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Abstract Plant communities vary dramatically in the

number and relative abundance of species that exhibit

facilitative interactions, which contributes substantially to

variation in community structure and dynamics. Predicting

species’ responses to neighbors based on readily measur-

able functional traits would provide important insight into

the factors that structure plant communities. We measured

a suite of functional traits on seedlings of 20 species and

mature plants of 54 species of shrubs from three arid bio-

geographic regions. We hypothesized that species with

different regeneration niches—those that require nurse

plants for establishment (beneficiaries) versus those that do

not (colonizers)—are functionally different. Indeed, seed-

lings of beneficiary species had lower relative growth rates,

larger seeds and final biomass, allocated biomass toward

roots and height at a cost to leaf mass fraction, and

constructed costly, dense leaf and root tissues relative to

colonizers. Likewise at maturity, beneficiaries had larger

overall size and denser leaves coupled with greater water

use efficiency than colonizers. In contrast to current

hypotheses that suggest beneficiaries are less ‘‘stress-tol-

erant’’ than colonizers, beneficiaries exhibited conservative

functional strategies suited to persistently dry, low light

conditions beneath canopies, whereas colonizers exhibited

opportunistic strategies that may be advantageous in fluc-

tuating, open microenvironments. In addition, the signature

of the regeneration niche at maturity indicates that facili-

tation expands the range of functional diversity within

plant communities at all ontogenetic stages. This study

demonstrates the utility of specific functional traits for

predicting species’ regeneration niches in hot deserts, and

provides a framework for studying facilitation in other

severe environments.
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Introduction

Facilitation has been shown to play an important role in the

assembly and dynamics of many plant communities

(Callaway et al. 2002; Valiente-Banuet et al. 2006;

Cavieres and Badano 2009; Butterfield et al. 2010) particularly

those of low-productivity environments (Bertness and

Callaway 1994; Callaway 1995). In plant communities

where facilitation is common, species’ responses to

neighbors can still vary from strongly positive (here termed

‘‘beneficiaries’’) to strongly negative (‘‘colonizers’’)

(McAuliffe 1988; Liancourt et al. 2005), with the number,

relative abundance, and specialization of species with
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respect to facilitation having important consequences for

community stability and dynamics (McAuliffe 1988; Verdu

and Valiente-Banuet 2008; Butterfield 2009). While the

proximate causes of facilitation have been studied exten-

sively—for example, improved water relations, reduced

herbivory, temperature buffering, etc. (Flores and Jurado

2003; Callaway 2007)—the intrinsic biological character-

istics of species that determine whether or not they engage in

facilitative interactions are just beginning to be explored

(Valiente-Banuet et al. 2006; Lopez and Valdivia 2007).

Thus, an improved ability to predict the outcome of inter-

actions based on species’ traits would be an important step

forward in our understanding of the community and eco-

system-level consequences of facilitation.

In many severe environments, the presence of a neigh-

bor is generally considered to produce a more benign

microenvironment than open, bare ground, thereby per-

mitting less stress-tolerant species to persist within a

community (Michalet et al. 2006; but see Maestre et al.

2009). Despite this apparently simple contrast, many fac-

tors may differ in complex ways in the presence versus

absence of a neighbor. This is particularly true in arid

ecosystems, in which local environmental differences in

soil moisture (Tielbörger and Kadmon 2000), light

(Valiente-Banuet and Ezcurra 1991), soil fertility (Turner

et al. 1966), herbivory (McAuliffe 1986) and temperature

extremes (Nobel 1980) between sub-canopy and open mi-

crosites may simultaneously drive facilitation. Terms such

as ‘‘benign’’ and ‘‘stressful’’ may not accurately represent

this complex variation, particularly since many species

perform better outside the influence of established canopies

(McAuliffe 1988; Verdu and Valiente-Banuet 2008), which

has been attributed to shade intolerance and belowground

competition from larger neighbors (Holmgren et al. 1997;

Miriti et al. 1998). Clearly, many environmental variables

differ between open and sub-canopy microsites, and act in

concert to determine plant growth and survival.

Understanding biological responses to complex envi-

ronments can benefit from a trait-based approach (McGill

et al. 2006). Measuring functional traits related to life-

history strategies, resource economies and disturbance

responses in contrasting environments provides a broad

perspective on the selection pressures acting on plant

populations (Westoby 1998; Westoby et al. 2002; Wright

et al. 2004), all of which may be relevant to facilitation

(Valiente-Banuet et al. 2006). The nature of trait relation-

ships with facilitation may also vary through ontogeny

(Valiente-Banuet and Verdu 2008), as seedling and mature

trait values are often uncorrelated (Grime et al. 1997;

Cornelissen et al. 2003). Seedling traits should be partic-

ularly important in desert perennial plant communities,

since facilitation is most relevant during the regenerative

phase of the perennial life-cycle (Yeaton 1978; McAuliffe

1988; Miriti 2006). However, ontogenetic trait conserva-

tism may also result in the regeneration niche (in this case,

sub-canopy or open microsite) influencing mature func-

tional strategies (Valiente-Banuet et al. 2006; Poorter

2007). This is an important consideration, in that the

functional traits of mature plants are much more likely to

drive ecosystem processes than are those of seedlings,

given their much larger cumulative biomass (Grime 1998).

