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Abstract: The latest reports from the European Commission warn of the need to improve the
conservation status of its forest habitats. Native populations of priority habitat 9570 (Tetraclinis
articulata forests) in continental Europe are located in the southeast of the Iberian Peninsula. The
LIFE-TETRACLINIS-EUROPE project aimed to improve habitat conservation conditions. As part of
the results of this project, a habitat quality index was proposed with the intention of evaluating both
its conservation conditions and its evolution after the implemented action measures. The variables
used in this index were selected with the aim of achieving high representativeness of the quality of
the habitat while at the same time being easily integrated into monitoring programs. In this paper,
we intend to verify the suitability of the variables chosen for this index, its sensitivity to discriminate
different conservation levels, and its possible inclusion in forest management programs through a
cost-effectiveness analysis.

Keywords: habitat quality; cost-effectiveness of restoration projects; habitat restoration; Mediterranean
forest; Tetraclinis articulata

1. Introduction

Article 17 of the EEC Habitat Directive requires monitoring the conservation status
of those habitats included in the Natura 2000 Network every six years [1,2]. Despite the
efforts of monitoring proposals by numerous authors [3–6], the absence of common EU min-
imum standards for monitoring habitats is problematic when assessing their conservation
status [7–9]. In Spain, the first great effort to establish the ecological basis for evaluating
habitats’ conservation status was performed in 2009 [10]. This pioneering work included a
review of the parameters that defined the conservation status of 117 habitats of Community
Interest. In turn, an evaluation of the level of conservation by biogeographic region was
advanced and it contained basic recommendations for the management of these habitats.
Over 2015–2017, the project “Establishment of a state system for monitoring the Conserva-
tion Status of Habitat Types in Spain” was conducted to respond to the obligations of the
Habitat Directive. As part of this project, guidelines for the assessment of forest habitats
were developed based on information collected in the National Forest Inventory [11]. How-
ever, not all forest habitats present in Spain are sufficiently represented in the inventory
plots, so additional information is required to establish their conservation status [12]. The
latest report for 2013–2018 reveals that almost 20% of European protected forest habitats
need measures to improve their conservation status [13].

The main distribution areas of the semiarid Mediterranean forest species Tetraclinis
articulata (Vahl) Masters are located in Maghreb [14], where its timber is extremely valued
for carpentry, handcraft, and construction [15,16]. Due to their history of intense human
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exploitation (harvesting of wood, grazing, fires), these forests are subject to a process
of regression [17]. However, several authors have observed a high capacity for natural
regeneration of the species once degradative pressures such as fires and overgrazing
have ceased [18–20]. Similar behavior has been described when ecological competition
relations against Pinus halepensis Miller decrease in areas where both species are present [21].
Population dynamics of the latter species in these zones appears to be in decline due to
climate change [22,23]. The ability of T. articulata to survive and thrive even in abandoned
mining soils has recently been highlighted [24–26]. Most of the area occupied in the EU by
the priority habitat 9570 “Tetraclinis articulata forests” is found in the southeast of the Iberian
Peninsula. The populations located in the coastal mountains of Cartagena-La Unión account
for 98% of the European habitat of this species (remaining populations are located in Malta
and Melilla). The European Commission and the European Environment Information and
Observation Network (Eionet) consider the habitat conservation status as “Unfavorable–
Inadequate” [27,28]. Before the last decade of the 20th century, species of the 9570 habitat
were rarely included in restoration and reforestation projects [29]. Semiarid environments
are where the failure of many conventional reforestations has been most evident [24] and
where more precedents have been generated for the restoration of several habitats. In
the Iberian Peninsula, the restoration works that have been executed with this species
are mainly focused on its use for reforestation of zones beyond its current distribution
range [30,31], and other actions of lower economic costs related to habitat improvement are
not usually considered. The LIFE13 NAT/ES/00436 project “Conservation of the priority
habitat 9570 Tetraclinis articulata forest in the European continent” [32] proposed a number
of measures intended to improve the habitat quality of the European continental population
of this species over 2014–2019. For this purpose, specific actions were implemented in order
to improve those areas subject to different degradative impacts: burned areas, ecological
competition situations, habitat degradation due to mine tailings’ accumulations, scarce
presence of the target species, compacted soil due to unauthorized activities, overgrazed
areas, and presence of invasive species.

