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Background and aims — The conservation of a rare and endangered plant species requires a clear knowledge
of'its habitat distribution. Species Distribution Models (SDM) are generally applied to characterize species’
suitable habitats and to predict their potential distribution. However, this method is not well suited to rare
species that require a fine spatial scale approach. Co-occurring plant species of a targeted species can be
used to define suitable habitats taking into account biotic interactions. Our aim was to construct a predictive
model of the presence of the rare Limonium girardianum, using the species that are the best indicators of
its presence.

Methods — In the main sites in the French coastal salt marshes where L. girardianum occurs, we investigated
198 quadrats (1 x 1 m) with and without L. girardianum in three strata along a topographical gradient. In
these quadrats, we recorded plant species and measured the maximum water level during flooding, the soil
moisture, salinity and texture. We calculated the species indicator value of the presence of L. girardianum.
For each quadrat, we added the species indicator values to obtain a score used to model the presence of L.
girardianum. We compared the predictive power of the model based on co-occurring plant species with a
model based on environmental variables.

Key results — The best indicator species of the presence of L. girardianum are Limonium virgatum,
Hymenolobus procumbens and Frankenia pulverulenta. The predictive power of the model based on the
co-occurring plant species appears to be similar to that of the model based on environmental variables,
with about 72% of correct predictions. However, the environmental model shows higher False Positive
predictions than the plant species model.

Conclusions — The co-occurring plant species can be used to define suitable habitats for L. girardianum.
The model based on the co-occurring plant species, that integrates the biotic interactions, would appear
to be more efficient to define the habitat where L. girardianum is most likely to be found. Furthermore, as
extensive and numerous vegetation databases are available, this simple method could be used to predict the
presence of several species with low abundance.

Key words — Area Under the ROC-curve (AUC), fundamental niche, Generalized Linear Model (GLM),
indicator species, Limonium girardianum, rare species, realized niche, Receiver Operating Curve (ROC),
salt marshes, species distribution models.

INTRODUCTION

The capacity to define suitable habitat is often a crucial pa-
rameter in conservation, restoration or reinforcement projects
of rare plant species populations, as it requires previous fine
knowledge of their ecological requirements and dynamics
(Guisan & Thuiller 2005, Wolters et al. 2008, Maschinski et
al. 2011).

Data collection of abiotic factors is often time consum-
ing, calls for onerous measurement methods and is not eas-
ily realizable by field conservation managers. Nevertheless,
currently Species Distribution Models constitute the main
procedure for finding suitable habitats (Guisan & Zimmer-
mann 2000, Guisan & Thuiller 2005). Their usefulness is
however limited by the fact that they do not take into account
biotic interactions (Austin 2002, Meier et al. 2010). Hence,
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SDMs only illustrate the fundamental or Grinellian niche of
species and not their realized niche (Pulliam 2000). Finally,
co-occurring plant species can be used to develop SDMs and
hence to define more precisely suitable habitats for the devel-
opment of the targeted species.

The endangered Limonium girardianum is typically a
species with small populations distributed over large Medi-
terranean coastal salt marshes in France and Spain. It is
strictly protected in France (Danton & Baffray 2005), where
its habitats are mostly threatened by industrial development
and land abandonment (Pavon 2005).

However, since the last decade, coastal salt marshes have
endured increasing threats due to the development of human
activities such as industry, agriculture, tourism, and pollution
(Gedan et al. 2009). Flooding regime, topography, and salin-
ity are the main abiotic factors driving salt marsh function-
ing and plant community patterns (Chapman 1974, Odum
1988). For more effective management of salt marshes, sen-
sitive species with rapid responses to environmental changes
may be used to detect the impact of human-driven change,
and they are therefore particularly well-suited for ecosystem
monitoring and conservation (Oostermeijer et al. 1994). For
example, Carboni et al. (2010) showed that on coastal Medi-
terranean coastal dunes, native and specialist plant species
are sensitive to human-driven changes. Rare species are par-
ticularly threatened by habitat destruction and fragmentation
or abandonment of human land use (Schroter et al. 2005).
Hence, focusing on rare and threatened species by gathering
knowledge on them and modeling their habitat would im-
prove management efficiency (Lomba et al. 2010).