In addition, mature plant traits may determine if a species

functions as a nurse plant at maturity, thereby influencing

community structure both in terms of responses to and

effects on microenvironmental conditions (Butterfield

2009). Thus, these broader consequences of regeneration

niche selection should be assessed by measuring mature

functional traits directly.

A broad array of both seedling and mature functional

traits may exhibit strong relationships with one another and

with the regeneration niche across desert plant species.

Seed mass is a particularly important trait in this context,

due to possible relationships with dispersal and reproduc-

tive strategies as well as seedling energy reserves (Moles

and Westoby 2006). Following germination, maximum

relative growth rate (RGRmax) indicates a plant’s ability to

acquire resources during brief windows of opportunity,

which may come at a cost to survival under persistently

stressful conditions (Arendt 1997). Biomass allocation to

different tissues reveals tradeoffs in the acquisition of

different resources, which may differ greatly in sub-canopy

and open microsites. Root-to-shoot ratio represents the

relative limitation of water or mineral nutrients versus light

or carbon, whereas height and leaf mass fraction (LMF) are

associated with light and carbon acquisition, respectively

(Poorter and Nagel 2000). In addition to allocation, tissue

quality is also important, indicating tradeoffs between

resource turnover and efficiency. Specific root length

(SRL) is positively correlated with root elongation and

maximum uptake rates in saturated soils, but negatively

correlated with root longevity and drought tolerance

(Nicotra et al. 2002; Markesteijn and Poorter 2009). Con-

versely, leaf mass per area (LMA) is negatively correlated

with maximum photosynthetic rates and stomatal conduc-

tance, while being positively associated with leaf lifespan

(Wright et al. 2004). LMA may also be positively corre-

lated with the cell wall content and rigidity of leaves,

which may partially regulate wilting point (Niinemets

2001). In addition to LMA, photosynthetic rates are also

related to leaf size (i.e., leaf dry mass; MD) and several

aspects of leaf composition (Niklas et al. 2007), including

leaf dry matter content (LDMC), percent nitrogen (%N)

and surface area (SA). These organ-specific traits related to

water and carbon economies scale up to influence whole-

plant water use efficiency (WUE), which is positively

associated with average longevity of individuals in desert
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perennial plant populations (Schuster et al. 1992). Indi-

vidual longevity is also positively associated with the total

size or biomass of desert plants, which are negatively

correlated with frequency of establishment and positively

correlated with proportion of older plants in a population

(Goldberg and Turner 1986). While the links between some

of these life-history, allocation, construction and compo-

sition traits have been explored independently, their

cumulative description of functional differentiation would

provide a more comprehensive picture of functional strat-

egies and an opportunity to quantitatively assess the

functional basis of the regeneration niche in desert plants.

In this study, we measured the broad suite of functional

traits discussed above on a variety of colonizer and bene-

ficiary species across three different hot desert biogeo-

graphic regions of the southwestern USA. Both seedlings

and mature plants were studied in order to determine

potential effects of the regeneration niche on multiple

ontogenetic stages. With these data, we tested the

hypotheses that (1) functional traits are highly inter-cor-

related across species (due to strong spatial autocorrelation

in environmental factors between open and sub-canopy

microsites), (2) beneficiary and colonizer species have

different functional strategies (i.e., occupy different vol-

umes of trait space), with the contrast being greatest during

the seedling stage, and (3) seedling and mature functional

strategies (i.e., multivariate trait axes) will be correlated

due to ontogenetic conservatism, even if individual traits

are poorly correlated through ontogeny.

