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Abstract

Around the world, the human-induced collapses of populations and species have triggered a sixth mass extinction crisis,
with rare species often being the first to disappear. Although the role of species diversity in the maintenance of ecosystem
processes has been widely investigated, the role of rare species remains controversial. A critical issue is whether common
species insure against the loss of functions supported by rare species. This issue is even more critical in species-rich
ecosystems where high functional redundancy among species is likely and where it is thus often assumed that ecosystem
functioning is buffered against species loss. Here, using extensive datasets of species occurrences and functional traits from
three highly diverse ecosystems (846 coral reef fishes, 2,979 alpine plants, and 662 tropical trees), we demonstrate that the
most distinct combinations of traits are supported predominantly by rare species both in terms of local abundance and
regional occupancy. Moreover, species that have low functional redundancy and are likely to support the most vulnerable
functions, with no other species carrying similar combinations of traits, are rarer than expected by chance in all three
ecosystems. For instance, 63% and 98% of fish species that are likely to support highly vulnerable functions in coral reef
ecosystems are locally and regionally rare, respectively. For alpine plants, 32% and 89% of such species are locally and
regionally rare, respectively. Remarkably, 47% of fish species and 55% of tropical tree species that are likely to support
highly vulnerable functions have only one individual per sample on average. Our results emphasize the importance of rare
species conservation, even in highly diverse ecosystems, which are thought to exhibit high functional redundancy. Rare
species offer more than aesthetic, cultural, or taxonomic diversity value; they disproportionately increase the potential
breadth of functions provided by ecosystems across spatial scales. As such, they are likely to insure against future
uncertainty arising from climate change and the ever-increasing anthropogenic pressures on ecosystems. Our results call for
a more detailed understanding of the role of rarity and functional vulnerability in ecosystem functioning.
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Introduction

The vast majority of species are rare—that is, comprising few

individuals—and often have restricted geographic distributions

[1]. Although several forms of rarity have been defined with

respect to the trajectories by which species become extinct [2,3],

rare species are all seen as highly vulnerable to overexploitation

[4], habitat loss [5], competitive interactions with exotic species

[6], and climate change [7]. Rare species have thus received

important consideration from conservation biologists because their

extirpation contributes disproportionately to the ongoing sixth

extinction crisis [8]. This biotic impoverishment may, in turn, alter

the biogeochemical and dynamic properties of ecosystems [9].

Beyond aesthetic, cultural, and moral arguments, the maintenance

of ecosystem functioning has thus become a powerful justification

to limit biodiversity erosion [10]. Indeed, most key ecosystem

processes, such as organic matter degradation, bioturbation,

bioerosion, and productivity, are threatened by the loss of
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functions performed by particular species [11,12,13], some of

which may be rare.

It has long been assumed that the loss of rare species will have a

limited impact on ecosystem functioning at short terms and local

scales, given their low abundance within communities [14].

However, this hypothesis has been challenged because the loss of

rare species can affect local ecosystem processes [15,16] and rare

species can contribute significantly to long-term and large-scale

ecosystem functioning [17], eventually providing ecological

insurance in variable environments where species abundances

vary in time [18]. Indeed, rare species may perform functions

complementary to those delivered by other, even closely related,

species as a result of their distinct functional traits [19]. In turn,

those rare species may increase the functional diversity of local

communities [20], sustain ecosystem functioning [21], and provide

functional traits able to support the main ecosystem processes

under future environmental conditions [18].

Ecosystems depend on the maintenance of multiple processes

[13] across space and time under environmental-change scenarios

[22]. This requires species with complementary functions [23];

however, current knowledge is still far from being able to assess the

roles played by individual species, especially in highly diverse

regions where data are lacking even for common species. Rather,

current practice is to assess the ecological role of species indirectly

via their functional traits. Here, we assume that species with

distinct combinations of functional traits are more likely to support

functions that cannot be delivered by species with more-common

traits. This assumption is based on experiments showing that

species with traits that are not present in others (thus minimizing

functional redundancy) regulate ecosystem processes [24], and that

trait dissimilarity within species communities, favored by the

presence of species with distinct trait combinations, increases

ecological process rates [21,25]. A modeling study further showed

that the covariance between species extinction risks and their

functional traits mediates bioturbation, with species possessing the

most distinct traits having the highest impact [12]. In practice, this

assumption needs to consider multiple functional traits to embrace

the range of potential roles that species may play [26]. In this

respect, some species play unique roles in the ecosystem according

to the distinctiveness of their functional traits relative to the rest of

the species pool [27]. The loss of species with such distinctive traits

may thus affect ecosystem functioning [12], especially when

multiple functions are considered [21]. Conversely, functional

redundancy, where different species sustain similar functions, may

insure against the loss of ecosystem functioning following

biodiversity erosion [28,29]. It is therefore critical to know the

degree to which rare species share combinations of functional

traits with common species.

In the best-case scenario, common species would share

combinations of functional traits with rare species, thereby

maintaining ecosystem functioning despite the loss of rare species.

The protection of common species would thus become the

primary focus for the maintenance of ecosystem processes [30]. In

the worst-case scenario, rare species would have functional traits

markedly distinct from those of common species; hence the

functions they support would be vulnerable to extinction.

Vulnerable functions are, therefore, defined by having low

insurance—that is, there are few species and few individuals with

similar combinations of traits that provide this particular function.

In this case, the loss of rare species would have greater ecosystem

impacts than expected simply as a result of numerical species loss.

The conservation of rare species would thus be a priority for the

maintenance of ecosystem functioning, beyond the classic moti-

vations of preserving the diversity of life and the precautionary

principle [31]. This issue is even more critical in species-rich

ecosystems where high functional redundancy among species is

likely [32,33] and where it is thus often assumed that ecosystem

functioning is buffered against species loss.

