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A functional definition of the habitat-concept based on ecological resources incorporates

three interconnected parameters: composition, configuration, and availability of the

resources. The intersection of those parameters represents the functional habitat of a

given population or species. Resource composition refers to the co-occurrence of the

resources required by each individual to complete its life cycle. Resource configuration

refers both to the way individual resources are spatially distributed within the habitat

and the way all the resources are organized in the habitat space. Resource availability

refers to the accessibility and procureability of resources. Variation in these variables is

predicted to influence the demography of the population. To test the suitability of this

definition and its transferability across landscapes, we first conducted a very detailed

study on habitat and resource use of five butterfly species within a large nature reserve.

Second, we conducted a larger-scale study, focusing onmetapopulations of two species.

We monitored demography for each species and tested whether its variation can be

explained by (1) the vegetation type, (2) the vegetation composition or (3) the availability

and configuration of the species-specific ecological resources. To confirm that resource

availability and configuration reflect habitat quality, we also assessed their impacts on

individual morphology. Whatever the investigated spatial scale, our results quantitatively

demonstrate the overall better performance of the resource-based habitat approach

compared to other most commonly used approaches. Our analysis allowed us to assess

the relative importance of each ecological resource in terms of both their availability

and organization relative to the species’ abundance, demography and individual fitness

measures. Resource availability did not play the predominant role in defining habitat

quality as it was in most cases overruled by resource organization. Finally, we confirmed

the between-population transferability of the habitat definition and quality estimates

while adopting a resource-based habitat approach. Our study clearly demonstrates
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the suitability of the resource-based definition of the habitat. Therefore, we argue that

this approach should be favored for species of conservation concern. Although most

conclusions so far have emerged from butterfly studies, the resource-based definition of

the habitat should also be ecologically relevant to many other organisms.

Keywords: butterflies, Lycaena helle, Lycaena hippothoe, Boloria eunomia, Boloria aquilonaris, Boloria selene,

resource-based habitat, ecological niche

INTRODUCTION

Since the early days of ecology, the habitat has been considered
one of the central concepts for the study of the interactions
between organisms and their environment, but its unequivocal
definition has been debated ever since (e.g., Yapp, 1922; Haskel,
1940; Mitchell, 2005). Much of the debate relates to the question
whether the habitat should be defined independent of a particular
organism (i.e., vegetation type or biotope), or alternatively,
whether the nature of the organism is essential to conceptualize
its habitat as a meaningful subsample of the environment. In
other words, should we place the emphasis on the habitat in a
structural, top-down manner, or rather in a functional, species-
specific bottom-up manner? Theoretically, both approaches may
generate particular interest depending on the questions being
addressed. However, from a species conservation viewpoint, a
functional habitat approach that explicitly takes into account the
ecological needs and tolerances of the focal organism has been
proposed the most adequate method for taking into account
ecological relationships between organism and environment
(Dennis and Sparks, 2006; Dennis et al., 2006).

Such a functional, species-specific approach of the habitat
concept relates to the ecological niche concept (Grinnel, 1917;
Elton, 1927; Hutchinson, 1957). The ecological niche is the
intersection of the ranges of tolerance for different ecological
resources and conditions used or experienced by a species. It
is usually conceived as a multidimensional functional space or
hypervolume (Hutchinson, 1957). Dennis et al. (2003) proposed
a functional, resource-based habitat approach that responds to
the real ground spatial projection of the Hutchinson’s niche
concept. The conservation interest of such an approach has been
further developed since (e.g., Dennis et al., 2006; Dennis, 2010)
and several species-specific studies adopted and further explored
this resource-based habitat approach in a species-conservation
context (e.g., Vanreusel and Van Dyck, 2007; Salz and Fartmann,
2009; Turlure et al., 2010b). For a review and detailed discussion,
we refer to Dennis et al. (2014). The resource-based habitat
approach also connects to the recent developments in the field
of sensory ecology as it reflects an organism-centered perception
of the environment (i.e., the Umwelt-concept: Van Dyck, 2012).
In the meantime, the approach has also stimulated the way
habitat is perceived outside the field of conservation biology (e.g.,
vector-borne disease modeling: Hartemink et al., 2015).

In this article, we propose to model this resource-based
habitat approach around three key components that are
interconnected: (1) the resource composition referring to the
list of ecological resources required by the focal species,
(2) the resource configuration related to the concept of

resources complementation and supplementation, referring to
the distribution of each ecological resource (i.e., resource grain)
and their spatial organization (i.e., overlapping degree of all
the resources), and (3) the resource availability referring to its
variation in quantity and quality. The intersection of these three
components represents the functional habitat of the focal species
(population) within a particular landscape setting (Figure 1).
Although resource composition is implicitly included in the
resource availability and configuration, it is still the first required
step to recognize a species habitat based on resources. Variation
in each of these components is predicted to affect individual
behavior and, ultimately, fitness. Therefore, they should in turn

FIGURE 1 | Schematic representation of the resource-based habitat concept.

Resource composition (upper part of the figure) refers to the diversity of

ecological resources used by the focal species, such as at least host plant and

nectar resources for a butterfly species. Resource configuration (left part)

refers to the distribution of each ecological resource (i.e., resource grain, from

a homogeneous to a heterogeneous distribution of a single resource) and

spatial organization (i.e., from fully separated to fully overlapping resources).

Resource availability (right part) refers to variation in resource quantity and

quality. The intersection of these three components represents the functional

habitat of the focal species. Variation in each of these components is likely to

affect individual behavior and fitness, in turn affecting both the demographic

response of the local population and the underlying evolutionary strategies of

resource exploitation and habitat selection.
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relate to the demographic response of the local population and
to the evolutionary strategies of resource exploitation and habitat
selection. Our previous work offered support to this relationship
as the habitat area delineated when adopting a resource-based
method provided a reliable proxy for population size in two
butterfly species of conservation concern (Turlure et al., 2010b).

Here we compared in a quantitative manner the performance
of the resource-based habitat approach with the more commonly
used vegetation type-based habitat approach for a community of
five co-existing butterfly species. The latter and classical approach
adopts a habitat definition based on vegetation type, vegetation
composition and the presence or abundance of the host plant.
The resource-based approach defines the habitat on a series of
ecological resources (i.e., consumables and utilities or conditions)
specific to the different life stages of the species. All of the study
species are food specialists at the larval stage (i.e., each makes
use of a single host plant species), but their degree of ecological
specialism at the adult stage (including nectar specialism) varies
considerably. Hence, this allows us to test whether the relevance
of the approach increases with the degree of ecological specialism
of the considered species. We predict that overall, the resource-
based definition will be more suitable to define habitat and
consequently estimate habitat quality than the other definitions,
and this will be especially true for more specialized species and
for juvenile stages compared to imagoes.

We also assessed the relative importance of each ecological
resource in terms of both the availability and configuration
relative to the species’ demography (i.e., minimum and
maximum census population sizes) and individual size as a
proxy for individual fitness, for two Boloria species. Contrary to
the widespread and common assumption, we predict that host
plant abundance does not necessarily play the predominant role
in defining the quality of the butterfly’s habitat, although the
presence of a certain level of host plant abundance is obviously
required. This may be particularly true for glacial relict species
and species with low mobility for which microclimate and spatial
resource configuration are key elements expected to overrule the
role of host plant abundance (Turlure et al., 2009, 2010a, 2014).