Materials and methods

Seedling experimental design

Twenty species of woody perennials native to the Chi-

huahuan, Sonoran, and Mojave Deserts of the southwestern

USA were selected for estimation of seedling traits (see

Electronic supplementary material, ESM 1). Field-col-

lected seeds were obtained from the Sonoran Desert

National Monument and the University of Arizona Desert

Laboratory, with seeds collected from at least three plants

per species. Seed of species that could not be obtained in

the field were supplied by the Desert Legume Program of

the University of Arizona and the Rancho Santa Anna

Botanical Garden. Twelve angiosperm families were rep-

resented, with four species each from both Fabaceae and

Asteraceae due to their high species richness and domi-

nance in arid ecosystems of North America. Potential size

and longevity range from sub-shrubs that live up to

50–100 years to large shrubs and small trees that live for

hundreds or thousands of years. Seeds were germinated in

Petri dishes on wet filter paper, and within one day of root

emergence ten seedlings of each species were transplanted

into plastic tree containers 7.5 cm wide 9 20 cm deep

filled with autoclaved, coarse grit sand. Plants were grown

in a controlled environment with 12-h days and 35/25�C

temperature cycles, similar to late spring or early autumn

field temperatures. Total average photon flux was

190 lmol s-1 m-2, which while substantially below nat-

ural levels of irradiance is comparable to other growth

chamber studies of semi-arid woody perennials (Wright

and Westoby 1999), and creates a consistent set of condi-

tions that permit reasonable comparisons across species.

Plants were top-watered with drip irrigation twice daily,

and fertilized every third day with major and minor nutri-

ents. All plants were destructively harvested 6 weeks after

transplanting before any roots came in contact with the

containers, resulting in an average of 6 ± 2SD replicates

per species. An additional growth chamber was also used to

estimate seedling survival during a simulated drought.

Seeds were germinated, transplanted and watered in the

same manner as above for the first 4 weeks, at which time

all watering was terminated. Plants were then monitored

frequently until clear signs of mortality (leaves became dry

or brown, photosynthetic stems turned brown) were

observed, then the number of days until mortality was

recorded as an estimate of short-term drought survival.

Average number of replicates per species for the survival

study was 8 ± 2SD.

All seedlings that were not subjected to the survival

experiment were harvested for trait measurements

(Table 1). All leaves were weighed fresh immediately

following harvest and subsequently scanned on an HP

Scanjet G4010 flatbed scanner. Stems were then cut level

with the sand surface, and all roots carefully removed

from the container, washed to remove sand particles and

scanned in the same manner as the leaves. All plant

biomass was subsequently dried at 60�C for at least 48 h

before being weighed. The scanned images were analyzed

with ImageJ v. 1.41 (NIH 2007) to estimate total leaf

area for each plant, as well as total root length. Average

seed mass was also estimated for at least 50 seeds per

species.

Functional traits were measured for each plant and

averaged to produce a species-level estimate. Total bio-

mass, LMF and RMF were estimated with dry biomass.

RGRmax was calculated by dividing final biomass by seed

mass then taking the natural logarithm, and height of the

primary stem was measured as the Euclidean distance from

the sand surface to the highest apical meristem. Leaf scans

were used to estimate SA (cm2) and LMA (g cm-2), and

MD (g) was divided by fresh mass to estimate LDMC (%).

Analogous to the inverse of LMA, SRL was calculated as

the length of all roots divided by total root dry mass

(cm g-1).
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Mature trait data collection

Sampling was conducted in early March, late March, and

mid-April in the Sonoran, Mojave, and Chihuahuan

Deserts, respectively. In order to collect leaves at a similar

developmental stage across these regions that differ

somewhat in elevation and phenology, all samples were

collected in the spring following full development of new

leaves. All samples were collected between 700 and

1,000 m elevation in shrub-dominated plant communities,

with some cacti and few perennial grasses present. Annual

precipitation ranges from 220 mm at the Mojave site

(Mojave National Preserve, CA, USA) to 300 mm at the

Chihuahuan site (Indio Ranch Research Station, TX, USA),

with the Sonoran sites in between (Sonoran Desert National

Monument, Superstition Mountains and Tumamoc Hill,

AZ, USA). Sampling sites were selected to include the full

range of upland habitat types within each region (see ESM

2 for site descriptions and study species).

A total of 54 species from 16 families were sampled, the

most common families being Asteraceae (18 species),

Fabaceae (9) and Lamiaceae (5). Species were assigned to

one of four size classes based on their USDA designations:

suffrutescent, sub-shrub, shrub or tree. The majority of

species were sub-shrubs (22) or shrubs (19), with some

small trees (9) and several suffrutescent species (4). The

relative proportions of families and growth forms sampled

are representative of the woody floras of these arid eco-

systems, and care was taken to randomly sample the

available species in order to avoid biasing the estimates of

relationships among traits. Aside from the large proportion

of trees in the Fabaceae (6 of 9 species), no single family is

over-represented within a single growth form, making

growth form and family relatively independent. Many of

the study species have very broad distributions, covering

two or all three of the regions studied. However, samples

were collected at only one site for each species, such that

comparisons across ‘‘regions’’ or higher taxonomic groups

with this dataset do not accurately represent the full trait

distributions within such subsets and should be interpreted

with caution.

