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Abstract
Aims: Research in the last decades supports the idea that certain species, namely
‘nurse species’, can enhance ecosystem function and species diversity in their vicinity through amelioration of the abiotic environment. However, few studies have
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level. Here, we evaluated the hypothesis that nurse plants can increase functional
diversity in the beneficiary annual plant assemblage at the microhabitat level.
Results: The nurse species examined, two shrubs and one large annual, had a negligible or even negative influence on annual above-ground biomass production.
Nonetheless, they increased functional diversity in terms of specific leaf area (SLA),
maximum plant height (MPH), seed weight (SW), and reproductive ratio (RR) at the
microhabitat level.
Conclusions: These findings reinforce the idea that, even if there is not a typical
nurse syndrome related to enhanced plant performance, nurse plants might induce a
portfolio effect on annual plant assemblages by promoting functional diversity in key
functional traits associated to plant survival and reproduction under a set of different
microhabitat conditions.
KEYWORDS

annual plant community assemblage, functional diversity, functional portfolio, maximum plant
height, plant nurse syndrome, reproductive ratio, seed mass, specific leaf area

1 | I NTRO D U C TI O N

presence of more species under the influence of shrub nurses is indicative of increased functional diversity at the scale of shrub understo-

Extensive empirical evidence yielded over the last three decades sup-

ries. The majority of studies dealing with the influence of nurse plants

ports the key role of nurse plants in arid and semi-arid ecosystems

on beneficiary plant species diversity at the community level usually

(Filazzola and Lortie, 2014). Nurse shrubs in particular can enhance

consider a whole-community scale, pooling species from the differ-

fitness and productivity in their vicinity through direct and indirect

ent microhabitats up to a local scale. Unveiling this uncertainty may

interactions (Segoli et al., 2012) but also local diversity by altering the

greatly improve our ability to assess vulnerabilities under changing

spatial dynamics of annual plant species (Davies et al., 2007; Soliveres

conditions and the potential set of strategies able to adapt and restore

et al., 2012). However, it is still poorly understood whether the

ecosystem functions and services in drylands by using shrub nurses.
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The nurse plant syndrome, in which adult plants of one spe-

different nurse syndromes. We argue that the nurse syndrome

cies facilitate the establishment of seedlings of another species,

at the community level should be species-specific according to

has largely been explored at the individual plant level, where per-

the key role of niche differentiation as a critical process under-

formance and fitness of a focal plant species is monitored outside

lying plant–plant interactions (Tilman et al., 2001). Following this

of and under the influence of the nurse plant (Franco and Nobel,

idea, we tested the hypothesis that, even though perennial spe-

1988). Evaluation of the nurse syndrome at the community level,

cies should be more effective nurses for the annual plant com-

including direct and indirect interactions among beneficiary spe-

munity (in terms of taxonomic and functional diversity) due to a

cies, is much more complex, often leading to contradictory results

smaller niche overlap among the perennial benefactor and the

(Schöb et al., 2013). For instance, while some shrub species ame-

beneficiary annual species, dead individuals of the large annual

liorate the physical environment beneath their canopies, others do

Carthamus tenuis could also facilitate annual plants diversity, as

not, or their effect depends upon the spatial/temporal distribution

observed previously in grasslands (Resco de Dios et al., 2014). To

of resources and conditions (O’Brien et al., 2017). In some cases, the

this end, we evaluated if the intensity of facilitation is related to

nurse syndrome of a species can be hindered by the resource avail-

the life-form of the nurse plants (annual vs. perennial), and to what

ability or the environment constraints. Weedon and Facelli (2008)

extent potential nurse species increase taxonomic and functional

showed how desert shrubs in Australia excluded most annual plants

diversity in their vicinity. We also analysed the influence of the

beneath their canopies due to exacerbated water potentials asso-

three above-mentioned nurse species on mean and variability of

ciated with the accumulation of salt on the ground surface. Deep

key functional traits in herb species in dry areas. Specifically, we

shading also reduces diversity and productivity beneath mature

tested how these nurse species affect the specific leaf area (SLA),

desert shrubs (Forseth et al., 2001), and this effect is contingent on

maximum plant height (MPH), seed weight (SW) and reproductive

the ontogenetic development of the potential nurse plant (Miriti,

ratio (RR) of the associated annual plant assemblies.