Recent studies that investigated the contribution of rare species

to functional diversity reached inconsistent conclusions, but were

restricted to local samples of a limited number of species [20,34–

36]. The question of whether species with unusual combinations of

functional traits, which are likely to support vulnerable ecological

functions, are overwhelmingly rare is still unresolved in species-

rich regional assemblages and at large scales. An extensive body of

literature has looked at why some species are specialists and

searched for suites of traits underpinning the link between rarity

and specialization [37]. In our study, we adopted an alternative

approach by focusing on whether distinct trait combinations,

which could be irreplaceable, were likely to be supported by rare

species. Using extensive datasets of species local abundances,

regional occurrences, and functional traits from three highly

diverse ecosystems (846 coral reef fishes, 2,979 alpine plants, and

662 tropical trees), we demonstrate that highly distinct combina-

tions of traits are supported predominantly by rare species both at

the local and regional scales. Moreover, we show that the species

that are likely to support the most vulnerable functions—that is,

those that might be supported by poorly insured functional trait

values—are rarer than expected by chance in all three ecosystems,

again at both local and regional scales.

Results

For each of the three datasets we estimated two complementary

aspects of rarity: (i) local abundance as the abundance in

communities where the species was found and (ii) regional

occupancy as the proportion of communities in which the species

was recorded. For simplicity, we use ‘‘common’’ as the antithesis of

‘‘rare’’ regardless of the scale considered. Rarity is a continuous

Author Summary

In ecological systems most species are rare—that is,
represented by only a few individuals or restricted to
particular habitats—and are vulnerable to being lost. Yet
the ecological consequences of such biodiversity loss are
often overlooked and remain controversial. In the best-
case scenario, the functions that these rare species provide
to their ecosystems might be insured by more common
species, which share combinations of functional traits with
the rare species, thereby helping to maintain ecosystem
functioning despite rare species loss. In the worst-case
scenario, rare species would have functional traits that are
distinct from those of common species; thus, the functions
they support would also be vulnerable to extinction. We
examined three highly diverse ecosystems (coral reefs,
alpine meadows, and tropical forests) and addressed
whether common species would insure against the loss
of functions carried by rare species. We demonstrate that
highly distinct combinations of traits are supported
predominantly by rare species. It is thus not only the
quantity but also the quality of biodiversity that matters.
Thus, our findings highlight that we need to change how
we think about biodiversity in general, and about
conservation strategies in particular, by moving beyond
the protection of biodiversity per se and beyond focusing
on iconic, charismatic, or phylogenetically distinct species,
to protecting species that support irreplaceable functional
roles and associated services.

Rare Species Support Vulnerable Functions
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measure, so we defined two thresholds to classify species. At a local

scale, we defined ‘‘rare’’ species as those with a local abundance

(number of individuals for fish and trees, surface cover for plants)

less than 5% of the most abundant species, whereas the ‘‘rarest’’

species were those represented by a single individual (for fish and

trees) or less than 1% of most abundant species (for plants). At the

regional scale, we defined ‘‘rare’’ and ‘‘rarest’’ species as those

having less than 5% of the occupancy of the most common species

in the dataset, and as those having only one occurrence,

respectively. We estimated the functional distinctiveness of each

species using its functional distance from the rest of the species

pool based on multiple traits. We then regressed functional

distinctiveness against regional occupancy, both being measured

on a standardized scale to allow comparisons among ecosystems.

Functional distinctiveness was negatively and significantly

related to commonness, whether estimated as local abundance

or regional occupancy (Figure 1). Reef fishes and tropical trees

show a consistently triangular relationship: the most unusual

combinations of functional traits—that is, those with high

functional distinctiveness—were invariably supported by rare

species, whereas species with low functional distinctiveness were

either common or rare. For alpine plants, the slopes of the 95th

and 99th quantile regressions were not significant at both scales,

but the two species with the highest functional distinctiveness

values (Saxifraga mutata and Rosa sempervirens) were rare at local and

regional scales. Across all three ecosystems, the most functionally

distinct species (having a functional distinctiveness value higher

than that predicted by the 99th quantile regression) all had a

Figure 1. Functional distinctiveness as a function of commonness. Species commonness is measured at the local scale as the mean
abundance over all the samples where the species is present and expressed as a percentage of the maximum observed value, and at the regional
scale, it is measured as the number of occurrences over all the samples and expressed as a percentage of the maximum observed value. Functional
distinctiveness, expressed as a proportion of the maximum observed value, quantifies the uniqueness of species biological traits from the rest of the
pool in the ecosystem. Solid lines represent ordinary least square regressions, whereas dashed and dotted lines represent 95th and 99th quantile
regressions, respectively. Shaded areas indicate the 95% confidence intervals for each relationship. All variables are standardized to allow
comparisons among ecosystems and spatial scales. ns p.0.05, * p#0.05, ** p#0.01, *** p#0.001.
doi:10.1371/journal.pbio.1001569.g001
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regional occupancy less than 50% of the maximum value and most

of them were rare (Figure 1).

We then estimated the potential vulnerability of the functions

supported by each species. Vulnerability is inversely related to the

extent of insurance provided by functionally similar common

species. If a species shares a similar combination of traits with

common species, it is more likely to support functions with a high

insurance and low vulnerability to extinction. Vulnerability is

therefore estimated based on the commonness of species that share

similar combinations of traits. At both scales, in all three

ecosystems, functional vulnerability significantly decreased with

commonness, resulting in concordant triangular relationships

(Figure 2). The most vulnerable functions, those that might be

supported by poorly insured combinations of functional traits,

were mainly supported by rare species, whereas common species

never supported highly vulnerable functions.

