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Preface to ”Protection and Management of Species,

Habitats, Ecosystems and Landscapes”

Earth has entered a new geological epoch, the Anthropocene, characterized by a human-induced

temperature increase, thus placing immense impacts upon natural, atmospheric and hydrological

processes, and possibly leading to a substantial global biodiversity decrease and ecosystem

function degradation. The environmental preservation and sustainable use of natural resources are

global goals that must be achieved in the coming decades. The capitalization of the international

partnerships to promote the biodiversity strategy and the European green deal is creating a decisive

political framework to tackle the challenges ahead. Understanding the natural environment and

socio-ecological interactions is the main objective of strategic planning, management practice and

policy decisions in the sustainable development era. However, the ever-growing earth population and

the subsequent overexploitation of natural resources (species, habitats, ecosystems, and landscapes)

to provide space for human activities is leading to a bottleneck for sustainable environmental

management and human well-being. Simultaneously, climate change impact and future climate

projections provoke urgent action when it comes to conservation and restoration practices. This leads

to targeting the mitigation of pressures and threats, in order to protect and appropriately manage

species, habitats, ecosystems and landscapes, alongside the maintenance of provided ecosystem

services. By this, it is evident that multidisciplinary scientific, as well as applied approaches are

needed to understand the rapidly changing environmental, cultural, social and economic conditions

and tackle contemporary environmental and social challenges. This publication tries to contribute

in this “battle” and present modern aspects on handling sensitive environmental resources, while

simultaneously pinpointing the importance of a sustainable human–nature interaction, which

guarantees environmental health as well as societal well-being.

Panayotis Dimopoulos, Ioannis P. Kokkoris

Editors
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Protection and Management of Species, Habitats,
Ecosystems and Landscapes: Current Trends and
Global Needs
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Abstract: Human well-being and the prerequisite sustainable environmental management
are currently at stake, reaching a bottleneck when trying to cope with (i) the ever-growing
world population, (ii) the constantly increasing need for natural resources (and the subsequent
overexploitation of species, habitats, ecosystems, and landscapes) and (iii) the documented and
on-going impacts of climate change. In developed societies, the concern about environmental
protection is set high in the public dialogue, as well as to management and policy agendas. The recently
constituted Intergovernmental Science—Policy Platform on Biodiversity and Ecosystem Services
(IPBES) urges transformative changes for technological, economic, and social factors aiming to
tackle both direct and indirect drivers of biodiversity loss. By this, the role of conservation and
management practices for the environment is characterized as a crucial and top issue and should deal
with (a) promoting best practices from the local to the global level, (b) identifying spatial and temporal
knowledge gaps, (c) multidisciplinary aspects for sustainable management practices, (d) identifying
and interpreting the role of stakeholders and socio-economic parameters in the decision-making
process, and (e) methods and practices to integrate the concept of ecosystem services into natural
capital assessment and accounting, conservation and management strategies. Modern literature
highlights that land-use change and prioritization, restoration of natural areas, cultural landscape
identification and maintenance, should be considered to the top of the scientific and policy agenda,
as well as to the epicenter of novel awareness-raising strategies for the environment in the near future.

Keywords: conservation management; conservation status assessment; ecosystem condition
assessment; ecosystem services; natural capital; spatial patterns; species and habitats monitoring;
sustainable practices; temporal patterns

During the last two decades our understanding about how ecosystems and the relevant biodiversity
attributes interact with human society has been scientifically increased, highlighting their importance
to the quality of life and human well-being [1]. Important initiatives triggered science—policy
interactions worldwide, based on the results of multidisciplinary approaches and case studies,
e.g., [2,3]. The importance of this interaction and co-existence of biodiversity, ecosystems in good
condition and socio-economic prosperity is recently studied by the Global Assessment of Biodiversity
and Ecosystem Services, under the Intergovernmental Science—Policy Platform on Biodiversity and
Ecosystem Services (IPBES) initiative [4]; the relevant summary of the assessment was approved in
2019, by more than 130 Governments, which constitute the Members of IPBES [1]. The results of this
extensive review and these analyses support the findings of the Millennium Ecosystem Assessment,
presented 15 years ago (in 2005) [5], encouraging relevant, ongoing, national and local projects,
and urges for new efforts on pilot studies and implementation actions. Already, many countries are
on this track, implementing projects regarding capacity building, methodological standardization