2006). Accordingly, some studies suggest that productivity and diversity under the shrub canopy can be species-specific (Callaway,
1998; Blank and Carmel, 2012) and context-dependent (but see
Butterfield and Callaway, 2013). Identification and characterization
of potential nurse species able to increase plant performance and

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study area

functional diversity in beneficiary plant assemblages is therefore
critical to evaluate their role as community stabilizers under chang-

The fieldwork was carried out in Sayeret Shaked Park (Israel;

ing climatic conditions.

Appendix S1a), in the northern region of the Negev desert (31°17′N,

The nurse plant syndrome has seldom been explored among

34′37′E) between the months of March and May 2017. Specifically,

functionally similar taxa such as annual–annual plants interactions.

the study was conducted in a fenced area of 60 ha, with altitude

This is in part justified by the fact that a positive balance of inter-

ranging 75–150 m above sea level (Offer et al., 1998), where graz-

action between two given organisms is commonly assumed to be

ing has been prevented since 1987 (Boeken and Shachak, 1994). The

linked to high functional dissimilarity and thus low niche overlap.

climate is Mediterranean arid, with an average annual precipitation

Interestingly, previous research in grasslands revealed a particu-

of 200 mm mostly distributed between November and March. The

lar way by which dead grasses can facilitate seedling survival and

average minimum temperature in winter is around 6–8°C, while the

recruitment of shrub species (Resco de Dios et al., 2014). This un-

average maximum temperature in summer is between 32 and 34°C

explored modality of facilitation might also lead standing dead indi-

(Stern et al., 1986). The soil consists of loess, composed of 14% clay,

viduals of an annual species to facilitate others and thus an annual

27% silt and 59% sand (Teomin, 1990). Soil surface is covered by

plant could act as a nurse species for other annuals. Although this

a hard biological crust formed by cyanobacteria, bacteria, algae,

hypothesis has not been tested before in annual plant assemblages,

mosses and lichens (Zaady and Shachak, 1994). The vegetation is

this could represent an important advance in the knowledge of how

a spring flowering annual plant community emerging after the first

positive interactions control diversity maintenance in water-limited

rains in late autumn (Appendix S1b), where the most abundant spe-

environments.

cies in terms of biomass are Stipa capensis (Poaceae) and Carthamus

Here, we evaluated the potential role of two shrubs and a

tenuis (Asteraceae; Appendix S1c), and sparse shrubs with high

large annual plant as nurse species in the annual plant community

dominance of Thymelaea hirsuta (Thymelaeaceae; Appendix S1d) and

of a semi-arid Mediterranean region. More specifically, we mea-

Noaea mucronata (Chenopodiaceae; Appendix S1e).

sured diversity (taxonomic and functional diversity) and productivity (total above-ground biomass) in annual plant assemblages
within and outside the influence of the shrubs Noaea mucronata

2.2 | Sampling of the annual plant community

(Chenopodiaceae) and Thymelaea hirsuta (Thymelaeacea) and the
large annual plant Carthamus tenuis (Asteracaeae). We hypothe-

We sampled abundance (number of individuals) and biomass produc-

sized that these species might affect positively both productivity

tion (total above-ground biomass) of each annual plant species in 40

and diversity of the annual plant community, but through likely

quadrats of 20 cm × 20 cm beneath the canopy of each potential

MADRIGAL-GONZÁLEZ et al.

nurse Noaea, Thymelaea and Carthamus, and in open areas (i.e. 4 microhabitats × 40 plots = 160 quadrats in total). Species accumulation
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2.4 | Taxonomic and functional diversity of annual
plant assemblies

curves showed that we captured above 90% of species present beneath each nurse species with a confidence interval of 95%, except

The taxonomic diversity in quadrats was assessed by Simpson's

for bare zones where we captured 80% of species. We measured

inverse index from plants-per-species counts. We calculated the

height and diameter of each nurse plant and solar radiation at soil

Community Weighted Mean (CWM) and Rao indices for each func-

level with a radiometer (LI-189, LI-COR Inc. Lincoln, NE, USA) in each

tional trait in each quadrat. The CWM shows the weighted average

quadrat (Figure 1).