The association of rarity and functional vulnerability could

result from a sampling effect, given the many rare species in our

datasets. Therefore, we tested whether the rare or rarest species, at

two different scales, were over- or underrepresented in different

levels of functional vulnerability. We compared the observed

percentages of rare and rarest species for different levels of

functional vulnerability with those expected if rarity and functional

vulnerability were independent. At the local scale (Figure 3A), the

rarest species (only one individual by sample) were significantly

overrepresented among reef fishes (47% against 12.5% expected)

and tropical trees (54% against 36% expected) that are the most

likely to support highly vulnerable functions (top 5%). Rarest

species were consistently and significantly underrepresented

among species supporting the least vulnerable functions (last

50%) in all three ecosystems. Rare species (less than 5% of local

abundance) also contributed more than expected to the pool of

Figure 2. Functional vulnerability as a function of commonness. Species commonness is measured as in Figure 1. Functional vulnerability,
scaled between 0 and 1, quantifies the lack of functional insurance provided by the rest of the pool to the focal species in terms of functional traits
and regional occupancy. Solid lines represent ordinary least square regressions, whereas dashed and dotted lines represent 95th and 99th quantile
regressions, respectively. Shaded areas indicate the 95% confidence intervals for each relationship. ns p.0.05, * p#0.05, ** p#0.01, *** p#0.001.
doi:10.1371/journal.pbio.1001569.g002
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species supporting highly and moderately vulnerable functions

whatever the ecosystem, reaching a value up to 80% for tropical

trees. At a regional scale (Figure 3B), in all three ecosystems, the

rarest species were significantly overrepresented among those most

likely to support highly vulnerable functions (top 5%) and

underrepresented among species supporting the least vulnerable

functions (last 50%). Rare species were even more overrepresented

among those supporting highly vulnerable functions, whereas they

were consistently underrepresented among those supporting the

least vulnerable functions. For instance, 98% of fish species that

were likely to support highly vulnerable functions in coral reef

ecosystems were rare. This percentage was 89% and 52% for

alpine plants and tropical trees, respectively.

The overrepresentation of rare and rarest species among those

that support highly and moderately vulnerable functions could

potentially result from the inclusion in our datasets of species from

neighboring biogeographic regions. One would expect such

‘‘marginal’’ species to have combinations of traits adapted to

other ecosystems, and to colonize only the edges of the studied

ecosystems. If these ‘‘marginal’’ species were generating the

observed rarity–vulnerability relationships (Figure 3), then we

would predict that the species supporting highly and moderately

vulnerable functions would occur farther from the geographic

center of each ecosystem than would randomly chosen species.

After calculating the marginality of each species, we performed

randomization tests. They show that species supporting highly and

Figure 3. Percentage of rare and rarest species for different levels of functional vulnerability. The functional vulnerability index is scaled
(0–1) and was divided into four categories from high to least. Locally rare species are those with a mean abundance value over the samples where
present less than 5% of the maximum local abundance value and rarest species are those with only one individual by sample where present on
average. Regionally rare species are those with less than 5% of the maximum regional occupancy value and rarest species are those with only one
occurrence over all the samples. For each level of vulnerability, we obtained the confidence interval at 90% by randomization and we tested whether
the observed percentage of rare and rarest species is higher (red star) or lower (blue star) than expected by chance, otherwise black circle. The vertical
grey line is the median obtained at random. Sample sizes are provided in Table S1.
doi:10.1371/journal.pbio.1001569.g003
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moderately vulnerable functions were no more marginal than

expected by chance (Figure S1). This result refutes the hypothesis

that the most vulnerable functions were mainly supported by rare

but geographically marginal species.

Discussion

The link between species rarity and functional vulnerability is

critical to understand the implications of biodiversity erosion for

the decline of ecosystem functioning. Our study tackles this issue

using three species-rich ecosystems at two different scales and

offers a clear result: the combinations of traits with the highest

distinctiveness values are all supported by rare species (Figure 1).

We also assessed to what extent some ‘‘functional insurance’’

against the loss of rare species would be provided by regionally

common species sharing similar combinations of traits. Since the

relationships are triangular (Figure 2) we do not suggest that all

rare species support distinct and vulnerable functions; indeed,

most rare species probably support common and redundant

functions. However, our results unambiguously show that rare

species, those that have low local abundance and are regionally

sparse, consistently carry the least-redundant combinations of

traits.

If the distinctiveness of species-trait combinations does indeed

map to distinct ecological functions, then such functions are likely

to be the most vulnerable, given the ongoing threats to the rare

species that sustain them [6]. This may be particularly important

in areas with intense human impacts [5,38]. We therefore suggest

that the conservation of rare species offers more than taxonomic,

aesthetic, cultural, or ethical value and must be also considered, in

the addition to that of common species, when planning for the

long-term maintenance of ecosystem functioning. For instance,

some coral reefs can maintain processes and deliver services with a

fraction of the species seen on reefs elsewhere [29,39], but our

results indicate that rare species may be functionally important

and cannot be discounted. Indeed, our remarkably consistent

results across scales highlight that, beyond protecting species with

a low area of occupancy at a regional scale, it would be equally

important to protect species that are locally rare, since they tend to

support the more vulnerable functions and increase the level of

functional diversity within communities, which in turn sustains

local ecosystem processes [21,40]. This latter argument is in

agreement with a recent study showing that, using a global survey

of reef fish assemblages, ecosystem functioning (as measured by

standing biomass) scales in a non-saturating manner with

biodiversity (measured either as species richness or functional

diversity using the same fish traits as in our study) [41]. This

precautionary principle applies in highly diverse ecosystems,

characterized by high functional redundancy among species

[32,33], and even more so in lower diversity ecosystems where

the potential for functional redundancy is limited [42,43].

The functional importance of species carrying the most

vulnerable combinations of traits is underlined by a closer

examination of some of their roles in each ecosystem. On coral

reefs, for example, the giant moray eel (Gymnothorax javanicus),

ranked with the fifth-highest functional vulnerability value, is a

large sedentary nocturnal benthic predator with few potential

challengers to this role (Figure 4A). Likewise, the batfish (Platax

pinnatus), supporting the 20th most vulnerable function, was

recently identified as a key species in reef regeneration following

a phase-shift to macroalgae—a role that many common herbiv-

orous species were unable to play [44]. For plants, some

functionally distinct rare species might seem unimportant at first

glance but can have critical roles. For instance, the Pyramidal

Saxifrage (Saxifraga cotyledon), a spectacular plant inhabiting cliffs

(Figure 4C), occupies the 3rd rank for functional vulnerability. It

has thick and dense leaves with long life span, indicative of slow

plant growth and an adaptation to highly stressful environments

[19]. S. cotyledon also possesses exceptionally long flowering stems,

which makes it easy to detect and provides a locally important

resource for pollinators in those species-poor habitats. Cytisus

polytrichus, ranked 5th for functional vulnerability, is one of the few

myrmechorous species in the region (i.e., dispersed by ants) and

thus likely to be a principal resource for ant species. Among

tropical trees, Pouteria maxima (Sapotaceae), which has the highest

functional vulnerability value, is a recently described species

known only from three collections in eastern French Guiana

(Figure 4E). This tree grows to more than 40 m in height and at

least 75 cm in diameter, with buttresses rising to 8 m in height. Its

functional distinctiveness hinges on its very thick, dense leaves

coupled with very thick plate-like bark and low-density wood.

