, calcareous substrate; Gy, gypsum substrate.
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constitutive species were weighted by their relative

abundance at the community level, the effect of soil

filtering on realized assemblages was greatly high-

lighted. These two geologic substrates are well known

for their restrictive nature (see Escudero et al. 2015),

yet soil filtering was stronger in gypsum assemblages

(larger departures of MSA values from zero) than in

calcareous assemblages, suggesting higher soil special-

ization in the former. These results agree with the pre-

vious findings that gypsum endemics are the main

components of gypsum communities (Palacio et al.

2007; Mota et al. 2011).

(a) (b) (c)

Fig. 2. (a) Mean species richness, (b) mean species diversity (inverse Simpson) and (c) mean percentage cover of each experimental scenario. Vertical

lines represent SE. Ca, calcareous substrate; Gy, gypsum substrate.

(a) (b)

Fig. 3. (a) Average (circles) and range (vertical bars) of MSA values for the ten quadrats of each experimental scenario. (b) Mean SAR values of

experimental assemblages for 2006 and 2009. Vertical lines represent SE. Ca, calcareous substrate; Gy, gypsum substrate.

(a) (b)

Fig. 4. (a) Percentage of local assemblages (quadrats) that showed observed MSA values significantly different from the simulated MSA values of the

10 000 null assemblages. (b) Percentage of local assemblages (quadrats) that showed observed SAD values significantly lower than simulated SAD values

of the 10 000 null assemblages for 2006 and 2009. Ca, calcareous substrate; Gy, gypsum substrate.
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Other studies have used the variability of CWM of some

plant functional traits among local assemblages as an indi-

cator of the intensity of an environmental filter (see

Spasojevic & Suding 2012). In our study, variability of

MSA values (analogous to CWM) among local assemblages

was lower in gypsum soil, which may indicate the occur-

rence of a strong filter constraining MSA values in these

soils. Furthermore, the role of gypsum soils as crucial abi-

otic filters during the species assembly process was high-

lighted by the non-random distribution of soil affinity

values of local assemblages in gypsum soils.

Interestingly, the edaphic filtering observed in gypsum

soils was not reflected in limited species richness and diver-

sity. Contrary to our expectations, local species assem-

blages on gypsum soils had higher richness, diversity and

total cover than on calcareous soils. Fernandez-Going

et al. (2012) showed that serpentine assemblages were

also more species-rich than neighbouring communities.

They did not offer an explanation for this increased rich-

ness, but we suggest that this effect relates to the probabi-

listic filtering. This mechanism of filtering exerted by soils

permits most species from the regional pool to occur in the

realized communities, and thus can explain the high spe-

cies richness and increased SAR detected in our local

assemblages. Interestingly, although species composition

varied greatly between the different years (data not

shown), the consistent pattern of MSA values in the 3 yr

of study (regardless of contrasting climate conditions) sug-

gests that soil affinity can be a factor largely independent

from other environmental conditions to conform the

concept of ‘azonal vegetation’ sensu Ellenberg (1996). Fer-

nandez-Going et al. (2012) suggested that ‘stress-tolerant’

functional traits might have limited fluctuations in

community composition in their restrictive substrates.

Despite the high richness and taxonomic diversity

observed in gypsum soils, very low SAD values were

found, indicating that species with very similar soil affinity

values co-exist at very fine spatial scales. This suggests that

competition among these species can be considerable, and

raises a difficult question of how these neighbouring plants

can co-exist in such rich communities. Plants may avoid

competition by having close to equal performance in the

same environment (Hubbell 2001), by regenerating in dif-

ferent microsites or by resource partitioning (Chesson

2000) mediated by different rooting depths, uptake of dif-

ferent nitrogen compounds, light capture strategies, polli-

nation traits or water-use patterns (Cornwell & Ackerly

2009). These possibilities are yet to be explored in restric-

tive soils.

Our results support our hypothesis that soil type is most

probably the main abiotic filter and that other abiotic

(annual weather variation) and biotic filters (Stipa and

BSCs) only modulate the realized assemblage. The higher

richness beneath Stipa together with the higher SAR in cal-

careous soils suggest an expansion of the niche space close

to Stipa, allowing more calciphilous species to enter the

community. The facilitation exerted by Stipa on calcareous

soils is supported by the presence of six extra species that

were recorded on calcareous substrates in comparison to

gypsum ones, where Stipa did not exert any meaningful

facilitative interaction. This pattern may indicate a relaxa-

tion of the soil filter mediated by Stipa in calcareous soils,

probably due to improved soil resources and an increase in

the variety of micro-environmental conditions. The

expansion of niche space is just one of several potential

mechanisms by which facilitation can affect community

assembly (Cavieres et al. 2014). Improved niche differenti-

ation between co-occurring species in the available niche

space could also play an important role in facilitation

(Sch€ob et al. 2012).