value of a trait in a community. Different studies assume that the
CWM reflects the locally "optimal" strategy, that is, species with

2.3 | Functional trait measures

trait values closer to the CWM will have greater fitness (Muscarella
and Uriarte, 2016). The Rao index is an index of functional diversity
based on the quadratic entropy of Rao (1982) that takes into account

Species functional traits were measured for the ten most abun-

both the relative abundance of species and a measure of the func-

dant annual species, i.e. Stipa capensis, Avena barbata, Onobrychis

tional differences between species (Botta-Dukát, 2005). High values

crista-galli, Anthemis pseudocotula, Leontodon laciniatus, Crepis as-

of Rao’s quadratic entropy mean that the species in the assembly

pera, Reboudia pinnata, Aegilops kotschyi, Urospermum picroides and

have more different values for that specific trait, while low values

Sonchus oleraceus. These species represent 93% of the total abun-

mean greater similarity of the trait among the species that conform

dance and 96% of the total biomass of the annual plant community.

the assembly. We used the "dbFD" function of the "FD" package

Measures of functional traits were based on at least 10 individuals

(Laliberté and Legendre, 2010; Laliberté et al., 2014) in R (R Core

per species, randomly collected from the study area, near the sam-

Team, 2017).

pled quadrats. We measured four functional traits per species, i.e.
MPH, SLA, SW and RR, following the protocols in Cornelissen et al.
(2003). Maximum plant height is a good indicator of competitiveness

2.5 | Statistical analyses

for light and fecundity (Cornelissen et al., 2003). Specific leaf area
represents the leaf spectrum economy, namely, low values reveal

We tested for correlations among the explaining variables measured.

species with slow resource processing, and tend to occur when en-

Since diameter of nurse plants was negatively correlated with solar

vironmental conditions are more stressful (Díaz et al., 2004; Wright

irradiation reaching the soil beneath each nurse plant (r = −0.50;

et al., 2004). The seed weight is related to the probability of a spe-

p < 0.001), we only considered radiation and microenvironment

cies to successfully disperse and the ability of a seedling to survive

(three nurse species and open areas) as the explanatory variables

under adverse situations (Mark, 1998; Cornelissen et al., 2003). The

in all statistical analyses. We performed Generalized Linear Models

reproductive ratio (dry biomass of reproductive structures/dry bio-

(GLM) to evaluate differences in species richness, diversity (inverse

mass of vegetative aerial structures) informs us about the resource

of Simpson) and total biomass, and in the CWM and Rao values for

allocation in species. We measured the reproductive ratio after the

each trait per quadrat. Pairwise t tests with Holm’s corrections were

formation of the first seeds.

performed in order to assess differences between microenvironments in pairs.
We constructed PERMANOVA models (Permutational Multivariate
Analysis of Variance) to evaluate changes in species composition both
in terms of species abundances and biomass in the four microenvironments (three nurse species and open areas), with solar radiation as a
covariate (Anderson, 2014). Following McCune and Grace (2002) we
removed the species that appeared in less than 5% of the quadrats
in order to avoid the disproportionally large influence of rare species
on ordination analyses and then the composition matrix was square
root-transformed to reduce the weighting of dominant species. We
used dissimilarity matrices based on the Bray–Curtis distance (Legendre
and Legendre, 1998) and type III sums of squares. The significance of
each model was tested using a Monte-Carlo test with 9,999 permuta-

F I G U R E 1 Solar radiation at the soil surface level for each of
the four microenvironments studied (Carthamus tenuis, Thymelaea
hirsuta, Noaea mucronata and open areas). Boxes correspond to the
25th and 75th percentiles; lines inside the boxes show the median;
error bars show the minima and maxima

tions. We used the "adonis" function (Anderson, 2001) of the "vegan"
package (Oksanen et al., 2017). Ordination biplots for the abundance
and biomass matrices were represented by means of NMDS (non-metric multidimensional scaling) using the "metaMDS" function of "vegan"
(Oksanen et al., 2017) in R version 3.2.
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Distribution

Link

Richness

Poisson

Log

Diversity

Gamma

Inv.

Total biomass

Gaussian

Id.

CWM SLA

Gaussian

Id.