To define suitable habitat for L. girardianum, the classi-
cal SDM based on Geographical Information Systems (GIS)
is not applicable as salt marshes represent extensive areas
where L. girardianum habitat distribution is weak and de-
pends on fine ecological gradients and microhabitats. Here,
for L. girardianum, we suggest a method that integrates co-
occurring species allowing identification of suitable habitats.
This method is based on the development of a predictive
model of the presence of targeted species.

We address two questions:

(i) Are co-occurring plant species good indicators of the
presence of L. girardianum?

(i1) Do they predict the presence of L. girardianum more ac-
curately than environmental variables?

MATERIAL AND METHODS

Study species and sites

Limonium girardianum (Guss.) Fourr. (Plumbaginaceae) is
a perennial hemicryptophyte, endemic to the northwestern
Mediterranean coastal salt marshes of France and Spain (Er-
ben 1993, Pavon 2005). This species is threatened by habitat
disappearance because certain salt marshes have been sub-
jected to increasing human-driven alterations and land aban-
donment (Pinder & Witherick 1990, Danton & Baffray 2005,
Pavon 2005). In addition, L. girardianum populations are
distributed in few sites with limited range, and for this reason
the species is protected in France.
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The Mediterranean climate of the French coastal salt
marshes is characterized by dry and hot summers with ir-
regular rainfall occurring mainly in autumn and winter that
induces irregular flooding periods. Salt marsh soil texture
ranges from sandy marine sediments to clayey fluvial sedi-
ments of Holocene depositions (Molinier et al. 1964, Corre
1975, Duboul-Ravazet et al. 1982, Somoza et al. 1998). The
elevation of salt marshes ranges from 0.5 to 2 m above mean
sea level. We studied eleven sites (43°26°2°N to 42°56°58 N
and 2°39’56”E to 0°42°12”E) that hold the main French
populations of L. girardianum (fig. 1) and are classified as
priority habitat “Mediterranean salt steppes” (Limonietalia,
Natura2000 code: 1510; CORINE code: 15.8 European Habi-
tat Directive 92/43/EEC) (Bissardon et al. 1997).

Sampling and environmental measurements

In order to encompass salt marsh vegetation associated or not
with L. girardianum, we monitored 198 permanent quadrats
of 1 x 1 m in eleven sites. For each site, we considered the
three following sampling strata: (i) high topographical posi-
tion within dunes or grasslands, (ii) mid-topographical posi-
tion of salt marshes within salt steppes where L. girardianum
populations occur, and (iii) low topographical position where
glasswort species are dominant. Within each stratum and salt
marshes, we randomly and equally arranged the quadrats to
envelop the whole gradient and presence or absence of L.
girardianum (Hirzel & Guisan 2002). Within each quadrat
of each stratum, we recorded the presence and the absence
of L. girardianum and we exhaustively inventoried vascular
plants with their abundance by estimating the cover rate of
ten classes of ten percent of: (i) total vegetation other than L.
girardianum, (ii) the herbaceous stratum (i.e. inferior to 50
cm height) and (iii) the therophytes.