Forests 2020, 11, 1244; doi:10.3390/f11121244 www.mdpi.com/journal/forests1
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and drafting typologies (e.g., [6–11]), while ‘umbrella’ projects provide guidance to standardize and
mainstream the efforts in a wider scale (e.g., the ESMERALDA [12] and MAIA [13] Horizon 2020 projects
in the European Union). Even more multidisciplinary studies are published during the last decade [14],
indicating an increased trend; numerous future-projection assessments are also provided from global
(e.g., [15–17]) to local level (e.g., [18,19]), based mainly on climatic and/or management scenarios,
aiming to support decision making and policy needs for a sustainable management drafting.

Simultaneously, the United Nations Statistical Commission endorsed the System of
Environmental-Economic Accounting—Experimental Ecosystem Accounting (SEEA EEA) as the basis
for commencing testing and further development of natural capital accounting [20]. Further work has
been conducted aiming to raise awareness about, propose and demonstrate a set of concepts that are
needed to understand ecosystems as assets in natural capital accounting [21]. To fulfill this promising task
(even at its initial stages), (a) aspects of ecosystem extent, ecosystem condition and ecosystem services
(capacity, supply and potential supply) at different scales (i.e., local, regional and national) should be
considered and (b) baseline assessments are needed starting with relevant data gathering, modelling,
assessments and time series development. This need calls for robust scientific information on various
aspects of ecosystems’ characteristics, including area cover, biodiversity and functioning, as well as of
human activities and interactions ranging from industrial activity to intellectual use and aesthetic value.

It is evident that this complex scientific environment and the multi-disciplinarity needed for
this holistic approach presupposes robust spatially assigned scientific evidence from natural and
environmental sciences, as well as from humanitarian sciences and the socio-economic filed. Moreover,
examples from case-studies implemented in different places around the globe should be considered
for knowledge transfer and replication to meet local needs in similar conditions. The purpose of this
Special Issue (SI) is to contribute to this effort by presenting case examples from different regions of the
world dealing with biodiversity, habitat dynamics, management scenarios, human-nature interaction
and policy initiatives on biodiversity and ecosystem services. We believe that the papers published in
this SI provide scientific evidence on various aspects of nature conservation and management aiming
to support win–win opportunities for human activities within the environment, which are considered
as increasingly scarce in a ‘full’ global, ecological–economic system [22].

Author Contributions: Both authors contributed to the writing of this editorial. Both authors have read and
agreed to the published version of the manuscript.
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Naturalness Assessment of Forest Management
Scenarios in Abies balsamea–Betula papyrifera Forests
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Abstract: Research Highlights: This research provides an application of a model assessing the
naturalness of the forest ecosystem to demonstrate its capacity to assess either the deterioration or
the rehabilitation of the ecosystem through different forest management scenarios. Background and
Objectives: The model allows the assessment of the quality of ecosystems at the landscape level based
on the condition of the forest and the proportion of different forest management practices to precisely
characterize a given strategy. The present work aims to: (1) verify the capacity of the Naturalness
Assessment Model to perform bi-directional assessments, allowing not only the evaluation of the
deterioration of naturalness characteristics, but also its improvement related to enhanced ecological
management or restoration strategies; (2) identify forest management strategies prone to improving
ecosystem quality; (3) analyze the model’s capacity to summarize the effect of different practices along
a single alteration gradient. Materials and Methods: The Naturalness Assessment Model was adapted
to the Abies balsamea–Betula papyrifera forest of Quebec (Canada), and a naturalness assessment of two
sectors with different historical management strategies was performed. Fictive forest management
scenarios were evaluated using different mixes of forestry practices. The sensitivity of the reference
data set used for the naturalness assessment has been evaluated by comparing the results using data
from old management plans with those based on Quebec’s reference state registry. Results: The model
makes it possible to identify forest management strategies capable of improving ecosystem quality
compared to the current situation. The model’s most sensitive variables are regeneration process,
dead wood, closed forest and cover type. Conclusions: In the Abies balsamea–Betula papyrifera forest,
scenarios with enhanced protection and inclusion of irregular shelterwood cuttings could play an
important role in improving ecosystem quality. Conversely, scenarios with short rotation (50 years)
could lead to further degradation of the ecosystem quality.