As an outcome of the LIFE-Tetraclinis project, a management guide [29] was published
which suggests a habitat quality index. This index integrates the main factors previously
considered for the evaluation of the conservation status of T. articulata habitat in European
semiarid environments [12,33]: habitat structural elements (habitat species richness), demo-
graphic dynamics of the target species (total number of specimens, recruitment dynamics,
and recruitment facilitating factors), and system disturbance dynamics (fires, overgrazing,
invasive species, and altered or compacted soils). The objectives of this study are: (i) to
test the suitability of the main index variables proposed in the habitat management guide,
(ii) to test the index sensitivity to discriminate different habitat conservation statuses, and
(iii) to develop a cost-effectiveness model based on habitat quality to facilitate management
decisions.

2. Materials and Methods
2.1. Experimental Design

In 2016, 132 survey plots (Table 1) were established in 3 protected areas (Figure 1) of
the LIFE project: Calblanque, Monte de las Cenizas y Peña del Águila Regional Park (code SCI
ES6200001), Espacios Abiertos e Islas del Mar Menor (code SAC ES6200006), and Sierra de La
Muela, Cabo Tiñoso y Roldán Protected Area (codes SPA ES0000264 and SCI ES6200024). In
the second area, a fence was installed to prevent overgrazing. In the third, only actions
to close unauthorized trails and eliminate invasive species were performed. The survey
plots were classified according to the main factor of habitat degradation caused by diverse
forms of human interventions. The design of the plots was adapted to the type of action
implemented.
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Table 1. Summary of the LIFE-Tetraclinis project actions and number of survey plots. Each plot
type was sized according to the nature of the studied degradative factor: (a) square plots of 400 m2,
(b) circular plots of 15 m radius, (c) square plots of 25 m2, and (d) original irregular polygons designed
in the LIFE project.

Degradation
Factor Implemented Action Survey

Plots
Total Costs

(€)
Intervened
Area (ha)

Fire

About 400 ha of Pinus-Tetraclinis mixed forest were burned by a
fire in August 2011. The subsequent regeneration of the pine

forest reached 3000 specimens/ha in some areas, so the aim was
to reduce it to a maximum of 600 specimens/ha.

20 (a) 121,381 28.09

Competition

Decrease in the competitive pressure caused by the pine forest
and stimulation through the increase in direct sunlight received

from the reproductive activity of sub-adult specimens of T.
articulata.

20 (b) 51,383 9.5

Mine Tailing
Experimental restoration through the reintroduction of the main
habitat species in an area of mine tailings from the middle of the

last century.
14 (c) 53,800 0.88

Limited seed
reception

Planting of T. articulata groves (20 ± 8 specimens/plot) to
promote the creation of open forest stands in areas isolated from

adult specimens.
26 (b) 38,809 11.27

Compacted
Soils

Closure and restoration of unauthorized trails in order to avoid
an excessive habitat fragmentation. 10 (c) 46,060 2.58

Overgrazing Eliminate overgrazing in a specific area by installing fencing. 20 (a) 61,980 25.61

Invasive Species

Eliminate invasive species within the area of the Sites of
Community Importance (SCI) of Calblanque, Monte de las

Cenizas y Peña del Águila (code ES6200001) and La Muela-Cabo
Tiñoso (code ES0000264).

22 (d) 54,199 0.88

TOTAL 132 427,612 78.81 (13% *)

* Percentage of intervened area in relation to the total occupied by priority habitat 9570 in continental Europe
(595 ha, Esteve 2017).