In addition to measuring LMA, LDMC, MD and SA in

the same manner as for seedlings, elemental analysis was

conducted to measure %N and stable carbon isotope ratios

(d13C, %) of mature leaves. Seedling leaves were not

subjected to this analysis due to insufficient biomass for

some species. Stable carbon isotope composition is a cor-

relate of WUE, due to the relationship between 13C dis-

crimination and rates of stomatal water vapor conductance.

Less negative d13C values indicate lower conductance such

that d13C is positively correlated with WUE in C3 plants

(Farquhar et al. 1989), which includes all species in the

present study. Elemental analyses were conducted at the

Stable Isotope Mass Spectrometry Laboratory at Kansas

State University. All d13C samples had a SD ± 0.03 rela-

tive to the standard.

Trait relationships

Several methods were used to assess relationships between

traits. First, all functional traits were transformed to ordinal

variables prior to correlation and principal components

analyses, a preferred practice when assessing functional

strategies (Grime et al. 1997). Variance estimates of the

raw, continuous trait variables varied dramatically, which

could introduce several forms of bias into statistical

Table 1 Functional traits measured in this study

Trait Abbreviation Units Ecological relevance Stage measured

Seed mass Seed g Energy reserves; radical size; life-history Seedling

Total biomass Mass g Energy reserves; competitive ability Seedling

Root mass fraction RMF g g-1 Light versus water/nutrient acquisition Seedling

Leaf mass fraction LMF g g-1 Light versus water/nutrient acquisition Seedling

Height Height cm Light versus water/nutrient acquisition Seedling

Relative growth rate RGR t-1 Competitive ability; responsiveness to water pulse Seedling

Leaf dry mass MD

g Leaf function; carbon investment on carbon return Seedling/mature

Leaf surface area SA cm2 Photosynthetic capacity; leaf temperature Seedling/mature

Leaf mass per area LMA g cm-2 Water retention; gas exchange Seedling/mature

Leaf dry matter content LDMC % Photosynthetic capacity; palatability Seedling/mature

Specific root length SRL cm g-1 Embolism resistance; responsiveness to water pulse Seedling

Short term drought survival Survival days Likelihood of individual establishment Seedling

Leaf nitrogen content %N % Photosynthetic capacity; palatability Mature

Water use efficiency WUE d13C Balance between carbon and water economies Mature

Mature growth form Size Ordinal Storage capacity; life-history strategy Mature
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analyses if used rather than species’ ranks. In addition, for

the seedling data, while growth chambers minimize unex-

plained variance that could be caused by environmental

variation, the estimated value of a given trait almost cer-

tainly varies between seedlings grown indoors versus in the

field. However, species’ ranks within a trait are less likely

to vary with growing conditions than are estimated con-

tinuous values, making the results of rank-based analyses

more relevant to ecological patterns in the field.

After transforming the trait variables, Spearman rank

correlations were calculated between all traits within and

among ontogenetic stages. Principal components analysis

(PCA) was then performed on the seedling and mature

datasets separately in order to determine the nature and

number of relevant axes of functional differentiation

among species at both ontogenetic stages. Scree tests were

used first to select the number of principal components to

be retained for both datasets. Following removal of prin-

cipal components that did not explain sufficient variation in

the data, varimax rotations were performed in order to

maximize the variance explained by the remaining princi-

pal components (Johnson and Wichern 2002). The fre-

quency of significant correlations among traits within an

ontogenetic stage was high (see ‘‘Results’’), so PCA served

to simplify the correlation structure among traits as well as

reduce the potential effects of multicollinearity on inter-

pretation of further statistical analyses.

Regeneration niche

Based upon an extensive literature survey, species were

assigned to one of two regeneration niche categories. This

was done to test for relationships between seedling traits

and observed patterns of seedling survival in the field. It

should first be noted that a binary designation of a species

as a colonizer or beneficiary does not reflect the continuum

of responses observed in the field, but was considered

sufficient in the absence of a continuous metric of regen-

eration niche. The selection criteria for published studies

were either (1) differences in observed seedling survival

beneath a canopy versus in the open, (2) population-level

differences in the abundance of individuals beneath cano-

pies versus in the open, or (3) successional data. In the

absence of spatially explicit patterns, early and late suc-

cessional species were classified as colonizers and benefi-

ciaries, respectively. These microsite successional

processes are generally a function of facilitation in arid

environments (McAuliffe 1988). If information was not

available for a species, the closest relative with regenera-

tion niche information was used instead (designations and

references available in the ESM).

Following the assessment of trait interrelationships,

logistic regressions were performed on the principal

component scores in order to test the hypothesis that spe-

cies’ functional strategies predict their regeneration niche.