Contrary to the pattern observed in calcareous soils,

Stipa tussocks did not significantly affect species richness or

SAR of gypsum assemblages. Probably under the highly

restrictive conditions of gypsum substrates the above-

ground amelioration of the micro-environment by Stipa

was not able to balance the negative effects of below-

ground limiting factors, such as the presence of toxic com-

pounds, thicker BSC, higher infiltration rates of nutrients

and water, etc. (Maestre et al. 2003). The biological soil

crust reduced not only the annual species richness, diver-

sity and cover, but also the SAR of local assemblages. These

results suggest that the BSC may enhance the effect of soil

filtering on the annual plant community by constraining

the range of soil affinity values at a site. In this sense, the

mechanisms of BSCs that modulate annual plant commu-

nity composition and structure are probably related to the

occupation of space and small-scale variability in water

and nutrients below BSCs (Concostrina-Zubiri et al.

2013).

Conclusions

Our results clearly demonstrate the stochastic environ-

mental filter (sensu Shipley 2010) ‘in action’, exerted by

restrictive soils. At finer spatial scales, Stipa tussocks

expanded niche space in calcareous but not in gypsum

soils, demonstrating the intense control of soil on plant

communities. Subsequently, the BSC also restricted the

range of soil affinity values, suggesting crucial small-scale

modulations that will additionally shape the realized

assemblages.

Acknowledgements

We thank Andrea Castillo-Monroy, Diego Acevedo and

Mar�ıa Herrera for field assistance. We especially thank Drs.

Journal of Vegetation Science
872 Doi: 10.1111/jvs.12285© 2015 International Association for Vegetation Science

Community assembly in restrictive soils A.L. Luzuriaga et al.



Zaal Kikvidze, Richard Michalet and an anonymous ref-

eree for their revision of this manuscript. We also thank

the Spanish Meteorological Agency (AEMET) for provid-

ing climatic data. This study was funded with the following

projects: ANUALES-CCG08-URJC/AMB-3530, of the Co-

munidad de Madrid Government and CGL2012-8427 of the

Ministerio de Econom�ıa y Competitividad of the Spanish

Government.

References

Anacker, B.L. 2011. Phylogenetic patterns of endemism and

diversity. In: Harrison, S. & Rajakaruna, N. (eds.) Serpentine:

the evolution and ecology of a model system. University of Califor-

nia Press, Oakland, CA, US.

Armas, C. & Pugnaire, F.I. 2011. Belowground zone of influence

in a tussock grass species.Acta Oecologica 37: 284–289.

Belnap, J. & Lange, O.L. 2003. Biological soil crusts: structure func-

tion and management. Springer, Berlin, DE.

Bernard-Verdier, M., Navas, M.L., Vellend, M., Violle, C., Fay-

olle, A. & Garnier, E. 2012. Community assembly along soil

depth gradient: contrasting patterns of plant trait conver-

gence and divergence in a Mediterranean rangeland. Journal

of Ecology 100: 1422–1433.

Brooks, R.R. 1987. Serpentine and its vegetation: a multi-disciplinary

approach. Dioscorides Press, Washington, DC, US.

Caballero, I., Olano, J.M., Loidi, J. & Escudero, A. 2008. Amodel

for small-scale seed bank and standing vegetation connec-

tion along time.Oikos 117: 1788–1795.

Callaway, R.M. 2007. Positive interactions and interdependence in

plant communities. Springer, Dordrecht, NL.

Castillo-Monroy, A.P., Maestre, F.T., Delgado-Baquerizo, M. &

Gallardo, A. 2010. Biological soil crusts modulate nitrogen

availability in semi-arid ecosystems, insights from aMediter-

ranean grassland. Plant and Soil 333: 21–34.