Figure 1. Study area location in the southeast of the Iberian Peninsula (Region of Murcia, Spain).
Colored lines represent Protected Areas limits. The LIFE project actions were performed in the green
areas (EPSG Projection 25830-ETRS89/UTM zone 30N).
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2.2. Data Collection

We collected the survey plots’ data over the period 2016–2019. These data were
standardized and used to test the Tetraclinis articulata habitat quality index (HQI) proposed
in the habitat management guide [29], allowing comparisons of habitat status before and
after the improvement actions. The species richness was calculated by considering those
most representative of the habitat: Chamaerops humilis, Maytenus senegalensis, Olea europea
var. sylvestris, Osyris lanceolata, Periploca angustifolia, Pinus halepensis, Pistacia lentiscus,
Quercus coccifera, Rhamnus lycioides, and Tetraclinis articulata. We have considered the most
representative species of the priority habitat 9570 to be those focal species listed in recent
local bibliography [29,33]. Those specimens of T. articulata that showed signs of having
reached reproductive maturity (i.e., cone production) were considered adults. Specimens
with a diameter greater than 8 cm without signs of having developed reproductive activity
were considered as sub-adults. Consequently, those with a smaller diameter and without
signs of reproductive activity were considered juvenile. Limiting factors and anthropogenic
impacts considered can be observed in Table 2. Tree canopy cover, terrain elevation,
and slope LiDAR-based models were obtained from the Spanish National Center for
Geographic Information website [34]. Normalized burn ratio (1) was calculated as a
proxy of fire severity as the ratio of NIR to SWIR bands using LANDSAT-5 images of
June and September 2011. Normalized difference vegetation index (2) was calculated
as an annual mean for 2015 as the NIR and RED bands ratio using LANDSAT-8 images.
Overgrazing damage was calculated according to the percentage of damage in the first
1.5 m (0 = no damage, 1 = 1–25%, 2 = 25–50%, 3 = 50–75%, 4 = 75–100%) multiplied by the
ratio of damaged height to the total specimen height.

NBR =
NIR − SWIR
NIR + SWIR

; dNBR = NBRpre f ire − NBRpost f ire (1)

NDVI =
NIR − RED
NIR + RED

(2)

Table 2. Variables used to calculate the habitat quality index (HQI) and applied methodologies.
Contribution to the quality index corresponds to either (a) 100 m2 or (b) 400 m2 of survey plot size.
SpR: focal species richness, AdN: No. of adults and sub-adults, RecN: No. of saplings and juveniles,
LimF: limiting factors, AImp: anthropogenic impacts.

Variable Acronym Methodology HQI Contribution

SpR

Focal species richness as the presence or absence of the
main habitat species: Chamaerops humilis, Maytenus

senegalensis, Olea europea var. sylvestris, Osyris lanceolata,
Periploca angustifolia, Pinus halepensis, Pistacia lentiscus,

Quercus coccifera, Rhamnus lycioides, Tetraclinis articulata.

No presence of habitat species: 0.
(a) >0 to 1 species or (b) 1 to 2 species: 1.
(a) >1 to 3 species or (b) 3 to 4 species: 2.

(a) >3 species or (b) >4 species: 3.

AdN
Number of adult and sub-adult specimens (>8 cm

diameter, no strobili production) per 100 m2. Sub-adults
are adjusted using a 0.5 coefficient.

No adult or sub-adult specimens: 0.
Only saplings or juveniles: 1.

Up to 0.5 adult or sub-adult specimens: 2.
>0.5 to 1 adult or sub-adult specimens: 3.

>1 adult or sub-adult specimens: 4.

RecN Number of recruited or juvenile specimens (<8 cm
diameter, no strobili production) per 100 m2.

No juveniles or saplings specimens: 0.
Up to 2 juveniles or saplings specimens: 1.
>2 to 4 juveniles or saplings specimens: 2.

>4 juveniles or saplings specimens: 3.