Rao SLA

Gaussian

Id.

CWM MPH

Gaussian

Rao MPH

Gaussian

CWM SW
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Microenvironment

Radiation

ChiSq

df

P

ChiSq

df

P

79.91

3

<0.001

0.13

1

0.714

115.04

3

<0.001

1.32

1

0.251

49.13

3

<0.001

1.08

1

0.300

131.57

3

<0.001

7.74

1

0.005

30.05

3

<0.001

0.10

1

0.758

Id.

31.12

3

<0.001

1.42

1

0.234

Id.

29.21

3

<0.001

0.45

1

0.500

Gaussian

Id.

5.06

3

0.167

0.36

1

0.549

Rao SW

Gaussian

Id.

12.46

3

0.006

0.07

1

0.785

CWM RR

Gaussian

Id.

138.66

3

<0.001

4.72

1

0.030

Rao RR

Gaussian

Id.

25.62

3

<0.001

1.00

1

0.318

TA B L E 1 Results of the Generalized
Linear Models (GLM) used to evaluate the
effect of the four microenvironments (i.e.
open area and the three nurse species
Noaea, Thymelaea, Carthamus) and the
effect of the incidence of solar radiation
at the soil surface on eleven dependent
variables of the annual plant communities

Note: Link functions: Log: logarithmic, inv.: inverse Gaussian, Id.: identity.
Abbreviations: MPH, Maximum plant height; RR, reproductive ratio; SLA, specific leaf area; SW,
seed weight.

F I G U R E 2 Mean values (±SD) for
species richness, inverse Simpson,
total biomass and abundance in each
microenvironment (Carthamus tenuis,
Thymelaea hirsuta, Noaea mucronata
and open areas). Different lowercase
letter indicate significant differences
between microenvironments (post-hoc).
Dots represent the observed values and
vertical bars standard errors

3 | R E S U LT S

the nurse canopies (Table 1; Figure 2c). Species composition, both in
terms of species biomass and abundances, significantly varied across

We identified 30 annual plant species (including Carthamus tenuis)

the microenvironments (Table 2 and Figure 3). Our data showed that

distributed through the four microenvironments: 11 species in open

Stipa capensis was the dominant species in open areas, while under

areas, 19 beneath Noaea, 24 beneath Thymelaea, and 28 in Carthamus

the nurse species, Crepis aspera, Leontodon laciniatus, Avena barbata,

patches (2.0 ± 1.0 species/quadrat, 3.4 ± 2.1 species/quadrat, 5.6 ± 2.9

Onobrychis crista-galli or Anthemis pseudocotula occurred more fre-

species/quadrat, and 5.9 ± 2.7 species/quadrat, respectively). Some

quently. Interestingly, some plant species such as Aegilops kotschyi

species like Aegilops kotschyi, Brachypodium distachyon, Crucianella

were characteristic of the Carthamus patches (Figure 3).

herbacea and Senecio glaucus appeared associated to either of the
three focal species (Noaea, Thymelaea and Carthamus) but never in
open areas. Importantly, annual plant assemblies under the three focal

3.1 | Traits at the community level

species had greater richness and taxonomic diversity than in open
areas (Table 1; Figure 2a, b). Therefore, the three focal species can be

The species that assembled under the canopy of Thymelaea and

considered as nurse plants. However, in terms of above-ground bio-

Carthamus had greater SLA values than species under Noaea, par-

mass, the highest biomass yields occurred in the open space, outside

ticularly when compared to those in open areas (Table 1; Figure 4a).

MADRIGAL-GONZÁLEZ et al.

TA B L E 2 PERMANOVA analyses
to test the species composition of
annual plant assemblies in terms of
microenvironment (i.e. Noaea, Thymelaea,
Carthamus and open areas) and solar
radiation

Journal of Vegetation Science
df

SS

MS

F

|

R2

p

0.26

0.0001

0.01

0.2763

5

Abundance
Microenvironment

3

8.48

2.83

18.03

Radiation

1

Residuals

155

0.19

0.19

1.21

24.31

0.16

Total

159

33.53

0.73
1.00

Biomass
Microenvironment

3

9.03

3.01

18.24

0.26

0.0001

Radiation

1

0.26

0.26

1.55

0.01

0.1538

0.16

Residuals

155

25.57

Total

159

36.27

0.72
1.00

Abbreviations: df, degrees of freedom; SS, sum of squares; F, F-ratio; MS, mean sums; p, p-value; R 2,
proportion of variation explained.

as denoted by higher RR values, while beneath Carthamus and
Thymelaea species tended to allocate more resources to vegetative
parts (Figure 4g). Indeed, species forming the annual plant community beneath the three nurses, showed higher variability of RR than
those in open areas (Figure 4h).