These traits provide it with the potential for exceptional resilience

to the increasing frequency and intensity of fires that are likely to

occur in the region [45], making the species an important potential

buffer maintaining both forest structure and functioning during

global climate change.

Our results thus call for new approaches that will specifically

address the role of rarity and functional vulnerability in ecosystem

functioning with, for example, experiments using species for which

we have information (abundance and traits) in controlled designs

where species richness and relative abundances would be kept

constant. An important step forward will be to scale up our results

from the one-trait one-function perspective to a more sophisticated

multifunctionality perspective [21], to disentangle the relative

contribution of rare and common species traits to complex

ecosystem properties. As a complementary investigation, and since

the species functional traits that determine ecosystem functioning

may also drive their extinction risk, the level of covariation across

species between the susceptibility to decline and the contribution

to ecosystem functioning needs to be known [12,46]. The loss of

vulnerable functions, those that are overwhelmingly supported by

rare species, may also render communities and hence ecosystem

processes more unstable in the face of fluctuating environmental

stressors at longer time scales. For instance, the salinity stress may

change the hierarchy of successful functional traits in phytoplank-

ton communities and compensatory growth of rare species may

sustain primary productivity [18]. The conservation and restora-

tion of communities may thus need to maintain or re-establish

both dominant species that provide high levels of target functions

and rare species, which might provide additional key functions

under future conditions [47]. At a longer time scale, it remains

crucial to know whether observed macro-evolutionary patterns of

species functional traits would lead to niche filling and recovery of

functions that were lost following selective species extinctions [48].

In the end, it is the functional abilities of species that are critical

in maintaining ecosystems. Our results indicate that rare species

may deliver more unusual and important functions than their local

abundance or regional occupancy may suggest. We also show that

such species are not geographically marginal, highlighting their

potential importance to resilient ecosystem functioning particularly

given future environmental uncertainty. Thus, even in highly

diverse systems, we can no longer assume that rare species can be

discounted by the high probability of functional redundancy. In

these high-diversity systems, rare species may be as important as

their more common counterparts.

Rare Species Support Vulnerable Functions
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Figure 4. Species supporting some of the most vulnerable functions on coral reefs, in alpine meadows, and in rain forests. (A) The
giant moray eel (Gymnothorax javanicus (Muraenidae)), the largest of the moray eels, hunts by night within the labyrinth of the coral reef (B). (C)
Saxifraga cotyledon (Saxifragaceae) is a low-growing, rare evergreen perennial plant, with long flowering stems that make it an important resource for
pollinators on species-poor siliceous alpine cliffs (D). (E) Pouteria maxima (Sapotaceae), a rain forest tree with thick, coriaceous leaves and a wide
buttressed trunk with thick bark, which may buffer the impacts of drought and fire predicted to occur more frequently for tropical forests (F). Photo
credits: (A) M.J. Kramer, (B) J.P. Krajewski, (C) J.P. Dalmas, (D) W. Thuiller, (E, F) C.E.T. Paine.
doi:10.1371/journal.pbio.1001569.g004
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Materials and Methods

Datasets
Reef fishes. Reef fish were sampled along 50 m underwater

visual transects using a distance sampling method [49]. Transects

were laid on reefs in less than 15 m depths. All individuals greater

than 4 cm in length were identified at the species level and counted.

Transects were conducted in four regions of the South Pacific, with

1,485 transects in New Caledonia, 170 in Fiji, 205 in Tonga, and

590 in French Polynesia. A total of 1,390,000 fish individuals and

846 species were recorded. The regional occupancy of each species

was estimated as the number of occurrences across the transects

taking into account the unequal contribution of each region. The

local abundance of each species was estimated as the mean number

of individuals counted across the transects where that species was

present. We eliminated 213 species for which we had no confidence

on abundance estimation (e.g., cryptic, schooling, or synonymy)

leaving a pool of 633 fish species.

Information on six life-history traits was extracted for each

species (Text S1).

Alpine plants. Occurrence data for the alpine plants were

compiled from the National Alpine Botanical Conservatory

(CBNA) [50]. This dataset contains approximately two million

spatially localized single occurrences (i.e., presence-only data and

presence-absence relevés) recorded from 1980 to 2009. To

homogenize the sampling—that is, to take into account the

unequal density of samples—we aggregated the relevés into a

2506250 m grid resolution. As soon as a species was recorded at

least once within each grid-cell, the grid-cell was given a presence

of that species. The botanists of the CBNA carefully checked final

maps. Regional occupancy was then estimated by summing the

number of grid-cells in which the species was present for 2,979

species.

To estimate local abundance, we used a database of vegetation

surveys provided by the CBNA, including 8,160 community-plots

sampled in natural or seminatural areas from 1980 to 2009 and

with a total of 2,535 plant species. Plot size information was not

systematically available but was approximately 10610 m. Within

each community-plot, species abundances were recorded using a

cover scheme with six classes (1, less than 1%; 2, from 1% to 5%;

3, from 5% to 25%; 4, from 25% to 50%; 5, from 50% to 75%; 6,

up to 75%). Species abundance classes were converted to

abundances using the mean percentages of the classes (0.5%,

3%, 15%, 37.5%, 62.5%, and 87.5%). We then calculated the

local abundance of each species by extracting the maximum

species’ abundance over the plots as a measure of rarity—that is,

the maximum cover the species can reach locally. The mean

abundance over the plots was not retained since abundance values

were not homogeneously distributed between 0% and 100% and

were better interpreted as thresholds.

Ten traits were selected from the Androsace database, a

functional trait database for the French Alpine Flora composed

mainly from own measurements (Text S1).