LimF

Limiting factors. Those species or factors affecting
recruitment are considered. The linear coverage is

registered, with at least 40 linear meters/100 m2, in
units of 20 × 20 m.

2(1—Σ non-overlapping cover percentage as a
decimal of Pinus halepensis, Chamaerops humilis,

Calicotome intermedia, Brachypodium retusum,
compacted soil, or unfissured rock and Aleppo

pine litter accumulations)
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Table 2. Cont.

Variable Acronym Methodology HQI Contribution

AImp
Anthropogenic impacts. Habitat disturbances caused by
human activities. Due to its heterogeneity, this factor is

estimated for each survey plot.

Null impact. No noticeable disturbances: 1.
Low. Minor impacts not functionally relevant to
the habitat (adult or sub-adult specimens with

more than three average basal stems, compacted
soil, debris, and dumping surface area on less

than 5%, no invasive species presence): 0.
Medium. Structurally and functionally relevant
impact, which does not threaten demographic

dynamics (5–25% of compacted soil area,
invasive species < 10%, significant damage
caused by drought or overgrazing, burned

specimens with >50% original biomass recovery):
−1 (single impact), −2 (more than one).

High. Structurally and functionally disturbed
demographic dynamics (compacted soil

area > 25%, invasive species > 10%, serious
damage caused by drought or overgrazing,

burned specimens with <50% original biomass
recovery): −2 (single impact), −3 (more

than one).

2.3. Habitat Quality Index and Cost-Effectiveness Model

To facilitate the study of the conservation status of priority habitat 9570 “Tetraclinis
articulata forests”, an easy-to-use habitat quality index was developed [29]. This index
was calculated based on habitat focal species richness (SpR), number of adult and sub-
adult specimens (AdN), number of recruited or juvenile specimens (RecN), limiting factors
affecting recruitment (LimF), and anthropogenic impacts (AImp). Table 2 summarizes the
procedures to be considered for each variable involved in the index calculation.

The habitat quality index (3) ranges from −3 to 12 and classifies habitat quality into
5 categories: Unfavorable–Bad (−3 to 2), Unfavorable–Inadequate (2 to 5), Favorable–Basic
(5 to 7), Favorable–Good (7 to 9), and Favorable–Optimum (9 to 12). Each survey plot has a
HQI value. The actions have a mean HQI value obtained by the average of their units.

HQI = 0.91(SpR + AdN + RecN + LimF) + AImp (3)

2.4. Data Analysis

A correlation matrix (R ‘corrplot’ package [35]) and principal component analysis (R
‘FactoMineR’ package [36]) were used on the following variables to discuss their possible
implementation in the quality index: habitat species richness, total number of adult and
sub-adult specimens of T. articulata, total number of saplings and juvenile specimens of T.
articulata, limiting factors or anthropogenic impacts, tree canopy cover, elevation, slope,
differenced normalized burn ratio [37], normalized difference vegetation index [38], and
overgrazing damage [39]. An ANOVA approach (R ‘car’ package [40]) was employed
to verify the absence of statistically significant differences of the HQI values among the
plots included in each action group. The purpose of these analyses was: (i) to confirm the
comparability of the initial conditions of the plots within each group and (ii) to verify that
the improvement actions had a similar effect in each group of plots. Subsequently, a paired
t-test was used to determine whether the observed variation in the HQI value for each
intervened group was significant. To calculate a cost-effectiveness model, a linear model
relating the cost in Euros per hectare per HQI unit increment of each action and their initial
average HQI value was employed. A natural logarithm was applied to the dependent
variable for this model.
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3. Results
3.1. Correlation Analysis

Values of Pearson correlation coefficients of the analyzed variables are shown in
Table 3. Although most of them are poorly or moderately correlated, the highest values are
observed for the species richness–anthropogenic impacts and tree cover–NDVI pairs.