Finally, we assessed the between-population transferability of
the habitat definition and quality estimates adopting a resource-
based habitat approach for one species (Boloria aquilonaris)
only. In other words, we tested whether we can predict the
carrying capacity and then the population size in a given location
with reasonable confidence based on the assessment of local
resource-based habitat variables. This is a major challenge for
the application of the concept. If we can show evidence for such
a transferability, it will provide a strong argument in favor of
detailed autecological studies on focal species in a limited number
of relevant sites in order to identify key resources that affect
habitat quality and hence the species’ demography over a much
wider range of areas or even landscapes.

METHODS

Study Species
We studied five butterfly species inhabiting wet meadows and/or
peat bogs: Lycaena helle, Lycaena hippothoe, Boloria eunomia,

Boloria selene, and B. aquilonaris. In Belgium and in most
parts of their European distributional range, those species are
specialized on a unique host plant at the caterpillar stage (Bink,
1992; Lafranchis, 2000, 2004). Interestingly, the species form a
gradient from highly specialized (B. eunomia) to more generalist
species (B. selene), according to (1) the use at the adult stage of a
single or multiple nectar resources (as recorded from behavioral
observations in different European populations; Turlure et al.,
2010c and Turlure and Dubois, personal observations) and (2)
their need for other resources (such as microhabitat structures
for caterpillars, Turlure et al., 2010b; or tree edges for the adults)
We previously demonstrated: (1) that grass tussocks are used by
B. eunomia caterpillars to find suitable temperature conditions
for thermoregulation and to avoid flooding (Turlure et al., 2009,
2011), (2) that Sphagnum hummocks are used by B. aquilonaris
caterpillars to avoid extreme temperature conditions, as the inner
part of the hummocks is buffered around 14◦C (Turlure et al.,
2010a, 2011) and (3) that tree edges are used by L. helle adults
as shelter against convective cooling by wind, and males use
them also to locate potential mates (Turlure et al., 2014). As
such, those five species differ in the resources they need (i.e.,
habitat composition) and likely in the way the habitat can be
defined and its quality assessed. Although host plant use at
the caterpillar stage is well documented for most European
butterfly species, information on other resources is currently
much more scarce; we therefore compiled information we
collected from our own field observations (in the present study
system and elsewhere), as well as information collected through
interactions with practitioners and other researchers across
Europe. The resources known to be used by the five species are
summarized in Table 1.

Study Systems
All study sites are located in south-eastern Belgium, in the
Belgian Ardenne (Figure 2). Our study took place at three spatial
levels. First, we conducted a very detailed, local scale study on
the five species within the Fange de Pisserotte nature reserve
(50◦13′N, 5◦47′E, 56 ha). The site has been characterized as a
mosaic of 40 zones (17 ha), each being a homogeneous area
of specific peat bog vegetation as previously defined in Turlure
et al. (2009). Second, we conducted a study at the metapopulation
scale on two of the species: B. eunomia (10 populations,
2009–2014, later referred as to B. eunomia metapopulation)
and B. aquilonaris (15 populations, 2009–2015, later referred
as to B. aquilonaris metapopulation). Finally, we studied 13
extra B. aquilonaris populations spread across southeast Belgium
(2013–2014).

Vegetation and Resource Characterization
Habitat quality was computed using three habitat definitions:
habitat (1) based on vegetation type, (2) based on vegetation
composition or (3) based on species-specific ecological resources.
This was done for each zone of the Pisserotte reserve and for each
other site hosting B. eunomia and B. aquilonaris populations.
This was done as follows.
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TABLE 1 | List of the resources used by the five study species along the specialist-generalist gradient.

Species Host plant Micro habitat structure Nectar resources Edge

N Species Yes/no Type N Species Yes/no

Specialist B. eunomia 1 P. bistorta Yes Grass tussock 1 P. bistorta


















y

L. helle 1 P. bistorta No 2 P. bistorta, A. nemorosa Yes

B. aquilonaris 1 V. oxycoccos Yes Sphagnum

hummock

3 P. palustris, C. palustris, E. tetralix

L. hippothoe 1 R. acetosa No 3 C. palustris, P. bistorta, R. acetosa

Generalist B. selene 1 V. palustris No 5 L. flos-cuculi, P. bistorta, C. palustris, P.

palustris, L. pedunculatus

References Bink, 1992; Lafranchis,

2000, 2004

Turlure et al., 2009,

2010a, 2011

(Turlure et al., 2010c); Turlure and

Dubois, personal observations

Turlure et al.,

2014

N = Number of host plant or nectar resources used. Edge = Presence of bushes, woodlot or tree edge used by the species.

FIGURE 2 | Maps of the study sites. (A) Location of all Belgian B. aquilonaris populations in the Ardenne region (SE-Belgium). Dark blue dots: studied populations in

the plateau des Tailles area. Light blue dots: other studied populations in Belgium. Light gray dots: other known populations. (B) Location of the studied populations

for the B. aquilonaris (dark blue dots) and B. eunomia (orange stars) metapopulations in the plateau des Tailles area. (C) Location of the 40 zones (gray areas) in the

Pisserotte nature reserve, where the five species were studied.

(1) The first habitat definition is based on vegetation type. The
vegetation type (Supplementary Figure 1A) was assigned to
each zone and site using the defined vegetation associations
occurring in this area, namely wet meadows (two types:
the strict Deschampsia-Bistort association and other wet
meadows), bogs (including floating mats and humid bogs,
drier bogs with heathland plant species and raised bogs),
and (degraded) heathlands. In the Pisserotte reserve, the 40
preselected zones were classified as wet meadows (12 zones),
bogs (19 zones), and (degraded) heathlands (9 zones). The 10
sites forming the B. eunomiametapopulation were classified
as the strict Deschampsia-Bistort association (commonly

defined as the preferred vegetation type for the species,
5 populations) and other wet meadows where the host
plant occurs but believed to be less suitable for the species
(5 populations). The 15 sites forming the B. aquilonaris
metapopulation were classified as floating mats and humid
bogs (6 populations), drier bogs with heathland plant species
(7 populations), and raised bogs (2 populations).

(2) The second habitat definition is based on
vegetation composition. The vegetation composition

(Supplementary Figure 1B) was characterized based on
randomly placed 1 m2 vegetation samples in which we
recorded the abundance of each plant species. Each 1
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m2 sample was divided in a 5∗5 grid, forming 25 squares
(each 20∗20 cm) to estimate the abundance of each plant
species on the basis of their presence in each square, i.e.,
on a zero to 25 scale (Supplementary Figure 2A). In total,
we recorded 10 vegetation samples in each zone of the
Pisserotte reserve (totaling 400 vegetation samples, as
described in Turlure et al., 2009), and a number adjusted
to the area and the heterogeneity for each other site (10
to 53 for B. eunomia populations with a total of 247
vegetation samples, Supplementary Figure 2B; 7 to 80 for
B. aquilonaris populations with a total of 759 vegetation
samples, Supplementary Figure 2C). Three Principal
Component Analyses (one for the Pisserotte reserve, one
for B. eunomia sites and one for B. aquilonaris sites)
were then used to summarize plant species abundances
and define the vegetation composition based on the first
two PCA axes: PIS-1 and PIS-2 for the Pisserotte reserve
(Supplementary Figure 2D), BEU-1 and BEU-2 for the B.
eunomia metapopulation (Supplementary Figure 2E), and
BAQ-1 and BAQ-2 for the B. aquilonaris metapopulation
(Supplementary Figure 2F).