Tropical trees. For the tropical tree dataset, field sampling

for functional traits was conducted in 2007 and 2008 at nine one-

hectare plots representing a gradient of precipitation and

geological substrates across lowland tropical forests in French

Guiana. In each plot, all trees .10 cm diameter at 1.3 m height

(dbh) were mapped and measured for height and dbh. Each tree

was climbed to obtain a branch for leaf and twig samples.

Herbarium vouchers were collected for every single stem to verify

botanical identifications, with consultation of taxonomic specialists

when necessary. These taxa represented a total of 662 species, 217

genera, and 56 families (sensu Angiosperm Phylogeny Group III).

To obtain a measure of regional occupancy for the species

collected in French Guiana, we considered a larger biogeograph-

ical area, in which we assessed the frequency of occurrence of our

censused species. Within the Guiana granitic shield, three

countries cover much of the territory that does not include the

Amazon and Orinoco watersheds: Guyana, Surinam, and French

Guiana. These countries span a total area of 461,000 km2, and the

floristic taxonomy has been standardized carefully through an

international effort [51]. We used a compilation based on the

records available in the Global Biodiversity Information Facility

(GBIF) for which we were able to confirm taxonomic determina-

tions in regional herbaria. To the primary list we added over

10,000 records from our own collections of these species in our

plots. Overall our dataset included 32,491 geo-referenced collec-

tions for the 662 species included in the analysis. We recorded the

occurrence (presence-absence) of each of these taxa in 478

0.25u60.25u grid cells.

To obtain a measure of local abundance, we used a regional

dataset made of permanent plots throughout French Guiana, for

which taxonomic determinations have been standardized using the

Cayenne regional herbarium of IRD (CAY). These datasets

represent more than 44,000 trees observed across 76 ha of forest.

From these data, we estimated the average relative abundance of

each species as the mean density per hectare across all permanent

plots in the sample in which that species was observed. For the

abundance measures, we excluded three morphospecies for which

we were not confident of taxonomic synonymy, leaving a total of

659 species. The mean number of plots was 66 (minimum, 1;

maximum, 497 for Eperua falcata). The mean number of

occurrences was of 25 (minimum, 1; maximum, 116, Tapiria

guianensis). The size of the plots included in the abundance analysis

was typically of 1 ha, but a few (e.g., at the Paracou station) were

larger in size (6.25 ha).

For each tree, 14 leaf and trunk functional traits were measured

(Text S1) representing leaf and wood economics [52]. We

computed the mean trait value for each of the 662 free-standing

species in the dataset.

Rarity Estimation
Rarity can be considered at different spatial scales with several

metrics being used depending on the species’ geographic range

size, habitat specificity, and local abundance [3]. Although these

three components tend to be correlated across species [53], a joint

consideration aids in depicting the scales of a species’ extinction

risk. For instance, species well adapted to a particular habitat may

be regionally rare but abundant in appropriate habitat [50,54].

Considering a range of spatial scales allows evaluation of a range

of cases in which climate change, harvesting, or habitat

degradation may threaten species [1]. Accordingly, we defined

two categories of rarity (rare and rarest species) using thresholds

and two scales (regional occupancy and local abundance). For the

three datasets, regional rare species were defined as those with a

regional occupancy of less than 5% of the maximum observed

value across the species pool, while the regional rarest species were

those with only one occurrence. For reef fish and tropical trees, the

local rarest species were defined as those with an average of one

individual by sample where present, while for alpine plants the

rarest threshold was set at less than 1% of the maximum observed

cover (88%), thus at 0.88%. The locally rare species were defined

as those with less than 5% of the maximum observed local

abundance—that is, those with less than 1.5 individuals by

transect for reef fish (using a log scale due to the large magnitude

in observed values), less than 4.4% maximum cover for alpine

plants, and less than 2.4 individuals by plot for tropical trees.

Rare Species Support Vulnerable Functions
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Geographic Marginality Estimation
For the three datasets, we estimated species’ geographic

marginality. For reef fish and tropical trees, the marginality value

was calculated as the mean distance from samples where the

species occurred to the barycenter of the ecosystem—that is, the

geographic center of all the samples. However, this method cannot

be applied when the area has an irregular and concave shape since

species can be close to the barycenter, thus having a low

marginality value, while sampled on the edge. This was the case

for the alpine geographic domain. As an alternative, we considered

the mean distance from samples where the species occurred to the

closest edge of the domain as a measure of geographic marginality.

To compare geographic marginality values across ecosystems,

those values were standardized by dividing species values by the

maximum value observed across species from each ecosystem.

Functional Indices
Functional distinctiveness. Many distinctiveness measures

have been developed recently [55], most of them being designed

within a phylogenetic perspective and based on trees linking

species. So, as a first step, we used the functional traits to estimate

a Gower distance matrix between all species pairs [56,57]. Then

we built the most reliable functional dendrogram linking all species

in a functional space [58]—that is, the dendrogram that provides

the least distortion between original distances between species

pairs and the ultrametric distances on the tree where species are

clustered according to their biological traits.

We adapted the Evolutionary Distinctiveness index [59,60],

which measures species’ relative contributions to phylogenetic

diversity, for use within a functional context. First, for each branch

of the functional dendrogram, we estimated a value equal to its

length divided by the number of species subtending the branch.

The functional distinctiveness of a species is simply the sum of

these values for all branches from which the species is descended,

to the root of the functional dendrogram.

The estimation of functional distinctiveness was achieved using

the R package ‘‘ade4’’ and function originality. We tested other

functional distinctiveness indices (QE and Equal-split index) using

this originality function, and they were all highly correlated (.0.8).

The distribution of functional distinctiveness values for each

ecosystem is shown in Figure S2.

Functional insurance and vulnerability. The insurance

value of the function performed by each species i (IVi) was

estimated by taking into account the occurrences of the 1% (other

thresholds were used with no effect on the results) nearest

functional neighbors j in the focal assemblage and the functional

distances to these neighbor species:

IVi~
XN

j~1

Oj|e({dij ),

where Oj is the number of occurrences of neighbor species j and dij

is the functional distance between species i and j. IVi is maximized

when species i has nearest neighbors that are functionally

redundant (dij = 0) and common. IVi decreases when either the

functional nearest neighbors are distant from the focal species—

that is, decreasing redundancy for that function (dij increases)—or

when the functional nearest neighbors have low numbers of

occurrences. The exponential was used to avoid high weights from

far species with high abundances in the estimation of insurance.