Table 3. Correlation matrix. SpR: focal species richness, AdN: No. of adults and sub-adults, RecN:
No. of saplings and juveniles, LimF: limiting factors, AImp: anthropogenic impacts, Cov: tree canopy
cover, Elev: elevation in meters above sea level, Slp: slope expressed as degrees, dNBR: differenced
normalized burn ratio, NDVI: normalized difference vegetation index, GraD: overgrazing damage.
Significant differences (p-value < 0.05) are shown in bold.

SpR AdN RecN LimF AImp Cov Elev Slp dNBR NDVI

AdN 0.43 - - - - - - - - -
RecN 0.24 0.3 - - - - - - - -
LimF −0.21 0.03 −0.1 - - - - - - -
AImp −0.65 −0.1 −0.1 0.24 - - - - - -
Cov 0.32 0.13 0.12 0.38 −0.4 - - - - -
Elev −0.21 0.02 −0.05 0.36 0.41 0 - - - -
Slp 0.27 0.25 0.21 −0.46 −0.08 −0.02 −0.36 - - -

dNBR 0.42 0.28 −0.08 −0.2 0.08 −0.32 0.05 0.23 - -
NDVI 0.46 0.17 0.15 −0.08 −0.52 0.75 −0.14 0.22 0.16 -
GraD 0.04 0.21 0.46 −0.34 0.08 −0.22 −0.17 0.18 0.13 −0.07

3.2. Principal Component Analisys

Main results obtained from the principal component analysis are summarized in
Table 4. The left side reveals that the first four components contribute to about 74% of
the explained variance. The right side includes the variables’ contribution to the first four
dimensions.

Table 4. PCA obtained results. Contribution of the variables included in the habitat quality index
(HQI) appears highlighted in grey. SpR: focal species richness, AdN: No. of adults and sub-adults,
RecN: No. of saplings and juveniles, LimF: limiting factors, AImp: anthropogenic impacts, Cov: tree
canopy cover, Elev: elevation in meters above sea level, Slp: slope expressed as degrees, dNBR:
differenced normalized burn ratio, NDVI: normalized difference vegetation index, GraD: overgrazing
damage.

Component Eigenvalue % Variance Σ Variance Variable Dim.1 Dim.2 Dim.3 Dim.4
1 3.01 27.32 27.32 SpR 22.24 0.00003 10.75 0.003
2 2.20 20.04 47.36 AdN 6.96 0.98 9.74 22.32
3 1.48 13.49 60.84 RecN 5.55 1.79 6.33 28.31
4 1.45 13.15 73.99 LimF 4.65 19.88 2.19 9.69
5 0.81 7.38 81.37 AImp 18.12 3.00 0.24 8.32
6 0.65 5.95 87.32 Cov 7.62 28.29 0.44 1.53
7 0.52 4.76 92.08 Elev 7.12 3.00 8.66 15.60
8 0.38 3.42 95.50 Slp 8.90 9.97 0.001 0.39
9 0.27 2.49 97.99 dNBR 0.55 9.18 44.10 0.26

10 0.12 1.06 99.05 NDVI 17.07 10.87 0.57 0.05
11 0.10 0.95 100 GraD 1.20 13.05 16.98 13.54

The graphical representation of the first three axes highlights the dimensional configu-
ration of the study groups (Figure 2). According to the location of the groups in the first
two dimensions (a), a gradient of system degradation is suggested. An evident gradient of
degradation activities is represented by the axis of the first dimension, while the axis of the
second dimension suggests a secondary gradation involving some historical processes of
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habitat alteration (grazing and fires). Furthermore, the addition of the third dimension (b)
allows a clear distinction of burned and overgrazed areas.

Figure 2. PCA groups’ classification: (a) dimensions 1 and 2, (b) dimensions 1 and 3. Group names
correspond to those in Table 1. SpR: focal species richness, AdN: No. of adults and sub-adults, RecN:
No. of saplings and juveniles, LimF: limiting factors, AImp: anthropogenic impacts, Cov: tree canopy
cover, Elev: elevation in meters above sea level, Slp: slope expressed as degrees, dNBR: differenced
normalized burn ratio, NDVI: normalized difference vegetation index, GraD: overgrazing damage.