Keywords: naturalness; forest management intensity; land use intensity; quality of ecosystems;
boreal forest

1. Introduction

Green building conception relies on quantitative tools to evaluate the environmental impact of
different building materials. For wood products, the environmental impacts include the effects of forest
management strategies and practices on ecosystem quality.

A conceptual model for naturalness assessment in boreal forests has been recently proposed for
the assessment of the impact of wood harvesting on the quality of ecosystems [1]. This model has
been developed from the perspective of being used in life cycle assessment (LCA). LCA, by default,
uses biodiversity damage [2,3] to evaluate the quality of ecosystem. However, biodiversity based on

Forests 2020, 11, 601; doi:10.3390/f11050601 www.mdpi.com/journal/forests5
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species count alone does not reflect the multidimensional character of biodiversity, which includes
multiple levels of organization: genetic, species, populations, community and ecosystem [3], and might
lead to inappropriate conclusions [4,5]. The model generally used in LCA to establish the relationship
between land use and biodiversity (i.e., the species–area relationship (SAR)) presents many limitations,
and is not appropriate when the habitat modification does not result in species losses [5]. On the other
hand, studies investigating the effects of land use on biodiversity often contrast intensive vs extensive
uses [6]. For forestry, such a simplistic approach does not allow for the consideration of the full
diversity of practices, each implying a different pressure on the environment [7–9]. To overcome these
issues, we developed an alternative approach, based on the naturalness concept [10], which focuses
on habitat characteristics, and allows the evaluation of various forest management practices along a
single bi-directional alteration gradient [1], i.e., forest ecosystem degradation or restoration, related to
given forest management strategies. Generally, models proposed up to now in LCA do not account for
a possible improvement of habitat condition related to enhanced ecological management strategies
and restoration efforts [2,5], despite the fact that these are seen as crucial actions to enhance ecosystem
functioning and halt the decline of biodiversity [11,12].

Many authors have proposed the use of the concepts of naturalness and hemeroby in impact
evaluation of land use (such as forestry) on the quality of ecosystems in LCA [13–17]. Naturalness is
defined as “the similarity of a current ecosystem state to its natural state” [10], whereas hemeroby expresses
“distance to nature” in landscape ecology [15]. The use of these concepts can provide a management
guide that overcomes the challenge of data gaps in biodiversity [1]. However, the use of subjective
hemeroby or naturalness classes has been criticized [3]. The model developed here for boreal forest
provides a single numerical index, a suitable approach for use in LCA [1].

In order to evaluate forest management scenarios, the assessment should go beyond the gradual
transformation related to the progressive implementation of the scenario through time [1], and be
placed in the context of its continuous application over the whole productive area.

The aim of this study was to test the bi-directional capacity of the recently proposed model for
the assessment of the impact of wood harvesting on the quality of ecosystems [1], to evaluate the
performance of distinct enhanced ecological management strategies, including restoration efforts, at the
landscape level. For this purpose, we used two adjacent territories located in the boreal eastern Abies
balsamea–Betula papyrifera ecological bioclimatic domain of Quebec (Canada) with different histories of
forest management. The specific objectives of the study were to:

1. Determine the naturalness of different mix of forest management practices to evaluate the
bi-directional capacity of the model to assess both ecosystem degradation and restoration;