We make the assumption that redundancy is mainly carried by the

closest neighbors in the functional space. Since the abundance of

the focal species is not taken into account in IVi calculation, there

is no bias or circularity—that is, common species are not expected

to have more insurance than rare species.

We introduced a new index of functional vulnerability (FV) that

is inversely proportional to insurance, standardized between 0 and

1 and weakly influenced by the high magnitude of insurance values

obtained among species. FVi was calculated as:

FVi~
log max IVð Þ{min IVð Þz1ð Þ{log IVi{ min IVð Þz1ð Þ

log max IVð Þ{min IVð Þz1ð Þ ,

where max(IV) and min(IV) are the maximum and minimum

functional insurance value across the pool of species, respectively.

FVi increases when the functional insurance decreases with a

maximum of 1 when IVi = min(IV) and a minimum of 0 when

IVi = max(IV).The distribution of functional vulnerability values for

each ecosystem is shown in Figure S2.

We used the R package ‘‘FNN’’ to identify the 1% nearest

neighbors from the Gower distance matrix.

Statistical Analyses
The relationship between the commonness of species over the

region and their functional distinctiveness—that is, how different a

species is from the other species in the assemblage in terms of

ecologically significant functional traits—is triangular, with a weak

relationship between the means of the two variables, and the

variance of the response variable changes with values of the

independent variable in all three ecosystems. Since conventional

regression-correlation analyses are inappropriate for testing such

relationships, we performed, in addition to classical ordinary least

square regressions, quantile regressions (95th and 99th quantiles)

that are able to detect constraints of an independent variable on

the upper limit of a response variable while assuming a linear

relationship between the maximum possible value of a response

variable along the gradient of the independent variable [61].

We used the rq function from the quantreg package to build

quantile regressions. Confidence intervals for each quantile

regression were obtained using a kernel estimate implemented in

the function summary.

To test whether rare and rarest species were disproportionately

represented along the gradient in functional vulnerability, we

classified species by their degree of functional vulnerability (High,

[0–0.05]; Moderate, [0.05–0.25]; Low, [0.25–0.5]; Least, [0.5–1]).

We chose this irregular binning to focus on species supporting the

most vulnerable functions—that is, those of primary conservation

concern—in the same vein as the classification of biodiversity

hotspots focuses on the top 5% regions. Then we implemented a

geometric series (0.25, 0.5, and 1) to define the other thresholds in

order to discriminate species with a moderate degree of functional

vulnerability—that is, those with a medium conservation con-

cern—from the others—that is, with a low or very low

conservation concern, without inflating the number of categories.

For each level, we observed the percentage of rare and rarest

species. We then randomized species among functional vulnera-

bility levels (without replacement) to test whether the observed

percentages were greater or less than expected using unilateral

thresholds (5% and 95%) given the patterns observed in Figure 1.

To test whether the level of species geographic marginality was

similar among functional vulnerability levels as previously defined,

we first calculated the observed mean species marginality by level.

We then used a first null model where marginality values were

randomly distributed among all species to test whether the

observed means were greater or less than expected by chance

using unilateral thresholds (5% and 95%) given the patterns

observed in Figure 3. Indeed, common species, which are
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underrepresented among species supporting highly and moder-

ately vulnerable functions, cannot have high marginality values as

present in many samples over the ecosystem, while rare species,

which are overrepresented in those functional vulnerability levels,

are more likely to be marginal. Since this test is highly conservative

and does not account for the distribution of commonness among

functional vulnerability levels, we implemented a second null

model where we removed common species (those with a

commonness value higher than the median) and where we

shuffled marginality values among uncommon species from

different functional vulnerability levels.

We provided the number of species in each category (rare,

rarest, functional vulnerability levels), for each ecosystem and for

each statistical test in Table S1.

Supporting Information

Figure S1 Mean species geographic marginality for different

levels of functional vulnerability. The functional vulnerability

index is scaled (0–1) and was divided into four categories from high

to least. For each level of vulnerability we obtained the confidence

interval at 90% (grey horizontal bar) by randomization and we

tested whether the mean species geographic marginality is higher

(red star) or lower (blue star) than expected by chance, otherwise

indicated by a black circle. The vertical grey line is the median

obtained at random. We used two null models: in the first one,

marginality values were shuffled among all species (upper panels),

while in the second one, we excluded the 50% most common

species (lower panels) before shuffling marginality values. Indeed

ubiquitous species cannot have high marginality values because

they occur in many samples over the ecosystem and thus bias the

results towards higher marginality values for functional vulnera-

bility levels with more rare species. The lower panel is thus the

better test of the hypothesis.

(TIF)

Figure S2 Distribution of functional distinctiveness and func-

tional vulnerability values for 846 coral reef fishes, 2,979 alpine

plants, and 662 tropical trees. Functional distinctiveness, expressed

as a proportion of the maximum observed value, quantifies the

uniqueness of species biological traits from the rest of the pool in

the ecosystem. Functional vulnerability, scaled between 0 and 1,

quantifies the lack of functional insurance provided by the rest of

the pool to the focal species in terms of functional traits and

regional occupancy.

(TIF)

Table S1 Number of species for each statistical analysis, each

scale, each dataset, and each functional vulnerability level if any.

(XLSX)

Text S1 List and details of functional traits for fish, plants, and

trees.

(DOC)

Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: D. Mouillot,

D.R. Bellwood, N. Mouquet, W. Thuiller, C. Baraloto. Performed the

experiments: C. Baraloto, J. Chave, R. Galzin, M. Harmelin-Vivien, M.

Kulbicki, S. Lavergne, S. Lavorel, C.E.T. Paine W. Thuiller. Analyzed the

data: D. Mouillot, D.R. Bellwood, C. Baraloto, J. Chave, M. Kulbicki, S.