4 | D I S CU S S I O N
Our results partially support a nurse syndrome for the shrubs Noaea
and Thymelea and the large annual Carthamus. Even though taxonomic and functional diversity of the annual communities assembled
beneath nurses was higher compared to that in open areas, total
biomass was drastically reduced. Similar results have been reported
in other semi-arid ecosystems for the effect of perennial–herb interaction on biomass production (Forseth et al., 2001; Weedon and
Facelli, 2008; Madrigal-González et al., 2016). However, other studies supported a typical nurse syndrome following a classical fertility
F I G U R E 3 Non-metric multidimensional scaling (NMDS)
ordination based on the species compositions in quadrats.
Stress value for the ordination was 0.221. Species abbreviations:
Aeko: Aegilops kotschyi; Anar: Anagallis arvensis; Anps: Anthemis
pseudocotula; Avba: Avena barbata; Brdi: Brachypodium distachyon;
Cras: Crepis aspera; Crhe: Crucianella herbacea; Hecr: Hedypnois
cretica; Lela: Leontodon laciniatus; Oncr: Onobrychis crista-galli; Onsp:
Ononis sp.; Repi: Reboudia pinnata; Reti: Reichardia tingitana; Sico:
Silene colorata; Sool. Sonchus oleraceus; Stca: Stipa capensis; Urpi:
Urospermum picroides

island model (Flores and Jurado, 2003). These studies observed that
shrubs ameliorated the physical environment beneath them (Moro
et al., 1997), and thus, increased biomass production and species diversity (Holzapfel and Mahall, 1999; Holzapfel et al., 2006; Luzuriaga
et al., 2012, 2015; Espinosa et al., 2014; Lortie et al., 2018).
In our study system, open areas usually have a hard and continuous cyanobacterial crust on the soil surface (Zaady and Shachak,
1994), while beneath shrubs and Carthamus soil surface is covered
with a mound of loose litter (Boeken and Shachak, 1994). These microenvironmental characteristics usually affect water distribution on

Furthermore, functional diversity in terms of SLA was also greater

the soil surface, water infiltration, and secondary dispersion of seeds

beneath nurses than in open areas (Figure 4b), denoting a benefi-

(Boeken and Orenstein, 2001). Thus, the hard soil crust may avoid

ciary effect of the shrubs favouring coexistence of species with a

most seeds entering into the soil seed bank (Peralta et al., 2016),

wider range of SLA values. The species growing in open areas and

being swept along from open areas to vegetation patches, which act

beneath Noaea had smaller and more similar MPH than the species

as seed traps. Distribution of seeds in the soil may favour the pres-

growing beneath Carthamus and Thymelaea (Figure 4c, d). Mean SW

ence of higher species richness beneath Carthamus and the shrubs

of the species assemblies were not significantly different among the

Noaea and Thymelaea, but only in case environmental conditions are

four microenvironments (Table 1; Figure 4e). Species established

beneficial for seed germination (Sánchez et al., 2014) and seedling

in open areas and beneath Noaea invested more in reproduction,

establishment (Luzuriaga and Escudero, 2008), will they add to the

6
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F I G U R E 4 Mean values (±SD) for
Community Weighted Means (CWMs) in
the left panels and functional diversity
indices (Rao) in the right panels for
the significant terms shown in Table 1.
SLA: specific leaf area, MPH: maximum
plant height, SW: seed weight, RR:
reproductive ratio. Different lowercase
letters indicate significant differences
between microenvironments (post-hoc).
Dots represent the observed values and
vertical bars standard errors.