The binomial response variable was the regeneration niche

(colonizer = 0, beneficiary = 1), and each of the principal

components at the seedling and mature stages were the

predictor variables. When data were not available for the

same species at maturity, a congener for which data were

available was substituted. No substitute for Atriplex was

available at maturity, as only C3 plants were studied for

consistency of WUE estimates. Regeneration niche data

were available for 16 of the seedling species and 15 of the

mature species. All statistical analyses were performed

with the R statistical package (v.2.9.1).

Results

Functional strategies

Among seedling leaf traits, more than half (35/66) of the

possible bivariate correlations were significant, indicating

substantial coordination among many aspects of plant

function. At the leaf scale, SA and MD were strongly pos-

itively correlated, as were LMA and LDMC (Table 2).

However, the former were not correlated with the latter,

indicating that interior leaf construction may be somewhat

independent of leaf size in seedlings. All four of these leaf

traits were negatively correlated with SRL, indicating

strong parallels between leaf and root function. At the

organismal scale, RMF and LMF were negatively corre-

lated, with allocation to roots rather than leaves being

positively correlated with seed mass and LMA, but nega-

tively correlated with RGRmax. LMF was also negatively

correlated with LDMC and positively correlated with SRL.

Total biomass was not correlated with allocation or

RGRmax, but was positively correlated with height, seed

mass, survival, and leaf size. Seed mass was generally

highly correlated with most traits, with the sole exception

of SA. Survival was also positively correlated with seed

and total mass, indicating that larger plants tended to sur-

vive drought longer.

Two principal components were retained from the

seedling data matrix (PCS1 and PCS2), explaining 38 and

36% of the variance, respectively (Table 3). PCS1 had

moderate to very high loadings for all traits except SA,

reflecting a continuum of functional strategies related to

nearly all aspects of seedling form and function. Species

with more positive scores on PCS1 tended to be larger (high

seed mass and total biomass), had low RGRmax and poor

short-term drought survival; allocated biomass to roots

(high RMF) at the expense of leaves (low LMF), but tended

to be taller and allocated more mass to each individual leaf

(high MD); had denser leaves and roots (high LMA and
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LDMC, low SRL). The patterns of trait loadings on PCS1

are identical to the Spearman correlations with seed mass

(Table 2), suggesting that the latter may be a particularly

important trait in determining functional strategies. In

general, the trait loadings reflect a clear spectrum of turn-

over and efficiency, ranging from opportunistic to conser-

vative strategies with increasing scores on PCS1. PCS2

reflected additional variation among a subset of the seed-

ling traits. Species with more positive PCS2 values had

greater total biomass, leaf mass and height (the same pat-

tern as PCS1), but allocated biomass to leaves at the

expense of roots, had low LMA, high SA leaves and high

RGRmax. Seed mass, LDMC, survival and SRL were not

related to PCS2. As a whole, positive PCS2 values appear to

indicate greater overall size and allocation to photosyn-

thesis than expected based on constraints of seed size.

As with seedlings, substantial multicollinearity was

found among mature plant traits (Table 4). Leaf %N, MD

and SA were all positively correlated, while being nega-

tively correlated with LDMC. Similar to seedling leaves,

LMA was positively correlated with LDMC and uncorre-

lated with MD. However, LMA was negatively correlated

with SA, indicating that leaves with less surface area ten-

ded to be denser or thicker. The only trait significantly

correlated with WUE was size (positively), which was also

positively correlated with MD and LMA.

Three principal components were retained from the

mature data matrix, explaining 32, 23 and 20% of the

variance (Table 5). The first mature principal component

(PCM1) had strong positive loadings for %N, MD and SA,

and a negative loading for LDMC, with LMA being the

only leaf trait independent of PCM1. As such, PCM1 can be

interpreted as variation from low to high potential photo-

synthetic capacity. LMA and plant size had strong positive

loadings on PCM2, although SA had a moderate (negative)