Cavieres, L.A., Brooker, R.W., Butterfield, B.J., Cook, B.J., Ki-

kvidze, Z., Lortie, C.J., Michalet, R., Pugnaire, F.I., Sch€ob, C.,

(. . .) & Callaway, R.M. 2014. Facilitative plant interactions

and climate simultaneously drive alpine plant diversity. Ecol-

ogy Letters 17: 193–202.

Chesson, P. 2000. Mechanisms of maintenance of species diver-

sity.Annual Review Ecology and Systematics 31: 343–366.

Chesson, P., Gebauer, R.L.E., Schwinning, S., Huntly, N., Wie-

gand, K., Ernest, M.S.K., Sher, A., Novoplansky, A. & Welt-

zin, J.F. 2004. Resource pulses, species interactions, and

diversity maintenance in arid and semi-arid environments.

Oecologia 141: 236–253.

Concostrina-Zubiri, L., Huber-Sannwald, E., Martinez, I., Flores,

J.L. & Escudero, A. 2013. Biological soil crusts greatly con-

tribute to small-scale soil heterogeneity along a grazing gra-

dient. Soil Biology and Biochemistry 64: 28–36.

Cornwell, W.K. & Ackerly, D.D. 2009. Community assembly and

shifts in plant trait distributions across an environmental gra-

dient in coastal california. Ecological Monographs 79: 109–126.

Ellenberg, H. 1996. Vegetation Mitteleuropas mit den Alpen in €okolog-

ischer, 475 dynamischer und historischer Sicht. Ulmer, Stuttgart,

DE.

Escudero, A., Palacio, S., Maestre, F.T. & Luzuriaga, A.L. 2015.

Plant life on gypsum: a review of its multiple facets. Biological

Reviews 90: 1–18.

Facelli, J.M. & Temby, A.M. 2002. Multiple effects of shrubs on

annual plant communities in arid lands of South Australia.

Austral Ecology 27: 422–432.

Fernandez-Going, B.M., Anacker, B.L. & Harrison, S.P. 2012.

Temporal variability in California grasslands: soil type and

species functional traits mediate response to precipitation.

Ecology 93: 2104–2114.

Fernandez-Going, B.M., Harrison, S.P., Anacker, B.L. & Safford,

H.D. 2013. Climate interacts with soil to produce beta diver-

sity in Californian plant communities. Ecology 94: 2007–

2018.

Freschet, G.T., Dias, A.T.C., Ackerly, D.D., Aerts, R., van Bode-

gom, P.M., Cornwell, W.K., Dong, M., Kurokawa, H., Liu,

G., (. . .) & Cornelissen, J.H.C. 2011. Global to community

scale differences in the prevalence of convergent over diver-

gent leaf trait distribution in plant assemblages.Global Ecology

and Biogeography 20: 755–765.

Garnier, E., Cortez, J., Bill�es, G., Navas, M.L., Roumet, C., Deb-

ussche, M., Laurent, G., Blanchard, A., Aubry, D., (. . .) &

Toussaint, J.P. 2004. Plant functional markers capture eco-

system properties during secondary succession. Ecology 85:

2630–2637.

G€otzenberger, L., de Bello, F., Brathen, K.A., Davison, J., Dub-

uis, A., Guisan, A., Leps, J., Lindborg, R., Moora, M., (. . .) &

Zobel, M. 2012. Ecological assembly rules in plant communi-

ties – approaches, patterns and prospects. Biological Reviews

87: 111–127.

Grace, J.B., Allain, L. & Allen, C. 2000. Factors associated with

plant species richness in a coastal tall-grass prairie. Journal of

Vegetation Science 11: 443–452.

Harrison, S. & Inouye, B.D. 2002. High b diversity in the flora of

Californian serpentine ‘islands’. Biodiversity and Conservation

11: 1869–1876.

Harrison, S. & Rajakaruna, N. 2011. Serpentine: the evolution and

ecology of a model system. University of California Press, Oak-

land, CA, US.

HilleRisLambers, J., Adler, P.B., Harpole, W.S., Levine, J.M. &

Mayfields, M.M. 2012. Rethinking community assembly

through the lens of coexistence theory. Annual Reviews of

Ecology, Evolution and Systematics 43: 227–248.

Holzapfel, C. & Mahall, B.E. 1999. Bidirectional facilitation and

interference between shrubs and annuals in theMojave Des-

ert. Ecology 80: 1747–1761.

Hubbell, S.P. 2001. The unified neutral theory of biodiversity and bio-

geography. Princeton University Press, Princeton NJ, US.