realized annual plant assembly. The high production of litter beneath

plants can modify the carbon/water balance, reducing the risk of

Carthamus and both shrubs may improve the water and soil nutrient

dehydration at the cost of affecting biomass production of under-

balance during early seedling stages, thus promoting the higher tax-

storey plants, compared to open areas. Interestingly, although solar

onomic and functional diversity beneath the three nurses.

radiation beneath Carthamus was similar to that in open areas, we

Shade plays a key role in driving shrub–herb interactions in semi-

found that plant biomass of the annual assembly growing beneath it

arid and arid environments (Seifan et al., 2010; García-Camacho

was lower than the biomass in open habitats. This implies that not

et al., 2017). In our study, clear differences in solar radiation beneath

only shading but also strong below-ground competition for water

and outside Noaea and Thymelaea canopies indicate that shade is

and nutrients between Carthamus and the other annual plants may

a plausible limiting factor for biomass production in this semi-arid

lead to a similar outcome regarding biomass production.

annual plant assembly (see Figure 1). Deep shade is one of the most

We may attribute the high number of species and functional

important limiting factors of plant establishment and growth in dry

diversity under the influence of nurse species to the suitable mi-

environments (Forseth et al., 2001). However, studies conducted in

crohabitats created beneath them that facilitate the establishment

arid environments have unveiled a trade-off between water avail-

of annual species, or even because nurse species can exert diffuse

ability and shade beneath nurse plants which determines the inten-

influences on the annual plant–plant interactions (Callaway and

sity of nurse facilitation (Huston and Smith, 1987; Holmgren, 2000).

Pennings, 2000). For instance, nurse plants may protect annu-

Furthermore, facilitation is common when nurse shrubs can actively

als from the effects of the highly competitive grass Stipa capensis

take up water from deep soil layers and passively transport and

(Kadmon and Shmida, 1990; Boeken, 2018), which largely domi-

release it into shallow layers (hydraulic lift, Richards and Caldwell,

nates open areas. In addition, biological crusts are known to exert

1987; Prieto et al., 2011), thus making it available for plants under

species-specific effects on seed germination (Escudero et al., 2007;

their canopy. In the absence of hydraulic lift, shade beneath nurse

Hernandez and Sandquist, 2011) and seedling survival (Serpe et al.,

MADRIGAL-GONZÁLEZ et al.
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2008; Langhans et al., 2009; Mendoza-Aguilar et al., 2014). It is also

determine the impoverishment in terms of community productivity

important to note that our results are indicative of conditions during

but also in the set of functional strategies able to cope with the new

a period of one year only and so potential shifts might occur depend-

conditions. If this occurs in the future, we expect that the impact

ing on temporal climatic variability (Tielborger and Kadmon, 2000;

on community functioning beneath the nurse plants could be less

O’Brien et al., 2017).

drastic than in open areas. For this reason, even if the nurse plants

In open areas, the dominant annual species were short species

studied do not portray a typical nurse syndrome based on above-

with low SLA values and high reproductive ratios, which indicate

ground biomass production, they play a decisive role in preserving

more efficient water use (Karlsson and Méndez, 2005; Huxman

diversity and probably ecosystem functioning through facilitation of

et al., 2013; Eskelinen and Harrison, 2015). Similar results were

taxonomic and functional diversity.

found also for the shrub Noaea. On the contrary, taller species with
high values of SLA, that indicate high growth rates (Reich et al., 1997;

AU T H O R C O N T R I B U T I O N S

Wright et al., 2004; Freschet et al., 2010; Gibert et al., 2016), were

JMG, AL and PF conceived the main ideas. CCB and JK designed

more common beneath two of the nurses, namely Carthamus and

and conducted field sampling. JMG led the writing of the manu-

Thymelaea. These results agree with those of Peralta et al. (2019)

script. All co-authors contributed to the main text and the statisti-

that found that in extremely dry conditions short species with low

cal analyses.

SLA values are assembled. Therefore, our results provide sound evidence that nurse species relax the environmental filter that selects
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S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.
Appendix S1. (a) Location of the study site (Sayeret Shaked Park) in
the Negev desert (Israel) (modification from Stern et al. (1986)), with
the annual rainfall isohyets represented. Images show (b) a general
view of the annual community; (c) a Carthamus tenuis patch; (d) an
individual of Thymelaea hirsuta; and (e) of Noaea mucronata
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