loading on PCM2 as well. %N, LDMC and WUE were

independent of PCM2. The only variable with a strong

(positive) loading on PCM3 was WUE, although size and

Table 2 Spearman rank correlation coefficients for seedling traits

Trait RGR Height Seed Survival LDMC SA MD LMA RMF LMF Mass

Height 0.08 – – – – – – – – – –

Seed -0.72*** 0.46* – – – – – – – – –

Survival -0.20 0.41 0.54* – – – – – – – –

LDMC -0.30 0.21 0.67** 0.39 – – – – – – –

SA 0.44 0.60** 0.10 0.48* 0.30 – – – – – –

MD -0.11 0.55* 0.50* 0.51* 0.32 0.55* – – – – –

LMA -0.70*** 0.08 0.69** 0.40 0.56* -0.24 0.00 – – – –

RMF -0.65** -0.24 0.45* 0.19 0.25 -0.30 0.03 0.47* – – –

LMF 0.79*** -0.02 -0.72*** -0.27 -0.51* 0.29 0.08 -0.90*** -0.67** – –

Mass 0.06 0.86*** 0.57* 0.61** 0.44 0.73*** 0.71*** 0.16 -0.03 -0.10 –

SRL 0.50* -0.54* -0.86*** -0.49* -0.66** -0.27 -0.57** -0.62** -0.40 0.58** -0.70***

For explanation of abbreviations, see Table 1

*P \ 0.05, **P \ 0.01, ***P \ 0.001

Table 3 Principal components analysis results for seedling traits

Trait PCS1 PCS2

Seed 0.94 \0.01

SRL -0.92 \0.01

LDMC 0.72 \0.01

Survival 0.67 \0.01

Mass 0.69 0.67

MD 0.56 0.56

Height 0.52 0.66

LMA 0.73 -0.51

LMF -0.71 0.63

RGR -0.61 0.66

RMF 0.47 -0.59

SA \0.01 0.85

r explained 0.38 0.36

For explanation of abbreviations, see Table 1

Table 4 Spearman rank correlation coefficients for mature traits

Trait Size SA MD LMA LDMC %N

SA -0.05

MD 0.27* 0.47***

LMA 0.31* -0.62*** 0.23

LDMC 0.03 -0.49*** -0.19 0.32*

%N 0.10 0.42** 0.37** -0.17 -0.57***

WUE 0.27* 0.09 0.24 0.03 0.23 0.03

For explanation of abbreviations, see Table 1

*P \ 0.05, **P \ 0.01, ***P \ 0.001
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MD had moderate positive loadings as well. Both PCM2 and

PCM3 reflect independent axes of low to high conservatism

based on different aspects of plant function. On average

across the regions sampled, the Chihuahuan species had the

lowest values for PCM1 (photosynthetic capacity) and the

Sonoran species the highest. The Chihuahuan species were

the highest on PCM2 and PCM3 (LMA and WUE, respec-

tively), with the Mojave species lowest on PCM2 and

similar to the Sonoran species on PCM3. These differences

may reflect climatological and phylogenetic differences,

but may not be accurate representations of this variation

and should be interpreted cautiously.

Regeneration niche

Among seedlings, there was no overlap between colonizer

and beneficiary groups along PCS1 (Fig. 1a), resulting in a

significant relationship with the regeneration niche based

on a logistic regression (Z = ?, P \ 0.001). Beneficiaries

and colonizers had more positive and more negative values

of PCS1, respectively (i.e., positive relationship between

PCS1 score and facilitation-dependence). There was no

significant relationship between PCS2 and the regeneration

niche (Z = 0.04, P = 0.97), indicating that PCS1 is related

to differences between colonizers and beneficiaries, while

PCS2 reflects variation within these two groups.

For mature plants, PCM1 was not related to the regen-

eration niche (Z = 0.51, P = 0.61), but PCM2 and PCM3

had significant (Z = 1.99, P = 0.047) and moderately

significant (Z = 1.88, P = 0.060) positive relationships

with facilitation-dependence (Fig. 1b). Consequently,

PCM2 and PCM3 were both significantly correlated with

PCS1, which was the the seedling axis of differentiation

related to the regeneration niche (r = 0.55 and 0.58,

respectively; P \ 0.05). All other possible relationships

between seedling and mature principal components were

not significant. Only 6% of all possible correlations

between seedling and mature traits were significant, none

of which represented the same trait at both stages (ESM 3),

demonstrating that, while multivariate axes of differentia-

tion were related through ontogeny, individual traits

developed somewhat independently across species. The

regeneration niche was highly conserved within the two

dominant families, with all Asteraceae and Fabaceae being

colonizers and beneficiaries, respectively. Thus these two

families had strongly contrasting scores along PCS1, PCM2,

and PCM3

Discussion

Functional strategies of beneficiaries and colonizers were

significantly different, both for seedlings and mature

Table 5 Principal components analysis results for mature traits

Trait PCM1 PCM2 PCM3

%N 0.82 \0.01 \0.01

LDMC -0.80 \0.01 0.31

MD 0.62 0.33 0.44

SA 0.68 -0.54 0.31

LMA \0.01 0.92 \0.01

Size \0.01 0.60 0.40

WUE \0.01 \0.01 0.90

r explained 0.32 0.23 0.20

For explanation of abbreviations, see Table 1
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Fig. 1 Trait loadings (vectors) and species scores for colonizers and

beneficiaries (triangles and squares, respectively) along principal

components axes for traits of a seedlings and b mature plants. Mean

scores ± 1SE for each regeneration niche group are indicated by

large, open symbols
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plants. Taken together, the patterns of trait loadings on both

seedling and mature principal components suggest that

woody desert plants are strongly differentiated in their

responses to environmental predictability, and can be

arrayed along an axis from opportunistic to conservative

strategies. These patterns reflect a tradeoff between

resource turnover and efficiency that may be generally

universal for vascular plants (Wright et al. 2004), and sheds

an important light on the microenvironmental factors and

corresponding functional strategies that shape plant life in

severe environments.