Jost, L. 2006. Entropy and diversity. Oikos 113: 363–

375.

Kay, K.M.,Ward, K.L., Watt, L.R. & Schemske, D.W. 2011. Plant

speciation. In: Harrison, S. & Rajakaruna, N. (eds.) Serpentine:

873
Journal of Vegetation Science
Doi: 10.1111/jvs.12285© 2015 International Association for Vegetation Science

A.L. Luzuriaga et al. Community assembly in restrictive soils



the evolution and ecology of a model system. University of Califor-

nia Press, Oakland, CA, US.

Lep�s, J., de Bello, F., Lavorel, S. & Berman, S. 2006. Quantifying

and interpreting functional diversity of natural communities:

practical considerationsmatter. Preslia 78: 481–501.

Lundholm, J.T. 2009. Plant species diversity and environmental

heterogeneity: spatial scale and competing hypotheses. Jour-

nal of Vegetation Science 20: 377–391.

Luzuriaga, A.L. & Escudero, A. 2008. What determines emer-

gence and net recruitment in an early succession plant com-

munity? Disentangling biotic and abiotic effects. Journal of

Vegetation Science 19: 445–456.

Luzuriaga, A.L., S�anchez, A.M., Maestre, F.T. & Escudero, A.

2012. Assemblage of a semi-arid annual plant community:

abiotic and biotic filters act hierarchically. PLoS ONE 7:

e41270.

MacArthur, R. 1965. Patterns of species diversity. Biological

Reviews 40: 510–533.

Macnair, M.R. & Gardner,M. 1998. The evolution of edaphic en-

demics. In: Howard, D.J. & Berlocher, S.H. (eds.) Endless

forms: species and speciation, pp. 157–171. Oxford University

Press, New York, NY, US.

Maestre, F.T. & Cortina, J. 2003. Small-scale spatial patterns of

CO2 efflux in a Mediterranean semiarid steppe. Applied Soil

Ecology 23: 199–209.

Maestre, F.T., Bautista, S. & Cortina, J. 2003. Positive, negative,

and net effects in grass-shrub interactions in Mediterranean

semiarid grasslands. Ecology 84: 3186–3197.

Mason, N.W.H., Mouillot, D., Lee, W.G. & Wilson, J.B. 2005.

Functional richness, functional evenness and functional

divergence: the primary components of functional diversity.

Oikos 111: 112–118.

Meyer, S. & Garc�ıa-Moya, E. 1989. Plant community pat-

terns and soils moisture regime in gypsum grasslands of

north central Mexico. Journal of Arid Environments 16:

147–155.

Michalet, R., Maalouf, J.P., Choler, P., Cl�ement, B., Rosebery,

D., Royer, J.M., Sch€ob, C. & Lortie, C.J. 2015. Competition,

facilitation and environmental severity shape the relation-

ship between local and regional species richness in plant

communities. Ecography 37: 1–11.

Miranda, J.D., Armas, C. & Padilla, F.M. 2011. Climatic change

and rainfall patterns: effects on semi-arid plant communities

of the Iberian Southeast. Journal of Arid Environments 75:

1302–1309.

Moore, M.J. & Jansen, R.K. 2007. Origins and biogeography of

gypsophily in the Chihuahuan Desert plant group Tiquilia

subg. EddyaBoraginaceae. Systematic Botany 32: 392–414.

Mota, J.F., S�anchez-G�omez, P. & Guirado, J.S. 2011. Diversidad

vegetal de las yeseras ib�ericas. ADIF-Mediterr�aneo Asesores

Consultores, Almer�ıa. ES.

Mouchet, M.A., Villeger, S., Mason, N.W.H. & Mouillot, D.

2010. Functional diversity measures: an overview of their

redundancy and their ability to discriminate community

assembly rules. Functional Ecology 24: 867–876.

Olano, J.M., Caballero, I. & Escudero, A. 2012. Soil seed bank

recovery occurs more rapidly than expected in semi-arid

Mediterranean gypsum vegetation. Annals of Botany 109:

299–307.

Pake, C.E. & Venable, D.L. 1995. Is coexistence of Sonoran desert

annuals mediated by temporal variability in reproductive

success? Ecology 76: 246–261.