In addition, we measured eight abiotic variables in each
of the quadrats: mean annual water table depth, maximum
water level during flooding, winter and summer soil mois-
ture, soil salinity, proportion of clay, fine sand and coarse
sand. These soil variables were measured on five soil cores
of 1.5 cm diameter by 20 cm depth, sampled at the four cor-
ners and at the center of the quadrat. We averaged the value
of the five samples of one quadrat for each abiotic variable.
To measure water table depth and maximum water level dur-
ing flooding, we defined the relative topographical elevation
of a quadrat to a reference piezometer of 2.5 m depth us-
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Figure 1 — Map of the study sites (white squares) of Limonium
girardianum.
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ing Leica Builder R100 theodolite (Leica Instruments) with a
resolution of 1 cm. The depth of the water table and the level
of water during flooding were monitored at the reference pi-
ezometer bimonthly during one year. The measured value
was reported for each neighbouring quadrat and the relative
position of each quadrat was added to the reference piezom-
eter. We measured soil moisture during the dry period in early
September 2009 and during the flood period in early January
2010. Clammy soil cores were weighed and air dried at 85°C
during 72 h. Then, we weighed dried soil samples and cal-
culated soil moisture as follows: 100 x [(clammy soil mass)
— (dry soil mass)] / (clammy soil mass). Soil moisture is ex-
pressed in percent of water. Soil granulometry was analyzed
using a laser granulometer (Beckman Coulter LS-13320)
giving 130 soil fractions. We clustered soil fractions in three
classes: from 0.04 um to 20 pm as ‘clay and slime’ class;
from 20 pm to 200 um as ‘fine sand’ class; and from 200 pm
to 2 mm as ‘coarse sand’ class. Soil salinity was measured on
dried and homogenized soil samples in the laboratory using
InoLab® Cond 730 conductimeter. This was done by diluting
ten grams of each soil sample into 50 ml of distilled water at
20°C. We measured the conductivity of the soil solution and
converted conductivity values, expressed in pS.cm’, to gram
of NaCl per kilogram of dry soil. We log-transformed salinity
values prior to statistical analyses.

Data analysis and modeling

We defined the habitat of L. girardianum and the relation-
ship between vegetation community and environmental vari-
ables by performing a Canonical Correspondence Analysis
(CCA) (Legendre & Legendre 1998). We performed a Monte
Carlo permutation test (999 permutations) to assess the sig-
nificance of the relationship between vegetation and environ-
mental variables.

In order to define the best indicator species of the pres-
ence of L. girardianum, we separated the data set into two
clusters, i.e. plots with L. girardianum and plots without L.
girardianum. These two clusters were used to calculate the
indicator value of each plant species (Dufréne & Legendre
1997, Legendre & Legendre 1998, De Caceres et al. 2010).
This method consists in calculation of an indicator value for
each species within clusters with regard to their relative fre-
quency and abundance in each cluster. The indicator value of
the species i in the cluster j is calculated as follows: IndVal
= A, x B, x 100 where A, corresponds to the specificity of

ij

the s specws i and is equal to the mean abundance of the spe-
cies i in cluster j divided by the total abundance of the spe-
cies in data set. B, corresponds to the fidelity and is equal to
the number of quadrats of cluster j occupied by the species i
divided by the number of quadrats in cluster j. In our case,
we calculated IndVal of each species as follows: IndVal. | =
A, xB,, x100where A , and B, correspond to specifi-
01ty ‘and ﬁ(i'ehty to L. glrardzanum

For the best indicator species of presence or absence of L.
girardianum, we performed simple Student test comparisons
of the mean value of environmental variables between L. gir-
ardianum and other plant species.

To construct the predictive model of the presence of L.
girardianum using vegetation composition, we used species

IndVal to predict the presence of L. girardianum according to
plant species composition of the quadrat. For each quadrat,
we calculated a score of IndVal (IndVal ) as the sum of the
IndVal of plant species recorded in the quadrat. We removed
L. girardianum in the calculation of IndVal_ . Then, we fit-
ted a linear model using simple logistic regression between
Indval and presence/absence (binomial response 0 or 1)
with Generalized Linear Model (GLM).

In order to estimate the predictive power of the vegeta-
tion model, we calculated a “mistake ratio” as follow: Mis-
ratio ant = 100 x number of wrong predictions in quadrats /
total number of quadrats. We considered the prediction as
wrong when the model predicted a probability between 0
and 0.5 (considered as absence) while the observed value
was 1 (presence), and, in the same way, when the model pre-
dicted a probability between 0.5 and 1 (considered as pres-
ence) while the observed value is 0 (absence). We detailed
prediction errors by taking into account ‘False Positive’ (FP)
predictions and ‘False Negative’ (FN) predictions (Fielding
& Bell 1997). FP constitutes a prediction of “presence” by
the model while the observed value is ‘absence’, whereas FN
constitutes a prediction of ‘absence’ while the observation is
‘presence’. Hence, a model that presents a higher proportion
of FP concerning its Misratio overestimates potentially suit-
able habitats.