3.3. Habitat Quality Index Variation

The ANOVA tests applied to the set of plots that were included in each group did not
reveal significant differences in their HQI initial values before implementing the habitat
improvement measures (Table 5). Those values (Figure 3) show that only the ecological
competition situations group had favorable initial values of the quality index. Initial HQI
values seem to be consistent with the degradation gradient suggested by the principal
component analysis.
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Table 5. Results of the ANOVA tests applied to the initial HQI values of the plots of each study group.
p-value significance: * < 0.05, ** < 0.01, *** < 0.001.

ANOVA Groups Sum of Squares Mean of Squares DF F Value p-Value

Fire 7.005 1.751 4 1.466 0.262
Residuals 17.916 1.194 15 - -

Competition 12.57 4.191 3 2.501 0.0964
Residuals 26.81 1.675 16 - -

Mine tailing 2.663 2.663 1 2.626 0.131
Residuals 12.169 1.014 12 - -

Limited seed reception 1.556 0.5188 3 0.649 0.592
Residuals 17.598 0.7999 22 - -

Compacted Soil 1.048 1.0481 1 1.379 0.274
Residuals 6.079 0.7599 8 - -

Overgrazing 3.02 3.023 1 1.02 0.326
Residuals 53.34 2.964 18 - -

Invasive species 1.929 0.9647 2 3.368 0.056
Residuals 5.442 0.2864 19 - -

Figure 3. HQI values before the implementation of habitat improvement actions. Red dotted line
represents the value from which the habitat quality index is considered favorable. Average value of
the groups is represented by a red dot.

As a result of the implemented actions, only the invasive species elimination plots
showed significant differences (Table 6). The actions resulted in an overall increase of
the habitat quality index (Figure 4). However, those groups that were subjected to highly
degradative processes and which originally showed negative index values maintained an
unfavorable quality rating (HQI < 5).
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Table 6. Results of the ANOVA tests applied to the final HQI values of the plots of each study group.
p-value significance: * < 0.05, ** < 0.01, *** < 0.001.

ANOVA Groups Sum of Squares Mean of Squares DF F Value p-Value

Fire 5.283 1.321 4 0.632 0.648
Residuals 31.36 2.091 15 - -

Competition 4.34 1.447 3 0.59 0.63
Residuals 39.23 2.452 16 - -

Mine tailing 0.956 0.9555 1 0.64 0.439
Residuals 17.912 1.4927 12 - -

Limited seed reception 3.009 1.003 3 2.058 0.135
Residuals 10.722 0.4874 22 - -

Compacted Soil 2.51 2.505 1 0.416 0.537
Residuals 48.13 6.016 8 - -

Overgrazing 5.54 5.541 1 1.374 0.256
Residuals 72.61 4.034 18 - -

Invasive species 73.63 36.82 2 18.09 <0.001 ***
Residuals 38.68 2.04 19 - -

Figure 4. HQI values after the implementation of habitat improvement actions. Red dotted line
represents the value from which the habitat quality index is considered favorable. Average value of
the groups is represented by a red dot. Initial average value is represented by an asterisk.

The actions implemented to improve the habitat have had a positive effect on the
value of the quality index of the groups. All of them registered statistically significant
changes (Table 7). After weighting the intervened surfaces in each action, the overall
average of the habitat quality index improved from 4.33 (Unfavorable–Inadequate) to 5.79
(Favorable–Basic).
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Table 7. Paired t-test to evaluate the effects of the habitat improvement actions implemented on
the quality index (HQIi: initial value, HQIf: final value). p-value significance: * < 0.05, ** < 0.01,
*** < 0.001.