Lavergne, C.E.T. Paine, J. Renaud, W. Thuiller. Contributed reagents/

materials/analysis tools: D. Mouillot, D.R. Bellwood, C. Baraloto, J.

Chave, M. Kulbicki, S. Lavergne, C.E.T. Paine, N. Mouquet, J. Renaud,

W. Thuiller. Wrote the paper: D. Mouillot, D.R. Bellwood, C. Baraloto, J.

Chave, M. Kulbicki, S. Lavergne, S. Lavorel, C.E.T. Paine, N. Mouquet,

W. Thuiller.

References

1. Gaston KJ (1994) Rarity. London: Chapman & Hall. 192 p.

2. Hartley S, Kunin WE (2003) Scale dependency of rarity, extinction risk, and

conservation priority. Conserv Biol 17: 1559–1570.

3. Rabinowitz D (1981) Seven forms of rarity. In: Synge H, editor. The biological

aspects of rare plant conservation. New York: Wiley.

4. Dulvy NK, Sadovy Y, Reynolds JD (2003) Extinction vulnerability in marine

populations. Fish Fish 4: 25–64.

5. Lavergne S, Thuiller W, Molina J, Debussche M (2005) Environmental and

human factors influencing rare plant local occurrence, extinction and

persistence: a 115-year study in the Mediterranean region. J Biogeogr 32:

799–811.

6. Jelks HL, Walsh SJ, Burkhead NM, Contreras-Balderas S, Diaz-Pardo E, et al.

(2008) Conservation status of imperiled North American freshwater and

diadromous fishes. Fisheries 33: 372–407.

7. Sekercioglu CH, Schneider SH, Fay JP, Loarie SR (2008) Climate change,

elevational range shifts, and bird extinctions. Conserv Biol 22: 140–150.

8. Van Calster H, Vandenberghe R, Ruysen M, Verheyen K, Hermy M, et al.

(2008) Unexpectedly high 20th century floristic losses in a rural landscape in

northern France. J Ecol 96: 927–936.

9. Naeem S, Duffy JE, Zavaleta E (2012) The functions of biological diversity in an

age of extinction. Science 336: 1401–1406.

10. Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, et al. (2001) Ecology -

biodiversity and ecosystem functioning: current knowledge and future

challenges. Science 294: 804–808.

11. Bellwood DR, Hoey AS, Hughes TP (2012) Human activity selectively impacts

the ecosystem roles of parrotfishes on coral reefs. Proc R Soc Lond B Biol Sci

279: 1621–1629.

12. Solan M, Cardinale BJ, Downing AL, Engelhardt KAM, Ruesink JL, et al.

(2004) Extinction and ecosystem function in the marine benthos. Science 306:

1177–1180.

13. Hector A, Bagchi R (2007) Biodiversity and ecosystem multifunctionality.

Nature 448: 188–U186.

14. Grime JP (1998) Benefits of plant diversity to ecosystems: immediate, filter and

founder effects. J Ecol 86: 902–910.

15. Bracken MES, Low NHN (2012) Realistic losses of rare species disproportion-

ately impact higher trophic levels. Ecol Lett 15: 461–467.

16. Zavaleta ES, Hulvey KB (2004) Realistic species losses disproportionately reduce

grassland resistance to biological invaders. Science 306: 1175–1177.

17. Lyons KG, Brigham CA, Traut BH, Schwartz MW (2005) Rare species and

ecosystem functioning. Conserv Biol 19: 1019–1024.

18. Floder S, Jaschinski S, Wells G, Burns CW (2010) Dominance and

compensatory growth in phytoplankton communities under salinity stress.

J Exp Mar Bio Ecol 395: 223–231.

19. Lavergne S, Garnier E, Debussche M (2003) Do rock endemic and widespread

plant species differ under the Leaf-Height-Seed plant ecology strategy scheme?

Ecol Lett 6: 398–404.

20. Richardson SJ, Williams PA, Mason NWH, Buxton RP, Courtney SP, et al.

(2012) Rare species drive local trait diversity in two geographically disjunct

examples of a naturally rare alpine ecosystem in New Zealand. J Veg Sci 23:

626–639.

21. Mouillot D, Villeger S, Scherer-Lorenzen M, Mason NWH (2011) Functional

structure of biological communities predicts ecosystem multifunctionality. PloS

One 6(3): e17476. doi:10.1371/journal.pone.0017476.

22. Isbell F, Calcagno V, Hector A, Connolly J, Harpole WS, et al. (2011) High

plant diversity is needed to maintain ecosystem services. Nature 477: 199–U196.

23. Gamfeldt L, Hillebrand H, Jonsson PR (2008) Multiple functions increase the

importance of biodiversity for overall ecosystem functioning. Ecology 89: 1223–1231.

24. Norling K, Rosenberg R, Hulth S, Gremare A, Bonsdorff E (2007) Importance

of functional biodiversity and species-specific traits of benthic fauna for

ecosystem functions in marine sediment. Mar Ecol Prog Ser 332: 11–23.

25. Hedde M, Bureau F, Chauvat M, Decaens T (2010) Patterns and mechanisms

responsible for the relationship between the diversity of litter macro-

invertebrates and leaf degradation. Basic Appl Ecol 11: 35–44.

26. Cadotte MW (2011) The new diversity: management gains through insights into

the functional diversity of communities. J Appl Ecol 48: 1067–1069.

27. Diaz S, Lavorel S, de Bello F, Quetier F, Grigulis K, et al. (2007) Incorporating

plant functional diversity effects in ecosystem service assessments. Proc Natl

Acad Sci U S A 104: 20684–20689.

28. Fonseca CR, Ganade G (2001) Species functional redundancy, random

extinctions and the stability of ecosystems. J Ecol 89: 118–125.

29. Bellwood DR, Hughes TP, Folke C, Nystrom M (2004) Confronting the coral

reef crisis. Nature 429: 827–833.