2. Identify forest management strategies prone to improving ecosystem quality based on
a naturalness evaluation;

3. Analyze the model’s capacity to summarize the effect of different practices along a single
alteration gradient.

2. Materials and Methods

The impact on ecosystem quality of forest management scenarios involving a mix of different
proportions of forestry practices is evaluated using the Naturalness Assessment Model initially
developed for the Picea mariana–feathermoss ecological domain of Quebec [1]. This model uses
indicators of condition and pressure to calculate a unique index of naturalness resulting from the
combination of management strategies including conservation, and different silvicultural treatments
(e.g., careful logging, plantation of indigenous species and partial cutting) (see Côté et al., 2019 for
the full description of the naturalness assessment method). For the purpose of this study, the model
was adapted to the context of the boreal eastern Abies balsamea–Betula papyrifera ecological bioclimatic
domain of Quebec (see Appendix A for details related to model’s adaptation).
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2.1. Test Area

The territory of the Montmorency Experimental Forest, located north of Quebec City and
included in the Abies balsamea–Betula papyrifera domain, was used as a test area (see Appendix A
for localization and historical information). This experimental research station is divided in two
sectors, designated as FM-A and FM-B, according their different histories. FM-A has been subject
to continuous small-scale commercial harvest since the mid-sixties, while FM-B has been subject to
a second wave of large-scale commercial harvest between 1985 and 2008, before being incorporated
into the Montmorency Experimental Forest.

2.2. Naturalness Assessment

For the Abies balsamea–Betula papyrifera domain, the five naturalness characteristics of the model
were evaluated using the same indicators and variables used for the Picea mariana–feathermoss domain
of the Quebec’s boreal forest [1] (Table 1), except for composition where merchant volume proportion
of Picea spp. was used as a surrogate to obviate the lack of composition data for late successional
species (see Appendix A for details). The evaluation is realized in two steps: partial naturalness index
for condition indicators (condition_pni: pni in lower case) and naturalness degradation potentials
(NDP) are first evaluated. To do so, we use respectively curves, relating measures (percentage
of area or volume) to condition_pni, and tables relating percentage of forest area by practices to
NDP factors, shown in Appendix A. Then, the partial naturalness for each naturalness characteristic
(characteristic_PNI: PNI in capital letters) is calculated using corresponding formula as per Table 1.
The final result corresponds to the naturalness index (NI) obtained from the arithmetic mean of the five
characteristic_PNI. To ease results interpretation the continuous gradients (partial or global naturalness
indexes) can be split in classes of 0.2 (0.0–0.2: very altered; 0.2–0.4: altered; 0.4–0.6: semi-natural;
0.6–0.8: near-natural; 0.8–1: natural).

Table 1. Partial naturalness index equations for each naturalness characteristic (characteristic_PNI)
(source: [1]).

Naturalness Characteristic Characteristic_PNI Equation

Landscape context Context_PNI = CF_pni × (1 − (ANT_NDP +Wm_NDP +W_CC_NDP))
Forest Composition Compo_PNI = ((CT_pni + LS_pni)/2) × (1 − (exo_NDP + CS_NDP))

Structure Struc_PNI = ((OF_pni + IR_pni)/2) × (1 − HS_NDP)
Dead wood DW_PNI = 1 − DW_NDP

Regeneration process RP_PNI = 1 − RP_NDP

PNI: partial naturalness index for naturalness characteristics; pni: partial naturalness index for condition indicators;
NDP: naturalness degradation potential; CF: closed forests; ANT: anthropization; Wm: modified wetlands; W_CC:
humid area in clearcut; CT: cover type; LS: late successional species; exo: exotic species; CS: companion species; OF:
old forests; IR: irregular stands; HS: horizontal structure; DW: dead wood; RP: regeneration process.

The model’s adaptation to a new region requires to ensure the capture of the main ecological
issues recognized for the territory under investigation, and to identify appropriate indicators, as well
as variables and data sources for the evaluation. We tested two types of data sources for reference data:
local historical studies [18–20] or Quebec’s reference state registry [21] (Table A1). The curves used for
partial naturalness index (condition_pni) evaluation were calibrated according to the reference data
set used (Figures A2 and A3 based on reference data from studies and registry respectively), and the
factors used for naturalness degradation potential (NDP) evaluation adapted (Tables A2–A5).