For the Pisserotte reserve, PIS-1 separated three main
vegetation types, with lowest values for bog vegetation
dominated by common heather Calluna vulgaris; then wet
bogs and floating mats, and higher values for marshes
and meadow-like vegetation. Small cranberry V. oxycoccos
abundance increased with lower values of PIS-1, while marsh
violet V. palustris, bistorta P. bistorta and sorrel R. acetosa
abundances increased with higher values of PIS-1. PIS-2
separated theDeschampsia-Bistort association (lower values)
from the flower-rich areas (higher values).

For the B. eunomiametapopulation,BEU-1 corresponded
to a gradient of eutrophication, and separated Deschampsia-
Bistort association (lower values) from rushes and meadows
(higher values).BEU-2 represented a gradient of degradation
(i.e., increasing abundance of moor grass Molinia with
increasing values of BEU-2).

For the B. aquilonaris metapopulation, BAQ-1 separated
strictly bog species (lower values) from wet meadow species
(higher values). BAQ-2 represents a gradient of humidity.
Nectar plant species were more abundant for higher values
of both BAQ-1 and BAQ-2.

(3) The third habitat definition is based on species-specific
ecological resources, extracted from the vegetation samples
described above. We specifically extracted information on
both juvenile and adult resources (i.e., the host and nectar
plants). Additionally, we counted the number of grass
tussocks, Sphagnum hummocks and P. bistorta flowers
(only for B. eunomia populations) in each vegetation
sample. Table 1 lists the resources used for each species.
Resource quantity considered the abundance (averaged
across zone/site vegetation samples) of (1) the host plant,
(2) the important elements of microhabitat structure (i.e.,
Sphagnum hummocks for B. aquilonaris, grass tussocks for
B. eunomia), and (3) nectar plant species. Also, for the
Pisserotte zones, we assessed (4) the percentage of perimeter
(edge) surrounded by trees (on a three value scale: 0 for no

tree edge, 0.5 for partial tree surrounding and 1 for total tree
surrounding). Resource configuration was estimated by two
variables; resource distribution and resource organization.
Resource distribution was assessed using a classical niche
breadth measure (Edwards et al., 1998), computed according
to Ricklefs’ equation:

B =
1

∑

P2i

where Pi is the proportion of vegetation samples that
contained the ith abundance level of the considered resource
(in this case either host plant or nectar). B ranges from
1 (i.e., homogeneous distribution: all samples contain the
same resource abundance) to the number of abundance
levels (i.e., heterogeneous distribution: samples are equally
frequent for all abundance levels). For the assessment of
the juvenile resource distribution in B. eunomia and B.
aquilonaris, we considered the abundance of the host plant
only when grass tussocks or Sphagnum hummocks were
present, as previously we have shown the importance of
those two resources for the functional habitat of B. eunomia
and B. aquilonaris, respectively (Turlure et al., 2009, 2010a).
Resource organization was quantified by the percentage of
overlap (spatial dimensions) shared by juvenile and adult
resources, estimated using Schoener’s index of niche overlap:

Ola = 1 − 0.5
∑

|Pil − Pia|

where Pil and Pia represented the proportion in the ith

vegetation sample of either juvenile or adult resources
(Linton et al., 1981). Some resource variables were
highly correlated in a number of the datasets. To
prevent multicollinearity issues, we excluded the following
descriptors: (1) juvenile resource distribution (correlated
with host abundance) and adult resource distribution
(correlated with nectar abundance) in Pisserotte; (2) nectar
abundance (correlated with nectar distribution) and micro-
habitat structure abundance (correlated with resource
organization) in the B. eunomia metapopulation; and (3)
nectar abundance (correlated with nectar distribution and
resource organization) in the B. aquilonarismetapopulation.

We also assessed the area of each study zone/site. In
the Pisserotte reserve, area was computed as the total
surface of each zone. In the B. eunomia and B. aquilonaris
metapopulations, area was computed as the functional area
(i.e., the area containing the resources for the species) to
avoid including non-habitat area. A connectivity index was
computed using all 53 known Belgian populations of B.
aquilonaris as Cj =

∑

e−αDij × Aj, where α is a constant
setting the survival rate of dispersers over distanceDij, which
is the distance between populations i and j, and Aj is the area
of the population j (Hanski, 1999); here we used α = 2, as
often used for butterflies (Hanski, 1994) when this formula
is used to compute relative connectivity metrics of a series of
sites. We did not compute such a connectivity index for the
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B. eunomiametapopulation as we do not have an exhaustive
record of the populations in the considered area, andmissing
populations could strongly bias any connectivity measure.

Butterfly Abundance and Population Size
We monitored butterfly populations using a Mark–Release–
Recapture (MRR) approach and estimated adult abundance
in each Pisserotte zone and the population size in each site
separately. The study zones and sites were visited every 2 days
if weather permitted (i.e., no strong wind, few clouds and air
temperature> 15◦C). Adult butterflies were individually marked
and released on the spot of capture. At each (re)capture, we
recorded the marking code, species, sex, date and time, and
location (i.e., one of the 40 predefined vegetation zones in
Pisserotte or the site).

For the five species in Pisserotte, the classical approach to
estimate population size (see below) was not suitable because
demographic parameters are estimated at the whole population
level; the frequent movements among zones within Pisserotte did
not allow considering each zone as an independent population
whose size can be estimated independently. We therefore
estimated the local abundance per species and sex in each of the
40 Pisserotte zones as the number of (re)capture events (pooled
for the 2 years of available MRR data). Frequency of (re)captures
was then used as a proxy of the local butterfly abundance
assuming the probability of capture was similar among the zones,
which is a reasonable assumption (Schtickzelle and Baguette,
2004). The total abundance of all local abundances (captures and
recaptures) in the Pisserotte site was 2376 B. eunomia, 917 L.
helle, 254 B. aquilonaris, 186 L. hippothoe and 1038 B. selene.

For several populations of the B. eunomia (10 populations
sampled in 2009–2014) and B. aquilonaris (15 populations
sampled in 2009–2015) metapopulations, as well as for
the additional B. aquilonaris populations (13 populations
sampled in 2013–2014), MRR data were analyzed to estimate
demographic parameters (i.e., survival and recapture rates, total
population size, for each species, sex and year separately) using
constrained linear models implemented inMark software (White
and Burnham, 1999) following the procedure described in
Schtickzelle et al. (2002). In cases where the low number of
captures prevented us from adopting such a modeling approach,
we computed the population size using a conversion function
from the number of marked individuals based on the strong
relationships existing in the two species between the number
of marked individuals and population size in the two species
(Turlure et al., 2018). The mean yearly metapopulation size
was estimated to 2212 B. eunomia individuals and 7322 B.
aquilonaris individuals, with 2533 B. aquilonaris individuals in
the additional populations.