Action Code Mean HQIi Mean HQIf Differences t df p-Value

Fire 4.312 5.34 1.028 3.772 19 <0.01 **

Competition 7.41 9.466 2.056 9.936 19 <0.001 ***

Mine Tailing −1.384 1.11 2.494 5.776 13 <0.001 ***

Limited seed reception 4.376 6.301 1.925 10.446 25 <0.001 ***

Compacted Soil −1.041 2.057 3.098 4.135 9 <0.01 **

Overgrazing 4.175 5.411 1.237 10.187 19 <0.001 ***

Invasive species −2.36 0.639 2.998 6.939 21 <0.001 ***

3.4. Cost-Effectiveness Model

The linear model relating the initial average HQI value to the cost of increasing one
quality point in Euros per hectare is shown in Figure 5. The model achieved an R2 value of
0.7152 and a statistically significant p-value (0.0165 *). The observed tendency indicates
that the economic cost was considerably reduced as the value of the initial quality index
increased.

Figure 5. Cost-effectiveness model based on the initial average value of the habitat quality index.
p-value significance: * < 0.05, ** < 0.01, *** < 0.001.

4. Discussion
4.1. Index Variables

Prior to this work, some authors have suggested certain indicators to assess the
conservation status of priority habitat 9570 [12,33]. In this sense, the index used in this
study (HQI [29]) integrates such indicators and has proven to be a useful and easy to apply
habitat management tool. Some suggestive findings were observed from the analyses
applied to the variables involved in the quality index. The low to moderate correlation
observed indicates that the index variables share minimal information, making them non-
redundant and valuable for assessing the overall habitat quality. The initial variables
proposed for HQI [29] had a relevant impact on the first four dimensions of the principal
component analysis by absorbing about 74% of the variance, which would justify their
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inclusion. The graphical representation of the first two dimensions suggests the existence
of a degradation pressure gradient related to the intensity of the impacts, depending on
whether they involve different ecological compartments of ecosystems, certain physical
factors, the soil composition, or exclusively changes in the plant community. Furthermore,
the third dimension suggests some potential index improvements, since the factor including
anthropogenic impacts could be segregated to consider specific disturbances such as fire
intensity or overgrazing. These last disturbances correspond to the traditionally most
common impacts in the entire geographical area of the T. articulata formations [18–21,29,41].
The key factors contributing to the habitat variability of Tetraclinis stands appear to be the
severity of anthropogenic impacts, the richness of habitat-specific phanerophytes, and the
role of the accompanying vegetation (which either restricts or facilitates recruitment). Other
factors such as soil compaction or litter volume [19,20,29], canopy cover [21], and variables
directly associated with the target species (density of adults and number of juveniles or
recruits of T. articulata) are also relevant. It is interesting that these demographic variables
related to the target species were the last to be added, which allows a clearer differentiation
between habitat quality (in a strictly ecosystemic sense) and the quality of each survey plot
directly related to the local demographic status of T. articulata.

The index consistently and reliably classifies the quality of the different Tetraclinis
formations studied. The first axis of the PCA systematically ranks the index values, prop-
erly separating negatives from positives. However, it should be noted that top-quality
expressions of the habitat were not included in this analysis, since the aim of the LIFE
project was to select localities that required improvement actions. In the case of undis-
turbed plots located in locally optimal areas, the index value ranges between 10.6 and 11.4
(unpublished data). In addition, the index has been shown to be responsive to management
measures. Only two years after the actions, the average habitat quality in the 78.81 hectares
involved in the study improved from Unfavorable–Inadequate to Favorable–Basic, with
an overall increase of 1.46 in the habitat quality index. Those actions involving extremely
deteriorated population conditions showed a significant improvement, however this fact
must be revised by considering the economic costs. Previous studies on the elimination of
ecological competition or the ability to colonize abandoned mining areas have indicated
the rapid response capacity of T. articulata when the main impact has ceased [21,26].