2.3. Description of Scenarios

Scenarios correspond to different mixes of practices applied in the context of sustainable timber
production. To figure out the result at the landscape level, in the current study, each practice representing
a scenario component is applied on a constant basis over a given proportion of the productive area.
However, this exercise is highly theoretical, considering that, in reality, each scenario is adjusted
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through time to maximize the wood production, rather than having each component being applied on
a constant basis. Furthermore, the prevalence of spruce budworm epidemics, which affect balsam fir
(Abies balsamea) landscapes every 30 years [22], is not taken into account here.

Total area is broken down as follows: total area = water area + terrestrial area; terrestrial area
= non-forested area + forested area; forested area = protection area + productive area. Protection
is applied as a reduction percentage over the total forested area, and practices related to wood
procurement are applied over a given proportion of the productive area. The evaluation must cover
the whole landscape; therefore, scenario components must encompass 100% of the productive forested
area. The forested area excluded from the productive area corresponding to protection will have
a natural evolution, for which historical reference data has been used, except for late successional
species. The hypothesis for spruce content (LS) in protected areas was reduced to 4%, based on results
from secondary forests [23–25], given that protected areas are generally located in previously exploited
areas, where spruce seed-trees have been harvested.

The practices considered for scenarios in the productive area were: careful clearcut logging
(CL), which corresponds to the cut with regeneration and soil protection required by law for clearcut
operations in Quebec [26], forest plantation (PL) and irregular shelterwood cutting (ISC). As a result
of the abundance of natural pre-established balsam fir regeneration in these secondary balsam fir
forests [20,23,27], careful logging (CL) is the main regeneration method applied in these forests.
Plantations (PL) are generally concentrated on rich sites, where natural resinous regeneration is
scarce. The irregular shelterwood silvicultural system (ISC) is compatible with forests types driven by
partial stand mortality and gap dynamics such as balsam fir forests, and provides a way to maintain
old-growth forest attributes [28]. Two levels of protection were considered: initial protection (ip) and
enhanced protection (ep). The initial protection represents 24.4% of the forested area for FM-A and
13.3% for FM-B, and corresponds to current protected areas, along with other areas excluded from
forest management, due to the various regulations and constraints (e.g., riparian strips, steep slopes
etc.). The enhanced protection (ep) corresponds to the initial protection, plus protected areas projects
proposed for the Montmorency Forest [29], and represents 31.7% of the forested area for FM-A and
32.2% for FM-B.

For careful clearcut logging (CL), two different rotation lengths were tested: 50 years (CL50)
and 70 years (CL70), the first one corresponding to the business-as-usual in commercial balsam fir
forests, and the second one to a practice that favors establishment of natural regeneration [23] and
carbon sequestration [30]. Plantation with a rotation length of 60 years (PL60) has been used, based on
the rotation used in the last sustainable yield calculation. The irregular shelterwood cutting (ISC)
corresponds to a sequence of partial cuts organized in space and time to insure the permanency of
the forest cover [28]; this practice was simulated as harvests of 33% of the volume every 30 years.
Data used to evaluate practices effects come from secondary forests.

Scenario elaboration began with the evaluation of each of the three components with two variants
of CL, over the entire productive area separately, in order to evaluate the maximal theoretical effect of
each practice. These scenarios were first evaluated with the current level of protection and then with the
enhanced protection level. For the scenarios involving practices mixes, the first assessment considered
only the enhanced protection level. Each mix involving CL has been evaluated two times: one with
CL50 and one with CL70. Proportion of CL tested varied between 90% and 50% of the productive area
(by multiple of 10), between 0 and 40% for PL and between 0 and 50% for ISC, and a test considering
50% PL and 50% ISC has also been included (Table 2).
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Table 2. Description of management scenarios evaluated.