In the Pisserotte reserve, we also recorded the abundance of
juvenile stages (caterpillars for the three Boloria species and eggs
for the two Lycaena species). We surveyed Boloria caterpillars
prior to the flying period of 2005 and 2006 in all the zones where
the specific host plants were present (Total searching time with
one to three persons: 70 h for B. eunomia caterpillars and 27 h
for B. aquilonaris caterpillars; B. selene caterpillars were searched
simultaneously with the two other species). The search effort was

proportional to the host plant coverage in the zone (Relation
between searching time ST in min and host plant area HPA in
m2: B. eunomia, ST= 34+ 0.17∗HPA, R2 = 53% –B. aquilonaris,
ST= 91+ 0.13∗HPA, R2 = 51%). Recorded abundances per zone
in both years were pooled for further analysis. In total, we found
514 B. eunomia, 86 B. aquilonaris and 106 B. selene caterpillars. At
the end of L. hippothoe flight period in 2005, we counted eggs in
all the zones on all R. acetosa plants, as described in Turlure and
Van Dyck (2009). At the end of the L. helle flight period in 2005,
we counted eggs in all zones with P. bistorta plants as described
in Turlure et al. (2014). Searching time by one to three persons
was 37 h for L. hippothoe and 77 hours for L. helle eggs. We found
181 L. hippothoe and 692 L. helle eggs.

Morphological Measures of B. aquilonaris
and B. eunomia
During the flight period of the two species in summer 2010 and
2011, we tookmorphological measures in 10 different individuals
per species, sex and site (562 B. aquilonaris and 349 B. eunomia
individuals in total). To do so, butterflies were captured and
measured alive with calipers.We recorded thorax lengthTL along
the center line and width TW at the widest part, abdomen length
AL along the center line and width AW at widest part, and length
of the upper edge of forewing (FW). From these measures, we
estimated the volume of the abdomen (AV) and the volume of
the thorax (TV), both approximated as an ellipsoid volume with
height equal to width (as in Turlure et al., 2010c). Since both
Boloria species are legally protected, we could only apply non-
invasive methods. This was done on freshly emerged individuals
(i.e., with entire and brightly colored wings and often a drop of
pink liquid expelled from the abdomen at the time of capture), to
limit differences in morphology due to individual age.

Statistical Analysis
Modeling Spatial Variation in Abundance of Five

Species in the Pisserotte Reserve
We used linear models to analyze variation in butterfly species
abundance in the 40 Pisserotte zones adopting the three habitat
definitions for each species, adult sex (male and female) and
juvenile stage (egg or caterpillar), separately. We first fitted
linear models implemented in SAS (Genmod procedure, with a
Poisson distribution and a log link function) corresponding to
all the combinations of the descriptors, i.e., area, and descriptors
defining one of the three definitions of habitat quality (i.e., either
vegetation type, vegetation composition, or ecological resources).
Then we used AICc based multimodel averaging (considering
models with 1AICc ≤ 10 only; Burnham and Anderson, 2002)
to obtain a global estimate of the slope associated with each
descriptor. Descriptors were standardized prior to analysis, so
that slope estimates can be compared within each model to assess
their relative effect size.

Modeling Spatial Variation in Population Size for B.

eunomia and B. aquilonaris Metapopulations
For each population of the B. eunomia and B. aquilonaris
metapopulations, we summarized the time series of population
size by its minimum and maximum. This was done in order to
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buffer the variation among sites due to the non-negligible and
asynchronous temporal variations in these butterfly populations
(Thomas, 1991). This was crucial to avoid that spatial variation,
which we attempt to explain, are biased by asynchronous
temporal variation. We then analyzed spatial variation in
minimum and maximum population sizes among sites relative
to all the combinations of the descriptors, i.e., functional area,
descriptors defining one of the three definitions of habitat quality,
and connectivity (only for the B. aquilonaris metapopulation)
using linear models implemented in SAS (Genmod procedure
with a Poisson distribution and a log link function) with
multimodel averaging as previously described.

Transferability of Habitat Quality
To test for the transferability of the habitat quality assessment,
we used the models estimated on the 15 populations in the B.
aquilonarismetapopulation tomake predictions of the minimum
and maximum expected population sizes. This was done for the
three habitat definitions, the habitat based on vegetation type,
vegetation composition and ecological resources. We measured
the accuracy of the predictions at two spatial levels: (1) in
the metapopulation by cross-validation, where we predicted the
minimum and the maximum population sizes for each site by
removing it from the dataset used to fit the model for each of
these response variable; (2) in 13 additional Belgian populations
(i.e., an external set of populations that were not used to fit
the model) by assessing whether the observed population size
(assessed in two consecutive years, 2013 and 2014) fell within
the range predicted by the models. Also, we calculated the
relative error RE in prediction for each population as follows:

RE =
Npred−Nobs

Nobs
, Npred being the predicted population size and

Nobs being the observed population size computed as means over
2013 and 2014.

Habitat Quality and Butterfly Morphology
Finally, we analyzed the quality of a sample of adult
individuals, using morphological descriptors as proxies. For
each species and sex separately, we tested the effects of habitat
descriptors (functional area, resource abundance, distribution
and organization, and connectivity for B. aquilonaris only) on
the forewing length, thorax and abdomen volumes of B. eunomia
and B. aquilonaris adults using mixed models implemented in
SAS (Glimmix procedure) with year as a random intercept and
a Gauss-Hermite quadrature approximation.

RESULTS

Spatial Variation in Abundance: Five
Species in the Pisserotte Reserve
Variation in local abundance among the 40 Pisserotte zones was
best explained by a combination of resource variables for juvenile
stages of the five species and the adult stages of the two more
specialized species (B. eunomia and L. helle) (Table 2). It was best
explained by the vegetation composition for B. aquilonaris, L.
hippothoe, and B. selene adults. The vegetation type presented a
very weak explanatory power in all cases.

Caterpillars and both adult males and females of B.
eunomia were more abundant in zones with stronger spatial

overlap between adult and juvenile resources, higher host plant
abundance and of larger size. Tree edges had a positive effect on
caterpillar and male abundance only.

For L. helle, egg abundance increased with a greater spatial
overlap between adult and juvenile resources and a higher host
plant abundance. Adults were also more abundant in zones with
a greater overlap between adult and juvenile resources, in larger
zones with more host plants and in zones surrounded by trees;
the latter effect was more pronounced in males.

Caterpillars of B. aquilonariswere more abundant in (1) zones
with fewer nectar resources, (2) with a greater overlap between
adult and juvenile resources, (3) large zones, (4) open zones, less
surrounded by trees, and (5) zones with abundant Sphagnum
hummocks. Contrary to caterpillars, adult local abundance was
best described by the vegetation composition: males and females
were more abundant in larger flower-rich zones (higher values
of VEG-2) and in bog vegetation zones where the host plant was
more abundant (lower VEG-1 values, especially for females).

Eggs of L. hippothoe were more abundant in larger open
zones (i.e., not surrounded by trees) containing more host plants.
Variation in adult local abundance was best described by the
vegetation composition. Males were more abundant in meadows,
flower-rich zones and when the host plant was abundant (higher
values of VEG-1 and VEG-2). It was also the case for females,
although with a predominant effect of resource organization;
females being more abundant in zones with a greater overlap
between adult and juvenile resources.

Caterpillars of B. selene were more abundance in zones rich in
nectar resources and host plants. Adult local abundance was best
described by the vegetation composition: abundance of males
and females increased with increasing values of VEG-1 (i.e., in
meadow-like vegetation) and with increasing values of VEG-2
(i.e., in flower rich zones).

Spatial Variation in Population Size for
Metapopulations of B. eunomia and B.

aquilonaris
Variation in minimum and maximum population sizes in the
sites of the B. eunomia and B. aquilonaris metapopulations
were best explained by a combination of resource variables
(Table 3). The explanatory power of vegetation composition and
of vegetation type was clearly inferior.