Several lines of evidence from the seedling data suggest

that sub-canopy microsites represent relatively consistent,

resource-limiting environments in contrast to open micro-

sites that fluctuate between highly severe and resource-rich

states. The high density tissues of beneficiary leaves (high

LMA and LDMC) and roots (low SRL), as well as their

large leaf dry mass suggest a slow rate of return on long-

lived organs suited to persistent water and/or light limita-

tion (Valladares and Niinemets 2008; Markesteijn and

Poorter 2009). Similarly, the allocation of resources to root

mass and height (high RMF and height) at the expense of

leaves (low LMF) indicates that substantial initial invest-

ments are required to acquire sufficient water and light

beneath canopies. An alternative but complementary

explanation is that colonizers construct cheap tissues (low

LMA, high SRL) to maximize photosynthesis and water

uptake during brief soil moisture pulses. Greater height

does not increase light interception in the open, nor does

allocation to roots in briefly saturated soil improve water

relations, thereby justifying the high LMF, short stature

and low RMF of colonizers. Arguments from both per-

spectives suggest that the slow-turnover, high efficiency

beneficiary strategies and high-turnover, low-efficiency

colonizer strategies are beneficial in their respective

microenvironments.

Trait patterns related to resource turnover and effi-

ciency may be largely explained by variation in seed size,

RGRmax and short-term drought survival. The compara-

tively larger seeds of beneficiaries could be related to

differences in energy reserve requirements, dispersal pat-

terns and vectors, and maternal investment (Pianka 1970).

Greater seed reserves are advantageous in many low-light

environments (Westoby et al. 1996), and larger seeds are

often associated with deeper tap-roots, leading to greater

long-term water access (Guerrero-Campo and Fitter 2001).

In contrast, production of many small seeds may increase

the odds of at least some colonizers becoming established

in sufficiently wet conditions (Wright and Westoby 1999;

Moles et al. 2004). High RGRmax is critical under these

circumstances, permitting seedlings to acquire sufficient

carbon before going dormant (a phenological characteris-

tic common to all of the colonizer species in this study)

during subsequent inter-pulse periods. The patterns of

RGRmax and seed size provide functional support for the

assertion that effective soil moisture pulses are more fre-

quent but of smaller size and duration in open microsites,

whereas soil moisture is more persistent (but often limit-

ing) beneath canopies at an intra-annual scale (Huxman

et al. 2004).

When viewed as a whole, the above trait relationships

suggest that colonizers and beneficiaries may not only be

well-suited to their observed regeneration niche, but also

maladapted to the other. Light-demanding colonizer spe-

cies may not be able maintain a positive carbon balance in

the low-light environment beneath shrub canopies,

although the semi-substitutable nature of light and water

can result in a shift toward facilitation in wet years

(Butterfield et al. 2010). In contrast, beneficiaries may be

excluded from the open for two primary reasons. First,

many beneficiaries require protection from herbivory

(McAuliffe 1984, 1986), likely due to the high costs

incurred by losing large, expensive leaves that cannot be

quickly replaced. In a similar vein, while beneficiaries had

greater short-term drought survival, this is most likely

linked to seed reserves. Once these reserves are exhausted,

the dense tissues and belowground allocation of resources

exhibited by beneficiaries may result in negligible photo-

synthesis during extended dry periods in the field, coupled

with the inability to fix sufficient carbon during brief wet

periods in the open. Thus, short-term drought survival on a

per-individual basis may not be directly relatable to

establishment at the population level.

Colonizers and beneficiaries maintained their general

strategies of opportunism and conservatism through

ontogeny. The only mature axis not correlated with the

regeneration niche was PCM1, with high scores indicating

high %N, SA, MD and low LDMC, all of which are asso-

ciated with high potential photosynthetic rates. The term

‘‘potential’’ refers to the role of water availability in

determining how often, how long, and to what extent

maximum photosynthetic rates are approached (Reynolds

et al. 1999; Housman et al. 2006). Traits associated with

PCM2 likely indirectly regulate photosynthetic rate by

determining leaf water potential. Species that were bene-

ficiaries tended to have high scores on PCM2 indicating

high LMA and large plant size, with the loadings of SA and

MD likely related to selection on LMA. Larger desert plants

tend to have deeper root systems (Schenk and Jackson

2002), permitting more persistent use of deep soil moisture.