Productive Area Proportions by Scenario Component

Scenario# ISC PL60 CL

1 0 1 0
2 0 1 0
3 0 0 1
4 0 0 1
5 0 0.1 0.9
6 0 0.2 0.8
7 0 0.3 0.7
8 0 0.4 0.6
9 0.1 0.1 0.8

10 0.2 0.1 0.7
11 0.1 0.2 0.7
12 0.1 0.3 0.6
13 0.2 0.2 0.6
14 0.3 0.1 0.6
15 0.1 0 0.9
16 0.2 0 0.8
17 0.3 0 0.7
18 0.4 0 0.6
19 0.5 0 0.5
20 0.5 0.5 0
21 1 0 0
22 1 0 0

Scenario #: scenario number; ISC: irregular shelterwood cutting; PL60: plantation with 60 years revolution; CL:
careful logging.

2.4. Hypotheses

The hypotheses used for each scenario component are presented in Table 3.

Table 3. Hypotheses used for each scenario component.

Scenario
Component

Cover Type
(CT: % Prod

Area of
Coniferous
Cover Type)

Late Successional
Species

(LS: % Merchantable
Volume in Picea spp.)

Closed Forests
(CF: %

Productive
Area of Forests
> 40 Years Old)

Old Forests
(OF: %

Productive
Area of Forests
> 80 Years Old)

Irregular Stands
(IR: % Productive Area

of Irregular Stands)

CL50 1 1 20 0 0
FM-A 77.49
FM-B 79.79

CL70 3.5 42.85 0 0
FM-A 81.54
FM-B 83.84

PL60 50 33.33 0 0
FM-A 92.38
FM-B 94.64

ISC 15 90 90 90
FM-A 78.02
FM-B 80.41

Protection
FM-A 79.3 4 79.9 23.7 17.8
FM-B 85.7 4 76.19 57.9 40

1 CL50: careful logging in 50 years old stands; CL70: careful logging in 70 years old stands; PL60: plantation with
60 years rotation; ISC: irregular shelterwood cutting; prod_area: productive area.

Age structure related to each scenario under sustainable production has been used to evaluate
closed and old forests. For example, for a rotation of 50 years, 40% of the productive area will be
in the 10 years old class, 40% in the 30 years old class and 20% in the 50 years old class, therefore,
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the corresponding proportion of closed forests will be 20% and 0% for old forests (>60 years old).
For ISC, 10% of the area are permanent skid trails. Despite the fact that these trails will be part of
the future stand, the proportion of CF, OF and IR were set to a maximum of 90% used as a security
factor. The proportion of coniferous cover type for PL60 and ISC is based on eco-forest map data for
the corresponding origin code in each territory. For CL50 and CL70, the proportion of coniferous cover
type is based on data (number of stems) gathered in FM-A [31]. The resulting proportion has been
raised of 2.3% in FM-B, based on the differences observed in inventory data between the two territories
for diverse practices, to be coherent with the coniferous aggressiveness in that territory. The proportion
of spruce (Picea spp.) for each practice was estimated using different studies in the Montmorency
Forest [23,32,33]. Clearcuts on wetlands and anthropization levels were set to current values, and kept
constant in all scenarios. For pni’s evaluation, the proportion of the productive area was adjusted to
represent the proportion of forest area for CT, LS, OF and IR, and the proportion of terrestrial area
for CF.

2.5. Sensitivity Analysis

To identify the most sensitive variables of the current naturalness assessment, a sensitivity analysis
was performed by varying pni for condition indicators and NDP by ±10%. The same analysis was also
performed for each scenario component, using the 100% scenario with enhanced protection, in order to
identify the most sensitive variables related to each component.

As naturalness condition indicators are assessed against historical values considered to be
representative of the pre-industrial condition, the sensitivity to the choice of reference data set has
been evaluated by comparing results obtained when using two different reference data sets (Table A1).
The first assessment was performed using values drawn from different studies and old management
plans around the territory of Montmorency Forest [18–20]. A second assessment was performed on
scenarios initially assessed using values from the reference state Quebec’s registry [21], resulting from
simulations of the vegetation dynamics considering only natural disturbance regimes. The scenario
ranking resulting from the use of the two reference data sets was statistically compared using the
Kendall rank correlation coefficient. The statistical test was performed with “R” 3.6.1 [34].