In B. eunomia, minimum population size observed in each site
was positively related to a larger functional area, a homogeneous
distribution of resources for caterpillars but a heterogeneous
distribution of nectar resources for adults (i.e., nectar resources
being abundant and scattered at some places but absent in other,
nearby places within the same habitat space), a greater overlap
between juvenile and adult resources, and a high abundance of
the host plant. Maximum population size was greater in larger
sites with a higher abundance of the host plant. The effect of
the distribution of adult resources was much larger, whereas the
effect of juvenile resource distribution and resource organization
was limited.

In B. aquilonaris, minimum and maximum B. aquilonaris
population sizes were influenced by similar effects: adults were
more numerous in sites showing a greater overlap between
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TABLE 2 | Relationship between local species abundance and habitat descriptors represented by slope estimates of linear models.

Species, from more

to less specialized

Stage/sex Intercept Area Vegetation

type

Vegetation composition Resource descriptors

PIS-1 PIS-2 Host Structure Nectar Edge Organization

B. eunomia Caterpillar 0.633 0.623 0 0 0 1.088 0 na 0.210 1.239

±0.151 ±0.112 ±0.086 ±0.067 ±0.175

Male 2.626 0.403 0 0 0 0.662 0 na 0.135 0.457

±0.050 ±0.047 ±0.041 ±0.036 ±0.065

Female 1.640 0.427 0 0 0 0.877 0 na −0.006 0.514

±0.085 ±0.076 ±0.066 ±0.013 ±0.106

L. helle Egg 0.539 −0.004 0 0 0 0.124 na 0 −0.028 2.694

±0.231 ±0.012 ±0.042 ±0.023 ±0.250

Male 1.289 0.159 0 0 0 0.603 na 0 0.513 1.013

±0.236 ±0.048 ±0.057 ±0.051 ±0.273

Female 0.845 0.165 0 0 0 0.608 na 0 0.280 1.248

±0.279 ±0.056 ±0.069 ±0.057 ±0.320

B. aquilonaris Caterpillar −2.642 1.874 0 0 0 0.372 0.635 −3.765 −0.667 1.941

±0.792 ±0.261 ±0.212 ±0.238 ±0.782 ±0.283 ±0.449

Male 0.669 0.247 0 −0.248 0.885 0 0 0 0 0

±0.123 ±0.059 ±0.074 ±0.068

Female −0.069 0.167 0 −0.546 0.836 0 0 0 0 0

±0.183 ±0.080 ±0.101 ±0.102

L. hippothoe Egg 1.055 0.479 0 0.280 na −0.035 −0.475 0.011

±0.099 ±0.044 ±0.089 ±0.044 ±0.092 ±0.036

Male 0.798 0.013 0 0.697 0.507 0.007 na 0 0.002 0.001

±0.115 ±0.025 ±0.114 ±0.081 ±0.007 ±0.003 ±0.001

Female 0.314 0.092 0 0.164 0.171 0.024 na 0.007 −0.031 0.337

±0.145 ±0.070 ±0.116 ±0.114 ±0.034 ±0.024 ±0.037 ±0.162

B. selene Caterpillar 0.665 −0.032 0 0 0 0.424 na 0.642 0.011 −0.015

±0.127 ±0.042 ±0.095 ±0.122 ±0.029 ±0.033

Male 2.464 0.231 0 0.346 0.403 0 na 0 0 0

±0.048 ±0.033 ±0.049 ±0.039

Female 2.310 0.076 0 0.452 0.504 0 na 0 0 0

±0.053 ±0.036 ±0.057 ±0.040

The slopes were obtained from multimodel averaging using AICc-based selection (see section Methods for details). Models were run for each species and stage or sex separately.

Variables were standardized prior to the analysis so that the estimates are comparable within each model. “na” means that the descriptor was not considered for that specific

species/stage/sex. Gray bars illustrate the amplitude/power and sense/orientation of the effects.

juvenile and adult resources, a heterogeneous distribution
of resources for caterpillars, a large functional area, and
abundant host plants. Greater connectivity and a heterogeneous
distribution of nectar resources for adults also had a positive
effect. The abundance of Sphagnum hummocks had a positive
effect on minimum population size only.

Transferability of Habitat Quality
Assessment
The predictive power of the resource-based habitat quality model
estimated at the metapopulation level for B. aquilonaris was
high: the cross validation analysis indicated that the observed
population size (i.e., averaged over time to remove temporal
variation) fell 73% of the sites of the metapopulation between
the predicted values for minimum population size andmaximum
population size. For the models with the two other habitat
definitions, the rate of correct cross validation dropped to 47%.

A stronger test consisted in performing the same predictive
power test on independent data, i.e., the other Belgian
populations of B. aquilonaris. The rate of correct prediction (i.e.,
observed population size fell between predicted minimum and
maximum population sizes) was also high (62%) when using the
resource-based habitat model. It dropped to 46% when using
the vegetation type model and 19% when using the vegetation
composition model (Figures 3A–C). Also, relative prediction
error was not related to population size, whatever the habitat
model use, although there is a trend of larger errors in smaller
populations (Figure 3D).

Habitat Quality and Butterfly Morphology
B. eunomia males had significantly smaller thoraxes in case
of greater overlap between caterpillar and adult resources and
more homogeneous distribution of the adult nectar resources
(Table 4). We did not find any significant effect of the resource
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TABLE 3 | Relationship between minimum and maximum population sizes (for B. eunomia and B. aquilonaris) to habitat parameters represented by slope estimates of

linear models.

Species Response

variable

Intercept Area Connectivity Vegetation

type

Vegetation composition Resource descriptors

BEU-

1/BAQ-1

BEU-

2/BAQ-2

Host Structure Distribution

(juveniles)

Distribution

(adults)

Organization

B. eunomia Minimum 2.781 0.494 na 0 0 0 0.126 na −0.358 0.100 0.211

±0.099 ±0.089 ±0.096 ±0.155 ±0.066 ±0.087

Maximum 5.089 0.379 na 0 0 0 0.113 na 0.001 0.359 −0.014

±0.027 ±0.031 ±0.039 ±0.001 ±0.026 ±0.012

B. aquilonaris Minimum 5.215 0.313 0.185 0 0 0 0.258 0.152 0.695 0.179 0.801

±0.023 ±0.025 ±0.024 ±0.034 ±0.040 ±0.027 ±0.034 ±0.042

Maximum 6.448 0.361 0.167 0 0 0 0.232 0 0.529 0.253 0.799

±0.012 ±0.013 ±0.013 ±0.012 ±0.014 ±0.013 ±0.020

The slopes were obtained from multimodel averaging using AICc-based selection (see section Methods for details). Variables were standardized prior to the analysis so that the

estimates are comparable within each model. “na” means that the descriptor was not considered for that specific species/population size. Gray bars illustrate the amplitude/power and

sense/orientation of the effects.

FIGURE 3 | Predictive power of the three habitat quality models. In panels (A–C) are shown the predicted minimum and predicted maximum population sizes (black

ticks) using the models based on vegetation type (panel A), vegetation composition (panel B) and ecological resources (panel C) fitted on the original metapopulation

data, as well as the observed population sizes (2013–2014, dots). Plain dots indicate the observed population sizes that did not fall between the predicted minimum

and maximum population sizes. Predictions were incorrect for 14 couples of population and year when using the vegetation type habitat model, for 21 couples when

using the vegetation composition habitat model and for 10 couples when using the resource based habitat model. (D) Relative error in the predictions according to

the mean population size for the three habitat type models. Errors are lower for predictions made with the resource based habitat model. There is no relationship

between the error and the mean population size, whatever the model considered, although relative errors are larger for smaller population sizes.

variables on the other morphological traits in B. eunomia males,
and on all morphological traits in B. eunomia females.