To compare the predictive power of this method with the
predictive power of environmental variables, we calculated
a ‘mistake ratio’, Misratio_ , in the same way as for vegeta-
tion, i.e. between predicted probabilities of presence and ob-
servations. The prediction model was constructed applying
a multiple regression of all environmental variables (except
the vegetation, herbaceous and therophyte cover). Model
selection was performed considering AIC criterion (Arnold
2010) with backward stepwise variable selection.

In order to validate the two models, based on vegeta-
tion or environmental variables, we used Receiver Operat-
ing Characteristic (ROC) curve (Fielding & Bell 1997). The
associated Area Under the ROC-curve (AUC) indicates the
accuracy of the model. Usually the model’s AUC values of
0.5 to 0.7 correspond to low accuracy, 0.7 to 0.9 indicate use-
ful application and values above 0.9 indicate high accuracy
(Swets 1988). To compare the accuracy of the two models,
the vegetation based model and the environmental variable
based model, we tested the difference between correspond-
ing AUC.

All statistical analyses were carried out with R software v
2.10.1 (R Development Core Team 2010), with ‘vegan’ and
‘pROC’ libraries. Statistical significance was fixed at p-value
<0.05.

RESULTS

Among the best indicator species, Hymenolobus procum-
bens (L.) Hedge & Lamond and Limonium virgatum Fourr.
showed similar mean values of environmental variables (ta-
ble 1). Most of the indicator species of the presence of L.
girardianum showed the same requirement concerning the
maximum water level. These species were found between
8.7 and 28.7 above the maximum water level during flooding
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Table 2 — Results of Canonical Correspondence Analysis concerning the seven canonical axes only.
Significance and F-ratio of axes were obtained by performing Monte Carlo row permutations (999 permutations).

Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6 Axis 7
Eigenvalue 0.646 0.395 0.247 0.226 0.187 0.165 0.136
Proportion explained 0.276 0.169 0.105 0.096 0.080 0.070 0.058
Cumulative proportion 0.276 0.444 0.550 0.646 0.727 0.797 0.855
Significance (p-value) 0.005 0.005 0.005 0.005 0.005 0.005 0.010
F-ratio 12.378 7.570 4.729 4.344 3.591 3.166 2.607

(table 1). Species indicative of the absence of L. girardianum
showed wide differences in terms of habitat requirements,
especially with regard to the summer soil moisture, soil sa-
linity and vegetation cover (table 1).

The use of co-occurring plant species showed that the
relationship between presence/absence and IndVal = was
highly significant (adjusted 72 = 0.34, P < 0.001, df = 179).
For an IndVal___ higher than 0.88, the probability of finding
L. girardianum is greater than 0.5.

Concerning the characteristics of L. girardianum habitat,
the main environmental variable that structures vegetation
communities was summer soil moisture and salinity gradi-
ent along the topographical gradient. This ecological gra-
dient corresponded to the first canonical axis of CCA that
explained 27.6% of response table’s variation (fig. 2A and
table 2). The second ecological gradient corresponded to
soil texture, winter soil moisture and flood level gradient on
the second axis of CCA that explained 16.8% of variation
(fig. 2A and table 2). Along the first gradient, L. girardianum
response was unimodal and its habitat corresponded to the
intermediate position between flooded habitats and higher

elevations such as dunes (on coarse soils) or grasslands (on
fine soils). On the soil texture gradient, the response of L. gi-
rardianum was not unimodal. Plant communities in low and
submersed habitat were dominated by Arthrocnemum mac-
rostachyum K.Koch, Sarcocornia fruticosa (L.) A.J.Scott,
Spergularia salina J.Presl. & C.Presl., and Halimione portu-
lacoides (L.) Aellen. In contrast, in drier and less salty habi-
tats at higher topographical locations, we observed two dif-
ferent vegetation communities. On the coarse sand of dunes,
Teucrium dunense Sennen, Saccharum ravennae Bleb., Lob-
ularia maritima Desv., and Spartina versicolor Fabre were
the dominant species. On fine sands (i.e. grasslands), we
observed Veronica arvensis L., Geranium molle G.Gaertn.,
B.Mey & Scherb., Filago vulgaris Lam., and Lagurus ovatus
L. as dominant species.