Palacio, S., Escudero, A., Montserrat-Mart�ı, G., Maestro,M.,Mil-

la, R. & Albert, A. 2007. Plants living on gypsum: beyond the

specialist model.Annals of Botany 99: 333–343.

Pavoine, S. & Dol�edec, S. 2005. The apportionment of quadratic

entropy: a useful alternative for partitioning diversity in eco-

logical data. Environmental and Ecological Statistics 12: 125–

138.

R Core Team. 2013. A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna,

AT.

Rao, C.R. 1982. Diversity and dissimilarity coefficients: a unified

approach. Theoretical Population Biology 21: 24–43.

Rivas-Arancibia, S.P., Montana, C., Hernandez, J.X.V. & Zavala-

Hurtado, J.A. 2006. Germination responses of annual plants

to substrate type, rainfall, and temperature in a semi-arid

inter-tropical region in Mexico. Journal of Arid Environments

67: 416–427.

Rivas-Mart�ınez, S. & Costa, M. 1970. Comunidades gips�ıcolas

del centro de Espa~na. Anales del Instituto Bot�anico A.J. Cava-

nilles 27: 193–224.

Safford, H.D., Viers, J.H. & Harrison, S.P. 2005. Serpentine ende-

mism in the California flora: a database of serpentine affinity.

Madroño 52: 222–257.

Schechter, S.P. & Bruns, T.D. 2012. Edaphic sorting drives arbus-

cular mycorrhizal fungal community assembly in a serpen-

tine/non-serpentine mosaic landscape. Ecosphere 3:

art42.

Sch€ob, C., Butterfield, B.J. & Pugnaire, F.I. 2012. Foundation

species influence trait-based community assembly. New Phy-

tologist 196: 824–834.

Shipley, B. 2010. From plant traits to vegetation structure. Cam-

bridge University Press, Cambridge, UK.

Spasojevic, M.J. & Suding, K.N. 2012. Inferring community

assembly mechanisms from functional diversity patterns: the

importance of multiple assembly processes. Journal of Ecology

100: 652–661.

Spasojevic, M.J., Damschen, E.I. & Harrison, S. 2014. Patterns of

seed dispersal syndromes on serpentine soils: examining the

roles of habitat patchiness, soil infertility and correlated func-

tional traits. Plant Ecology and Diversity 7: 401–410.

Stokes, C.J. & Archer, S.R. 2010. Niche differentiation and neu-

tral theory: an integrated perspective on shrub assemblages

in a parkland savanna. Ecology 91: 1152–1162.

Vellend, M. 2010. Conceptual synthesis in community ecology.

The Quarterly Review of Biology 85: 183–206.

Venable, D.L., Pake, C.E. & Caprio, A.A. 1993. Diversity and

coexistence of Sonoran desert winter annuals. Plant Species

Biology 8: 207–216.

Journal of Vegetation Science
874 Doi: 10.1111/jvs.12285© 2015 International Association for Vegetation Science

Community assembly in restrictive soils A.L. Luzuriaga et al.



Violle, C., Enquist, B.J., McGill, B.J., Jiang, L., Albert, C.H., Huls-

hof, C., Jung, V. & Messier, J. 2012. The return of the vari-

ance: intraspecific variability in community ecology. Trends

in Ecology & Evolution 27: 244–252.

Weiher, E. & Keddy, P.A. 1999. Ecological assembly rules: perspec-

tives, advances, retreats. Cambridge University Press, Cam-

bridge, UK.

Weiher, E., Forbes, S., Schauwecker, T. & Grace, J.B. 2004.

Multivariate control of plant species richness and

community biomass in blackland prairie. Oikos 106: 151–

157.

Wilson, J.B. 1999. Assembly rules in plant communities. In:

Weiher, E. & Keddy, P. (eds) Ecological assembly rules: perspec-

tives, advances, retreats, pp. 130–164. Cambridge, University

Press, Cambridge, UK.

Zobel, M. 1997. The relative role of species pools in determining

plant species richness: an alternative explanation of species

coexistence? Trends in Ecology & Evolution 12: 266–269.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Appendix S1. Plant species present in the study area

during the three study years, together with their soil affin-

ity indices.

Appendix S2.Mean daily temperature and daily pre-

cipitation during the three study years.

875
Journal of Vegetation Science
Doi: 10.1111/jvs.12285© 2015 International Association for Vegetation Science

A.L. Luzuriaga et al. Community assembly in restrictive soils