B. aquilonaris females had significantly bigger thoraxes,
bigger abdomens and larger wings in sites with a great

abundance of the host plant. Their abdomen was also
bigger in sites with a more homogeneous distribution of the
juvenile resources and a more heterogeneous distribution of
the adult nectar resources. Effects on B. aquilonaris male
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TABLE 4 | Relationship between habitat quality and adult morphology in males and females of both B. eunomia and B. aquilonaris.

Species Morphological

measure

Sex df Resource descriptors

Connectivity Host Organization Distribution (juveniles) Distribution (adults)

F P F P F P F P F P

B. eunomia Thorax volume Females 158 na 1.53 0.218 3.52 0.062 0.15 0.702 1.61 0.206

Males 179 na 0.52 0.474 32.20 <0.0001 3.37 0.068 6.58 0.011

Forewing length Females 158 na 0.07 0.790 0.40 0.530 0.00 0.958 0.11 0.746

Males 179 na 0.13 0.719 2.69 0.103 0.71 0.400 0.09 0.760

Abdomen

volume

Females 158 na 0.22 0.641 0.17 0.679 3.25 0.074 3.09 0.081

B. aquilonaris Thorax volume Females 275 0.84 0.361 11.70 0.001 0.32 0.572 0.07 0.794 0.12 0.727

Males 273 6.10 0.014 0.74 0.392 10.98 0.001 4.43 0.036 4.42 0.036

Forewing length Females 275 0.55 0.460 3.13 0.078 0.28 0.595 1.58 0.210 0.24 0.627

Males 273 2.19 0.140 8.46 0.004 0.05 0.824 5.21 0.023 0.81 0.368

Abdomen

volume

Females 275 0.35 0.556 16.07 <0.0001 2.42 0.121 7.33 0.007 7.46 0.007

Negative effects are indicated in gray. For each descriptor, F-statistics and P-values are given (significant relationships are indicated in bold). df, degrees of freedom.

morphology were more diverse, with (1) smaller thoraxes in
case of greater between-population connectivity, greater overlap
between juvenile and adult resources, and more homogeneous
distribution of the caterpillar and adult resources, and (2)
larger wings in sites with a high abundance of the host
plant and a more heterogeneous distribution of the caterpillar
resources (Table 4).

DISCUSSION

The Resource-Based Habitat Approach: A
Templet for Species Conservation?
Whatever the investigated spatial scale (local population and
metapopulation), our quantitative results show an overall better
performance of the resource-based habitat approach to represent
the relationships between the organism and the environment
compared to the most commonly used vegetation-based habitat
approaches, including the “host plant only” approach. As
predicted, differences are most pronounced at the juvenile stages
(eggs or caterpillars) compared to adults whatever the degree
of ecological specialism of the species. In the case of the most
specialized species, we have also shown significant effects at the
adult stage. Local abundance within the Pisserotte site was best
explained by a combination of resource variables in 70% of
the cases, namely for (1) the juvenile stages of the five study
species, and (2) the adults of B. eunomia and L. helle. At the
metapopulation scale, it was also the case for the adults of the
two species, B. eunomia and B. aquilonaris.

A vegetation-based habitat approach could work in cases
where all the resources needed by the species are encompassed
in a particular vegetation type, but such conditions are rather the
exception than the rule. In our study, it was only the case for
adults of the less specialized species (B. aquilonaris, L. hippothoe,
and B. selene) at a local scale, for which adult resources are

present in some vegetation association at a given site. However,
we draw attention to the fact that there is a discrepancy in the
results obtained at local and larger spatial scales for adults of B.
aquilonaris. So, although the vegetation-based habitat approach
can be suitable under singular conditions or for specific sites,
our study supports the broader and default use of the resource-
based habitat approach to establish the functional habitat of a
species for the purpose of conservation and habitat restoration.
Therefore, we conclude that the resource-based habitat approach
should be preferred over a vegetation-based habitat approach
to properly define the habitat of a species. Also we argue that
fieldwork should be conducted on several life stages (Radchuk
et al., 2013) and over several sites or populations rather than at
one given location to provide widely applicable guidelines toward
species conservation.

As certain amounts of host plant are needed to feed a
population at any site (i.e., host plant is a limiting resource),
host plant presence and abundance are widely used to predict
butterfly population occurrence within a landscape (see examples
in Sharp et al., 1974 for Plebejus saepiolus and in Bauerfeind
et al., 2009 for L. helle). Although host abundance was
present in most of our selected regression models, it was not
sufficient to predict local butterfly abundance or population
size. Knowledge on the use of specific or different nectar
resources and their significance for species distribution is
much less complete compared to host plant use, because
butterflies have long been considered opportunistic nectar
feeders. However, Tudor et al. (2004) observed that butterfly
species differed in the nectar resources they used and specialist
flower users were more frequently of conservation concern
than generalist flower users. Loertscher et al. (1995) found
a positive relationship between the distributions of adults
and their preferred nectar sources in several butterfly species
(i.e., Melanargia galathea, Polyommatus coridon, and Ochlodes
sylvanus). Our multi-species study showed that both host
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and nectar resources do play a role in defining a species’
functional habitat.

Structural resources are often neglected although they are of
high functional significance as they generally relate to micro-
climatic conditions. In line with our previous work (Turlure et al.,
2009, 2010a,b), we confirmed that structures provided by grass
tussocks or Sphagnum hummocks are key elements to the larval
habitat of B. eunomia or B. aquilonaris, respectively. The presence
of grass tussocks was also recognized as an important element
in the composition of the larval habitat of Coenonympha tullia
as these structures favor caterpillar survival during periods of
flooding (Dennis and Eales, 1997; Joy and Pullin, 1997). Adult
butterflies make use of trees and shrubs to shelter, to roost or
to mate (Dover et al., 1997; Dennis, 2004; Pywell et al., 2004;
Binzenhofer et al., 2005). We demonstrated the significance of
the presence of edges with trees as they provide shelter for L.
helle adults (both males and females; Turlure et al., 2014) and
perching sites for the territorial males of L. hippothoe (Turlure
andVanDyck, 2009). The significance of such structural elements
may also vary with local weather conditions as has been shown in
Plebejus argus: adults weremore abundant near scrub under wind
exposed conditions (Dennis and Sparks, 2006).

Adopting the resource-based habitat approach, the functional
habitat of a butterfly consists of (1) nectar feeding resources,
mate location sites, roosting sites and egg-laying sites for adults,
(2) a substrate and appropriate microclimate for eggs, (3)
host plants providing larval feeding resources that occur in an
appropriate structure and microclimate for caterpillar growth,
and (4) appropriate structure and microclimate for the pupal
stage and hibernation (aestivation) (see more details in Dennis
et al., 2006; Dennis, 2010). The number of resources involved in
habitat composition may vary, with generalist species likely using
a wider range of more numerous resources, while more exigent
species likely needing less but more specific resources. Not all
ecological resources were included in our study and certainly
we still lack knowledge on habitat resource composition for
our study species. Vegetation type and composition may indeed
have additional explanatory power. But even with incomplete
ecological information, we have demonstrated the suitability of
the resource-based approach of the species’ habitat and argue for
its standard use in conservation.