Comparing the prediction capacity of co-occurring plant
and environmental variables, we found that the difference of
accuracy between the two models was not significant (ROC
comparison test: D = 0.5742, df = 355.238, P = 0.5662).
However, the vegetation model predicted less presence than
the environmental variable model (Chi? = 10, df = 1, P =
0.002), i.e. 87 and 104 respectively. Furthermore, the vegeta-
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Figure 2 — CCA ordination biplots of species-environment relationship. Only quadrats (dots) and environmental variables (arrows) are
shown. A, observed presence and absence of Limonium girardianum; B, probability of presence estimated by plant species composition using
IndVal__ ; C, probability of presence estimated by environmental variables. The two first canonical axes are significant and explain 27.6%
and 16.8% of the response table’s variation, respectively. For B and C, predictions are given based on probability classes with a range of 0.2
units in five grey levels. Dashed line corresponds to the envelope of observed presence.
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tion model predicted less FP than the environmental variable
model (Chi?=11.98,df=1,P<0.001). Misratioplant was equal
to 27.6% (fig. 2) with good classification accuracy (AUC =
0.838). Missed predictions were characterized by 44% of
overestimation of the probability of presence (FP) of L. gi-
rardianum, and 56% of underestimation of the probability
of presence (FN). Environmental variables had a Misratio,
of 28% but presented similar accuracy (AUC = 0.813). The
model overestimated the presence of L. girardianum with
61% of overestimation of presence (FP) compared to 39% of
underestimation (FN).

DISCUSSION

Our results show that L. virgatum, Hymenolobus procum-
bens, and Frankenia pulverulenta are the best indicator spe-
cies of the presence of Limonium girardianum. These spe-
cies grow at the upper the limit of temporarily flooded areas
where salt and soil anoxia are moderate and where vegeta-
tion cover is not too dense (Pennings & Callaway 1992, Al-
varez-Rogel et al. 2006). In the lower parts of salt marshes,
we essentially found Arthrocnemum macrostachyum, Sar-
cocornia fruticosa, and Halimione portulacoides which are
typically adapted to high soil anoxia and long flood duration
(Colmer & Flowers 2008). At higher topographical eleva-
tions, we observed two different plant communities accord-
ing to soil texture. On coarse sand, we recorded Teucrium
dunense, Saccharum ravennae, and Lobularia maritima that
tolerate dry summers (Alvarez-Rogel et al. 2007). On fine
soil, we recorded grassland dominated by Veronica arven-
sis, Lagurus ovatus, and Geranium molle. In these habitats,
vegetation cover is dense and induces high competition pres-
sure that does not allow non-competitive but stress tolerant
species such as L. girardianum (Bertness et al. 1992). The
habitat of L. girardianum corresponds to an intermediate po-
sition along the gradient of salinity and soil moisture that our
sampling encompassed. Limonium girardianum responded
indifferently on soil texture gradient.

We found that indicator species are good predictors of
the presence of L. girardianum. The predictive model of
the presence of L. girardianum, constructed on the base of
vegetation composition and indicator species, and the mod-
el constructed on the base of abiotic factors, showed simi-
lar predictive power (72.4% and 72% of good predictions
respectively). Furthermore, results showed that the model
based on abiotic factors overestimated the presence of L. gi-
rardianum, i.e. high FP mostly at the periphery of the niche
(fig. 2), whereas the model based on plant species showed
less FP. This supports the observation that while the model
based on abiotic factors defines fundamental niche, the mod-
el based on plant species defines a niche close to realized
niche as plants integrate both local abiotic conditions and bi-
otic interactions (Meier et al. 2010).

Through the case of L. girardianum, our results suggest
that it is possible to construct a simple predictive model of
suitable habitats for such rare species.

However, in order to validate the relevance of such mod-
els for any targeted plant species, the application will have to
be tested on species with different ecological requirements
and living in different ecosystems. Since extensive and nu-
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merous vegetation databases are available throughout the
world and especially in Europe (Schaminée et al. 2011), this
simple method could be used to predict the presence of sev-
eral species with low abundance. We suggest conservation
managers to use this simple method for plant conservation
as their actions are mainly based on vegetation inventories.
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