Multiple assessments of the same set of scenarios was then performed to analyze the effect of
different combinations of management parameters, such as the proportion of protected areas, plantation
rotation lengths and the proportion of Picea spp. in plantations.

3. Results

Detailed results of each scenarios evaluation, including those performed for sensitivity analysis,
are presented as Supplementary Material where the different assessments (ass) are as follows:

ass_1: initial scenarios assessment with enhanced level of protection (ep);
ass_2: scenarios with enhanced level of protection using registry’s reference data set;
ass_3: scenarios with the initial level of protection (initial protection: ip);
ass_4: scenarios with PL50 and enhanced level of protection;
ass_5: scenarios with PL50 and initial level of protection;
ass_6: scenarios with PL50 and enhanced level of protection and 90% of spruce at maturity in plantations;
ass_7: scenarios with enhanced protection and alternate set of NDP factors.

3.1. Naturalness Index for the Current State of the Forest of the Experimental Forest

The naturalness assessment results for the current state of the forest in FM-A and FM-B are
presented in Figure 1, showing intermediary results for condition indicators (pni), results for each
naturalness characteristics (PNI) and the resulting naturalness index (NI), which corresponds to the
arithmetic mean of the five Characteristic_PNI. Results show a naturalness index (NI) of 0.5294 for
FM-A and 0.4691 for FM-B. Both territories scored in the semi-natural class (NI: 0.4-0.6), despite their
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different histories. However, FM-B showed a lower naturalness compared to FM-A, mainly related to
a poor structural diversity associated with an important deficit of old forests combined with a lack of
irregular stands (Figure 1). The structure is altered in FM-A (PNI_Struc= 0.3332) and very altered in
FM-B (PNI_Struc= 0.1931). The alteration of structure in FM-A results from the very low ratio of old
forests compared with the historical values; whereas, in FM-B, it is both the low ratio of old forests and
the lack of irregular stands.

The landscape context of FM-B is also characterized by an important deficit of closed forests where
it reaches the altered level. According to the map information, in FM-A less than 10% of the harvested
area was in 50 years old stands, whereas in FM-B this proportion reaches 50%. Precommercial thinning
covered 9.2% of the forest area in FM-A compared to 23.4% in FM-B, plantation 6.8% in FM-A and 8.8%
in FM-B, and partial cuttings, excluding commercial thinning, 5.5% in FM-A and 1.4% in FM-B.

 

Figure 1. Results for condition indicators and naturalness for FM-A and FM-B. PNI: partial naturalness
index for naturalness characteristics; pni: partial naturalness index for condition indicators (intermediary
results); CT: cover type; LS: Picea spp. corresponding to late successional species; Compo: composition;
CF: closed forests; Context: landscape context; OF: old forests; IR: irregular stands; Struc: structure;
DW: dead wood; RP: regeneration process; NI: naturalness index.

3.2. Naturalness of Different Forest Management Scenarios

Scenarios results of the initial assessment are presented in Figure 2 (detailed results in
Supplementary Material, file results, page ass_1). Compared with results based on the current
state of the forest, some scenarios lead to a lower naturalness index and others to a higher level,
indicating the model’s capacity to detect not only alteration of the ecosystem quality, but also
its improvement.

Scenarios featuring the application of only one practice on 100% (of the productive area) were
tested to evaluate their respective extreme theoretical effects on the naturalness assessment resulting
from the model. Each of these were evaluated twice: once with the current level of protection (initial
protection: ip), and once with the inclusion of the protection projects (enhanced protection: ep).
These 100% theoretical scenarios are shown as benchmarks in every test performed to see the maximal
theoretical effect related with each scenario component, considering the two levels of protection.
Figure 2 shows that enhanced protection impact differs among the scenario components. The positive
impact related to protection enhancement is more important when applied concurrently with PL60
than with CL50, CL70 and finally ISC.
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(a) 

 
(b) 

Figure 2. Naturalness assessment of forest management scenarios: (a) FM-A; (b) FM-B. For each
scenario, practices mixes are illustrated using the stacked histogram: ISC: Irregular shelterwood cutting;
PL60: plantation with 60 years revolution; CL: careful logging; NE: natural evolution (protection);
Resulting naturalness index (NI) is indicated with the dots: NI_CL70 (green): naturalness index for
CL applied in 70 years old stands; NI_CL50 (purple): naturalness index for CL applied in 50 years
old stands; naturalness index for practices other than CL (black); the horizontal solid line shows the
current naturalness index (2018) with the initial level of protection.