Although the terminology used to describe a species habitat
seems to be taxonomic-specific, many examples of key resource
elements whose distribution does not coincide with a unique
vegetation type can be found in the literature for a wide range
of organisms other than butterflies. For example, the seasonal
use of different vegetation types providing suitable food resources
has been illustrated in the lilac-crowned parrot Amazona finschi
(Katherine, 2001) and in the wildebeest Connochaetes taurinus
(Yoganand and Owen-Smith, 2014). Not only the species’
needs in terms of food resources were investigated. Long ago,
Magnuson et al. (1979) proposed that temperature be recorded
as an ecological resource, as well as other chemical and physical
factors, and illustrated how thermal needs differ for several
freshwater fish species. In the same way, light conditions
have been identified as an important ecological resource for
the damselfly Megalagrion nigrohamatum nigrolineatum, whose

individuals use dark locations to perch (Henry et al., 2017).
Structural elements can also be considered as resources, as
they may serve as roosts (Weber et al., 2015; Paramanantha
Swami and Nagarajan-Radha, 2017), or as shelters (Lucherini
et al., 2009; Bruton et al., 2014). Even time used for foraging
the same food resources could be considered as a resource, as
exemplified with sympatric cormorants species (Mahendiran,
2016). In some cases, however, vegetation type or composition
may be an efficient proxy for a (part of) species habitat, with
(some) resources being encompassed in this given vegetation
type or composition. This seems the case for some butterfly
species such as Lopinga achine, a forest species for which canopy
closure limits the availability of host plants (Konvicka et al.,
2008), Maculinea arion, a species thriving in small pastures that
are not mown or intensively grazed (Spitzer et al., 2009), or
Melitaea aurelia, a species whose habitat resources coexist in
low disturbed calcareous grasslands (Eichel and Fartmann, 2008),
among other examples. Nevertheless, a resource-based approach
describing a species habitat may theoretically suit any organism
and requires detailed auto-ecological study to assess species
resource needs in details. Its use may help to guide conservation
programs (Parentoni Martins, 2017) and to understand the
pattern of species coexistence in relation to the effects of inter-
specific competition (Cloyed and Eason, 2017; Estevo et al., 2017;
Matley et al., 2017).

Resource Availability or Resource
Configuration: What Is the Key Element to
Define Habitat Quality?
At the individual level, variation in availability and quality of
host plant resources (stored nutrients) and nectar resources
(incoming nutrients) were shown to affect adult morphology,
longevity, reproduction and, ultimately, butterfly fitness (Hill,
1992; Boggs and Freeman, 2005; Jervis and Boggs, 2005). In
our study, populations of B. aquilonaris with more abundant
host plants had adults with longer forewings, and in females
both thoraxes and abdomens were relatively bigger. Variation
in availability and quality of host plant and nectar resources
also had an effect at the population level. Population size has
been suggested to be strongly linked with the abundance of
host plant and nectar resources (Schultz and Dlugosch, 1999).
Several studies on different butterfly species have illustrated such
a relationship. Population density of Polyommatus coridon was,
for example, largely explained by its larval food plant quantity
(Krauss et al., 2005); population size of Pseudophilotes sinaicus
was affected by resource area and habitat quality (James et al.,
2003); and the probability of regional extinction of Hamaeris
lucina was related to the reduction of habitat quantity and
increasing isolation of habitat (Leon-Cortes et al., 2003). Here,
we have also demonstrated that the availability of larval resources
is significantly related to adult population size in two species (i.e.,
host plant for B. eunomia; host plant and vegetation structure for
B. aquilonaris).

Resource organization is likely to affect habitat exploitation,
and hence individual distribution and movements. For example,
the configuration of host and nectar resources used by Parnassius
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apollo impacted on adult distribution as females are more
abundant in host plant patches close to nectar resources,
independently of the host plant abundance (Fred et al., 2006).
Here, we observed our study species to be locally more
abundant in zones with a greater overlap between juvenile
and adult resources. In Coenonympha tullia, the most suitable
conditions for population persistence were defined as the overlap
(contiguity) of larval host plant and nectar resources (Dennis and
Eales, 1997). Similarly, higher minimum population sizes were
observed in the case of a greater overlap between juvenile and
adult resources in B. eunomia and B. aquilonaris. Organization
of host plant in patches of homogeneous abundance had a
positive influence on minimum population size in B. eunomia,
whereas in B. aquilonaris larger population sizes should be
favored by the heterogeneous distribution of juvenile and adult
resources. A conflict of interest may occur for females when
host and nectar resources do not overlap spatially: they have
to choose between meeting their own requirements and those
of their offspring. Hence, this represents a case of the concept
known as the parent-offspring conflict (Trivers, 1974). Females
of some species were observed to prefer staying at nectar rich
zones (Grossmueller and Lederhouse, 1987; Brommer and Fred,
2001) while others avoid feeding at the cost of longevity (e.g.,
most moth species). Here, we only observed females of B.
eunomia and L. hippothoe to be locally more abundant in open
zones compared to males. The open zones probably offer more
constant sun exposure and warmer microclimates needed to
mature eggs.

Baguette and Van Dyck (2007) and Dennis and Hardy (2007)
proposed that in the process of resource finding, resource
grain may affect the types of movement (i.e., “direct linear
flight” or “searching flight”) and consequently morphology.
When resources are spatially separated, the associated cost of
exploitation may lead to either more sedentary individuals
through selection against high mobility (Komonen et al., 2004),
or adaptation through morphological characteristics favoring
higher mobility for resource exploitation. Here, we have
demonstrated that the grain and organization of resources were
associated with morphology in several ways. Adult males of B.
aquilonaris had, for example, a larger thorax when key resources
were spatially distributed in a more heterogeneous way.

Our analysis has allowed us to assess the relative importance
of each ecological resource in terms of both availability and
organization relative to the species’ abundance, demography
and individual fitness. As predicted, resource availability, and
especially host plant abundance, does not necessarily play the
predominant role in defining habitat quality. Although the host
plant is a necessary resource whose presence is required for
an area to qualify as habitat, it is in most cases overruled
by the resource organization to define habitat quality. More
generally, this shows that understanding behavior relative to
resource distribution can be of key significance to define species-
specific habitat.

Similar conclusions can be drawn for other taxonomic
groups. Habitat quality has previously been defined as the
ability of the environment to provide conditions appropriate
for individual and population persistence (Hall et al., 1997).