Rare Species Support Vulnerable Functions

PLOS Biology | www.plosbiology.org 10 May 2013 | Volume 11 | Issue 5 | e1001569



30. Gaston KJ, Fuller RA (2008) Commonness, population depletion and

conservation biology. Trends Ecol Evol 23: 14–19.
31. Thuiller W, Lavergne S, Roquet C, Boulangeat I, Lafourcade B, et al. (2011)

Consequences of climate change on the tree of life in Europe. Nature 470: 531–534.

32. Cardoso P, Pekar S, Jocque R, Coddington JA (2011) Global patterns of guild
composition and functional diversity of spiders. PloS One 6(6): e21710.

doi:10.1371/journal.pone.0021710.
33. Halpern BS, Floeter SR (2008) Functional diversity responses to changing

species richness in reef fish communities. Mar Ecol Prog Ser 364: 147–156.

34. Loiola PD, Cianciaruso MV, Silva IA, Batalha MA (2010) Functional diversity
of herbaceous species under different fire frequencies in Brazilian savannas.

Flora 205: 674–681.
35. Bihn JH, Gebauer G, Brandl R (2010) Loss of functional diversity of ant

assemblages in secondary tropical forests. Ecology 91: 782–792.
36. Dimitriadis C, Koutsoubas D (2011) Functional diversity and species turnover of

benthic invertebrates along a local environmental gradient induced by an

aquaculture unit: the contribution of species dispersal ability and rarity.
Hydrobiologia 670: 307–315.

37. Devictor V, Clavel J, Julliard R, Lavergne S, Mouillot D, et al. (2010) Defining
and measuring ecological specialization. J Appl Ecol 47: 15–25.

38. Fritz SA, Bininda-Emonds ORP, Purvis A (2009) Geographical variation in

predictors of mammalian extinction risk: big is bad, but only in the tropics. Ecol
Lett 12: 538–549.

39. Johnson KG, Jackson JBC, Budd AF (2008) Caribbean reef development was
independent of coral diversity over 28 million years. Science 319: 1521–1523.

40. Tilman D, Knops J, Weldin D, Reich P, Ritchie M, et al. (1997) The influence of
functional diversity and composition on ecosystem processes. Science 277: 1300–

1302.

41. Mora C, Aburto-Oropeza O, Bocos AA, Ayotte PM, Banks S, et al. (2011)
Global human footprint on the linkage between biodiversity and ecosystem

functioning in reef fishes. PloS Biol 9(4): e1000606. doi:10.1371/journal.-
pbio.1000606.

42. Petchey OL, Evans KL, Fishburn IS, Gaston KJ (2007) Low functional diversity

and no redundancy in British avian assemblages. J Anim Ecol 76: 977–985.
43. Micheli F, Halpern BS (2005) Low functional redundancy in coastal marine

assemblages. Ecol Lett 8: 391–400.
44. Bellwood DR, Hughes TP, Hoey AS (2006) Sleeping functional group drives

coral-reef recovery. Curr Biol 16: 2434–2439.
45. Brando PM, Nepstad DC, Balch JK, Bolker B, Christman MC, et al. (2012) Fire-

induced tree mortality in a neotropical forest: the roles of bark traits, tree size,

wood density and fire behavior. Glob Chang Biol 18: 630–641.

46. Zavaleta E, Pasari J, Moore J, Hernandez D, Suttle KB, et al. (2009) Ecosystem

responses to community disassembly. In: Ostfeld RS, Schlesinger WH, editors.

Year in ecology and conservation biology. Oxford: Blackwell Publishing. pp.

311–333.

47. Doherty JM, Callaway JC, Zedler JB (2011) Diversity-function relationships

changed in a long-term restoration experiment. Ecol Appl 21: 2143–2155.

48. Lavergne S, Mouquet N, Thuiller W, Ronce O (2010) Biodiversity and climate

change: integrating evolutionary and ecological responses of species and

communities. Annu Rev Ecol Evol Syst 41: 321–350.

49. Thomas L, Buckland ST, Rexstad EA, Laake JL, Strindberg S, et al. (2010)

Distance software: design and analysis of distance sampling surveys for

estimating population size. J Appl Ecol 47: 5–14.

50. Boulangeat I, Lavergne S, Van Es J, Garraud L, Thuiller W (2012) Niche

breadth, rarity and ecological characteristics within a regional flora spanning

large environmental gradients. J Biogeogr 39: 204–214.

51. Boggan J, Funk V, Kelloff C, Hoff M, G C, et al. (1997) Checklist of the plants of

the Guianas (Guyana, Surinam, French Guiana): Smithsonian Institution. 238 p.

52. Baraloto C, Paine CET, Poorter L, Beauchene J, Bonal D, et al. (2010)

Decoupled leaf and stem economics in rain forest trees. Ecol Lett 13: 1338–

1347.

53. He FL, Gaston KJ (2003) Occupancy, spatial variance, and the abundance of

species. Am Nat 162: 366–375.

54. Eeley HAC, Foley RA (1999) Species richness, species range size and ecological

specialisation among African primates: geographical patterns and conservation

implications. Biodivers Conserv 8: 1033–1056.

55. Pavoine S, Ollier S, Dufour AB (2005) Is the originality of a species measurable?

Ecol Lett 8: 579–586.

56. Gower JC, Legendre P (1986) Metric and Euclidean properties of dissimilarities

coefficients. J Classif 3: 5–48.

57. Legendre P, Legendre L (1998) Numerical ecology. Amsterdam: Elsevier. 853 p.

58. Mouchet M, Guilhaumon F, Villeger S, Mason NWH, Tomasini JA, et al.

(2008) Towards a consensus for calculating dendrogram-based functional

diversity indices. Oikos 117: 794–800.

59. Redding DW, Mooers AO (2006) Incorporating evolutionary measures into

conservation prioritization. Conserv Biol 20: 1670–1678.

60. Isaac NJB, Turvey ST, Collen B, Waterman C, Baillie JEM (2007) Mammals on

the EDGE: conservation priorities based on threat and phylogeny. PloS One

2(3): e296. doi:10.1371/journal.pone.0000296.

61. Koenker RW (2005) Quantile regression. New York: Cambridge University

Press.

Rare Species Support Vulnerable Functions

PLOS Biology | www.plosbiology.org 11 May 2013 | Volume 11 | Issue 5 | e1001569