4.2. Index Applicability to Management and Other Biogeographical Areas

The latest assessments of the improvement requirements of European protected habi-
tats show that forests are most in need [13]. The conservation status of the priority habitat
9570 “Tetraclinis articulata forests” was classified as “Unfavorable–Inadequate” in 2015 [27].
This study confirmed the HQI potential to assess the cost-effectiveness of management
actions for the European populations of T. articulata. The economic cost per unit of change
and hectare would be determined by the initial value of the habitat quality index. Although
the overall changes were greater in extreme degradation situations, at an intermediate
initial quality value, the economic cost of increasing one quality point per hectare would
be significantly lower compared to situations with lower or negative values of the index.
Therefore, our results suggested that using the regenerative potential of the species through
low-impact actions focused on specific degradative factors could benefit the system in a rela-
tively short time and at a low economic cost. This would represent a change in the approach
to habitat restoration in semiarid environments, transcending the traditional methods fo-
cused on reforestations [24]. This information could be useful as a guide for administrators
when deciding which areas should be considered for habitat quality improvement actions.

Previous research studies for Algerian [19] and Moroccan [20] populations suggest a
high regeneration potential in the absence of grazing. A high regeneration capacity after fire
damage has also been observed in Algerian populations [18]. However, the intensive and
uncontrolled use of Tetraclinis timber in carpentry, handcraft, and construction could lead to
an irreversible decline of its North African populations, particularly in Morocco where the
species covers most of its distribution range [14–17]. The observed overall improvements in
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the quality index presented in this study are consistent with the species’ high regeneration
capacity, even more so considering that the specific actions developed for these pressures
resulted in low-impact interventions (removal of pine shoots and installation of a fence).
Since the conservation threats to T. articulata are very similar, the index has the potential to
be applied to their semiarid North African populations with some minor modifications (e.g.,
habitat species composition and timber usage), which would be useful both to establish the
global conservation status of this species and in the development of habitat conservation
and management plans.

4.3. Index Applicability in Context with Climate Change Scenarios

Regarding the expected effects of climate change on Iberian populations of Tetraclinis
articulata [42], two different situations can be distinguished: (i) the appearance of new
distant areas beyond its current distribution range and (ii) the response of the current
populations on the Iberian Mediterranean coast. The first scenario would be problematic
unless the colonization of the new areas is not artificially facilitated, as the species shows
a low dispersal speed [29]. According to the second scenario, the current populations on
the Iberian coast should increase due to two factors: (a) a closer approach to their optimal
climatic niche in North Africa (warmer areas, without large variations in rainfall) and
(b) a decreased competition with Pinus halepensis, which currently competes for the most
favorable local areas regarding water deficit [21]. The index is adjusted for an asymptotic
response in its most favorable ranges, limited to a total of 12 points. A given numerical or
population improvement of the target species at current optimal localities should not result
in a substantial variation of the index value. Regarding the remaining local focal species
of the habitat, those that have been modeled (Chamaerops humilis, Maytenus senegalensis,
and Periploca angustifolia) exhibit an uncertain and variable response depending on the
species [43]. The remaining species of the habitat are still under study. In this sense, this
section of the index should probably be adapted to the new conditions in the medium term.

5. Conclusions

This study has verified the suitability of the main variables proposed in the develop-
ment of the habitat quality index for the Tetraclinis articulata forests [29] in their European
populations (habitat code 9570). Additionally, new options to improve the index have been
identified by disaggregating the anthropogenic impacts into specific variables, such as the
severity of the forest fires or the overgrazing damage. Index sensitivity was found to be
suitable to discriminate between different habitat conservation statuses, as well as to detect
changes in them. The obtained cost-effectiveness model suggests a higher profitability of
those measures focused on the improvement of intermediate scenarios in the initial value
of HQI, demonstrating its usefulness for managers when planning and deciding on future
habitat management actions. The relative simplicity of the index might be appropriate
for testing its applicability in the North African semiarid natural habitats with Tetraclinis
populations, as it could be implemented with some minor modifications.
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