In their review paper, Mortelliti et al. (2010) pointed out that
habitat size is not necessarily equivalent to habitat quality and
that although measuring key resources for invertebrate species
is highly feasible, it might be more complex for vertebrate
species with poorly known ecological requirements. However,
numerous papers exist reporting links between pattern of
occupancy, population growth rate, population size or individual
fitness and resource availability. For examples, (1) optimal vs.
suboptimal habitat quality impacted on species presence in
the European Nuthatch (Verboom et al., 1991) and (2) food
resource availability determined the pattern of patch use in
the badger Meles meles and the beech marten Martes foina
(Mortelliti and Boitani, 2008). Habitat quality (from resource
composition and availability) predicted density or population
size in the Great Crested Newt Triturus cristatus (Unglaub et al.,
2018) and the Grizzly bear Ursus arctos (Lamb et al., 2018).
In the Cap mountain zebra Equus zebra zebra, lower resource
availability influenced individual physiology, in turn affecting
population growth rate (Lea et al., 2018). In the mud crab
Panopeus herbstii, habitat quality (reef height, in the field) and
the diet (in the lab) impacted on the reproductive performance
of females (Griffen and Norelli, 2015). Although the influence
of habitat patch distribution in the landscape on population
dynamics and persistence has received support from several
studies (e.g., in the rainbow trout Oncorhynchus mykiss in
Jacobson et al. (2015); in the crayfish Procambarus fallax in van
der Heiden and Dorn (2017), only a few illustrates the influence
of local resource organization on population dynamics and size
(but see Kempe et al., 2016). However, resource distribution
has been (theoretically and experimentally) shown to influence
resource utilization, feeding behaviors, social organization and
mating systems in many organisms (e.g., Dell’Arte and Leonardi,
2005; Reluga and Shaw, 2015; Vincenot et al., 2015; Fernandez-
Duque, 2016; Halliwell et al., 2017). In particular, the Resources
Dispersion Hypothesis (RDH, Johnson et al., 2002; Revilla,
2003) has been used to explain how resource distribution affects
group living in non-cooperative animals (Grouping behavior,
Territory, and Home range size; e.g., McClintic et al., 2014; Kittle
et al., 2015; Koenig and Walters, 2015). The list of examples
quoted here is obviously not exhaustive, but illustrates that
habitat quality using the resource-based approach may provide a
functional basis for assessing the population status of any species
from different taxonomic groups.

The Resource-Based Habitat Approach: Is
It Widely Applicable?
Finally, we have confirmed the between-population
transferability of the habitat definition and habitat quality
estimates by adopting a resource-based habitat approach. In
B. aquilonaris the predictive power of the resource-based
habitat quality model (by cross validation and use of additional
independent data on other Belgian populations) was assessed to
be very good (73% and 62% of correct predictions). Although
performed on a single species, this demonstration provides a
strong argument in favor of detailed autecological studies to
identify (1) key resources defining the functional habitat, and
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(2) how resource availability and organization influence habitat
quality. Many species conservation plans need to quantify habitat
quality at more or less large spatial scales. A resource-based
approach is likely to prove an efficient way to do so from the
presence and abundance of a series of key resources. Using
a vegetation type based definition of the habitat fails in such
a situation because of its habitat vs. non-habitat binary view
that fails to provide estimates of habitat quality. Note that
the transferability has been investigated here at a rather small
geographical scale (i.e., tenths of km). If applied at much
larger scales, like continental scales, changes in resources used
by a species, as well as local adaptations, may hamper the
transferability. However, conservation plans are rarely designed
at such large scales.

Given the number of variables included in the resource-
based definition such as previously described, it is not a
restrictive definition. Its philosophy can be applied to a wide
range of species. In theory, at the intra-specific level, resource
composition should remain much the same. Variation in the
availability and distribution of resources should occur more
frequently, leading, in turn, to local behavioral and life history
adaptations. Availability of food resources have been invoked as
the main determinant of population size (Pianka, 1974; Pollard,
1981) and has led to the concept of carrying capacity (i.e., the
maximum population size an organism can reach in absence of
enemies and catastrophes). But the sole availability of resources
does not necessarily reflect quality per se. The examples quoted
in this discussion, among others, indicate the importance, co-
occurrence, composition, quality, and organization of resources
(consumables and utilities) to determine the quality of any given
location for supporting population of a given species (Maes et al.,
2006; Dennis and Hardy, 2007).

Deterioration of habitat quality plays an important role
in the extinction risk faced by local populations (Thomas,
1984; Thomas et al., 1992). Inferring habitat quality based
on quantitative and reliable parameters is then of utmost
interest. Such habitat quality estimates can be integrated in
metapopulation models (Hanski and Gilpin, 1991; Dennis and
Eales, 1997; Hanski and Simberloff, 1997; Schtickzelle and
Baguette, 2009), and will make it possible to identify where
resources are lacking in specific regions resulting in clear
guidelines for landscape restoration and identifying potential
locations for species to occur (e.g., Vanreusel and Van Dyck,
2007). Although most of these issues emerged from butterfly
studies, the resource-based definition of the habitat is likely
to be relevant for many other organisms (Maes et al., 2006).
Finally, we want to stress that such thorough resource-based
habitat studies aiming at managing threatened species one by
one are indeed not feasible on the ever-growing numbers of
imperiled taxa in the current era of global extinction. We
advocate for an alternative approach to a species-based strategy
of biodiversity conservation in those areas that are relatively or
totally sheltered from strong human impact. In such areas that
are still close to their natural state, a sanctuary-based approach
aiming at maintaining those eco-evolutionary processes that
shape biodiversity at the landscape scale should be privileged.
The meta-climax concept coined by Blondel (1987) could be

used as a framework to maintain landscapes in such a way that
they contain many habitats for numerous species. A meta-climax
can be defined as the whole set of simultaneous co-occurring
successional vegetation stages offering a range of ecological key
resources for all the species within the landscape. It is, however,
often assumed that in many industrialized or urbanized areas, the
human pressure is way too strong for applying this sanctuary-
based approach. Nevertheless, even in our study area where large
forests remain, the re-introduction of landscape engineers like
beavers coupled with natural disturbances (storms, flooding) will
create open areas that would be maintained by other engineers,
i.e., large ungulates likemoose, bison or elks. Various successional
stages will thus coexist in a patchy and spatially dynamic meta-
climax characteristic of the primeval vegetation that was present
after the last Ice Age before human driven large deforestation
(Vera, 2002). Such a landscape will meet the two basic conditions
of a sanctuary-based approach to conservation, i.e., to allow the
persistence of all the species by providing all of them with their
resources, and to maintain those eco-evolutionary processes that
shape biodiversity.
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Supplementary Figure 1 | Summary table on how vegetation type, vegetation

composition and ecological resources were assessed in this study. (A) A

vegetation type was assigned to each zone of the Pisserotte reserve and each site

hosting a population of B. eunomia and B. aquilonaris. (B) Vegetation composition

was summarized separately by the two first axes of Principal Component Analysis

(PCAs) using vegetation samples collected in Pisserotte (400 samples

summarized in PIS-1 and PIS-2), in B. eunomia populations (247 samples

summarized in BEU-1 and BEU-2) and B. aquilonaris populations (759 sites

summarized in BAQ-1 and BAQ-2). (C) Ecological resources measured from

vegetation samples and extra measurements in each zones and sites. As some

resources variables were highly correlated (see section Methods), some were

discarded from the analysis.

Supplementary Figure 2 | Additional information on vegetation samples. (A)

Schematic representation of a vegetation sample, considering two plant species

(black dot and star). The 1 m2 sample was divided in a 5∗5 grid, forming 25

squares (each 20∗20 cm) to estimate the abundance of each plant species on the

basis of their presence in each square, i.e., on a zero to 25 scale. In this example,

abundance of the black dot species equals 11 and abundance of the black star

species equals 5. (B) The number of vegetation samples collected (Y-axis) in sites

hosting B. eunomia populations increased with the site host plant area (X-axis).

(C) The number of vegetation samples collected (Y-axis) in sites hosting B.

aquilonaris populations increased with the site host plant area (X-axis). Note that

the relationship is not perfectly linear due to the heterogeneity in the vegetation of

within each site (not illustrated here). (D–F) Results of the PCAs performed with

the vegetation samples collected in each zone and site.
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