High LMA may support this persistent water uptake via a

more negative wilting point while simultaneously mini-

mizing diffusive water loss (Poorter et al. 2009). However,

high LMA may come at a cost to maximum photosynthetic

rate through reduced internal CO2 diffusion (Niinemets

1999). Smaller, more shallow-rooted species generally
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experience more pulsed soil moisture conditions (Schwin-

ning and Ehleringer 2001), making cheap, leaky, low-LMA

leaves viable during wet periods. Contrasting selection

pressures on water conservation and carbon acquisition

may explain why WUE is relatively independent of the

other traits measured: a similar WUE may be attained by

either minimizing water loss or maximizing carbon gain,

with larger, higher LMA beneficiary species employing the

former strategy and smaller, lower LMA colonizer species

the latter. Beneficiaries did, however, maintain signifi-

cantly greater WUE than colonizers, suggesting some

coordination between WUE and unmeasured physiological

or functional traits. Interestingly, the range of functional

strategies employed by beneficiaries at maturity were more

diverse than those of colonizers, suggesting that ontoge-

netic drift or altered selection pressures influence devel-

opment despite correlations between the seedling and

mature principal components related to the regeneration

niche. Functional convergence through ontogeny might be

expected for colonizers, with initial differences among

seedlings of different species being reduced by strong

selection for a common growth form in open microsites. In

contrast, some beneficiaries experience a strong ontoge-

netic niche shift upon emerging above their nurse’s canopy

whereas others remain perpetually beneath the canopy.

This could lead to ontogenetic functional divergence

among beneficiary species. Colonizer convergence and/or

beneficiary divergence are hinted at by our results (Fig. 1a,

b). Alternatively, the greater age at reproductive maturity

and longer lifespan of beneficiaries may lead to greater

ontogenetic drift in the absence of any strong selection

differences (Coleman et al. 1994). In general, ontogenetic

shifts and phenotypic plasticity are two areas of future

research that may provide important insights into the form

and function of desert woody plants, as well as the causes

and consequences of facilitation.

The results of this study draw strong parallels to many

existing theories regarding plant functional strategies, but

with varying degrees of congruity. Traditionally, desert

perennials have been classified as stress-avoiders or stress-

tolerators (Noy-Meir 1973). This classification scheme

unfortunately does not define ‘‘stress’’ well, particularly

given the differences in the nature of resource and envi-

ronmental fluctuations in open versus sub-canopy micro-

sites. Similarly, ‘‘stress’’ is highly dependent upon a

species’ functional strategy as is clear from the inability of

many colonizers to establish beneath canopies despite

conditions being highly favorable for beneficiaries. Perhaps

most notably, r–K selection (MacArthur and Wilson 1967)

bears a resemblance to the functional strategies and mi-

crosite successional dynamics of colonizers and benefi-

ciaries (as does the similar R–S axis of CSR theory (Grime

1977)). While the functional analogy is accurate, the

community dynamics generated by these strategies in

deserts differ from the successional paradigm in which r–K

selection theory was developed. Establishment of colo-

nizers in deserts is dependent upon temporal windows of

opportunity during wet periods (Butterfield et al. 2010),

with the availability of resources that make establishment

possible regulated by exogenous supply rates (precipita-

tion), rather than resources being freed up by removal of

K-selected species (Goldberg and Novoplansky 1997).

Second, replacement of colonizers by beneficiaries via

facilitation is not a function of differences in intrinsic

growth rates and competitive exclusion, as with r- and

K-selection dynamics (Pianka 1970), but by alteration of

the local environment (see Connell and Slatyer 1977 for

definitions of successional mechanisms). Third, a self-

replicating beneficiary vegetation state does not exist in

deserts, likely due to direct and indirect negative effects of

mature plants on conspecific establishment (McAuliffe

1990; Miriti 2006). This results in individual microsites

cycling through semi-independent dynamics of coloniza-

tion, replacement, and abandonment (McAuliffe 1988).

While r–K selection theory clearly does not address the

intricacies of desert plant communities, these comparative

differences between arid and more mesic ecosystems

provide important insights into shifts in the structure and

dynamics of plant communities across broad gradients in

precipitation and productivity.

The functional causes and consequences of facilitation

are just beginning to be studied, and should be critically

compared to existing theories that do not explicitly con-

sider positive interactions. Similarly, no single framework

for studying the functional ecology of facilitation is likely

to be sufficient. Facilitation occurs in many different bio-

mes and ecosystems, with likely variation in the qualitative

differences between open and sub-canopy microsites, as

well as the traits that are most relevant to plant fitness in

these contrasting microenvironments. Clearly more

research is needed to determine the relationships between

facilitation and functional strategies, however general

concepts such as tradeoffs between resource turnover and

efficiency should be used to make meaningful comparisons

across biomes and taxa.
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