The PL60 scenario (Sce#1) produces a degradation of the naturalness in both territories. With the
inclusion of protection projects (Sce#2), the 100% PL60 scenario still scores lower than current results
for FM-A, but slightly better for FM-B. The 100% CL50 scenario is worse than the 100% PL60 scenario,
because of the shorter rotation period and a lower amount of spruce. The 100% ISC scenario (Sce#21 and
Sce#22) would have the potential to improve naturalness at the quasi-natural level. The quasi-natural
level could also be reached in FM-A, with CL70 combined with at least 30% of ISC and enhanced
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protection (Figure 2a), and in FM-B with CL70 and enhanced protection with at least 40% ISC (Figure 2b).
The 100% CL70 scenario has a NI near to the current level, for the same level of protection. Protection
projects represent a greater proportion in FM-B, so the resulting naturalness improvement related to
the inclusion of these projects is more important.

The current naturalness in FM-A shows an impact level analog to the 100% CL70 scenario with
initial protection, or CL70 with enhanced protection and some plantation. The current level in FM-B
presents an impact closer to the 100% CL70 scenario with initial protection, or CL50 with enhanced
protection scenarios with some plantation. Considering the intervention mixes, ISC has the potential
to compensate at least for a part of the degradation related to forest rejuvenation resulting from careful
logging or plantation.

The ISC’s potential to improve the overall naturalness is more important when the proportion of
ISC is smaller than the historical proportion of irregular stands (FM-A: 17.9%; FM-B: 40%). Above this
level, naturalness improvement resulting from a higher level of ISC is less important, as seen in FM-A’s
CL70 results, where the difference of NI between 40% and 50% of ISC is smaller than the difference
between 10% and 20% of ISC. Results suggest that ISC can compensate to some extent for the alteration
caused by CL50.

With the hypotheses used, plantations under 60 years rotation, with 50% of the volume in spruce
at maturity, could produce an improvement of the naturalness when combined with CL50, mainly
related to rotation length.

3.3. Sensitivity Analysis

3.3.1. Test of a Variation of 10% of the Parameter Values

The results of the sensitivity analysis performed on current pni and NDP values for the two
territories are provided in Figure 3. Due to the use of non-linear models, a uniform variation of input
parameters (10%) can have a non-linear effect on the results, depending on the curve slope around the
parameter value [1].

(a) 

 
(b) 

Figure 3. Results of the sensitivity analysis testing a variation of 10% of the parameter value on
the current assessment: CF: closed forests; ANT: anthropization; W_CC: humid area in clearcut; CT:
cover type; LS: late successional species; OF: old forests; IR: irregular stands; HS: horizontal structure;
DW: dead wood; RP: regeneration process. (a) FM-A, (b) FM-B.
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The most sensitive variables for the naturalness assessment of the current state of the forest are
the regeneration process (RP), the cover type (CT), the dead wood (DW) and the closed forest (CF) for
both territories; however, dead wood is more sensitive than cover type in FM-B.

The results of the sensitivity analysis performed on the scenarios in which a single component is
applied over 100% of the productive area are shown in the Supplementary Material (page sensitivity
analysis). As seen from these figures, the most sensitive variables for scenarios involving cuttings (CL,
ISC) correspond, in varying order, to the regeneration process, the dead wood, the cover type and the
closed forests, whereas the plantation influences mainly closed forest, cover type, late successional
companion species and the regeneration process.

3.3.2. Test of an Alternative Reference Data Set

Using the registry’s reference data set [21], the naturalness of the two territories are closer (FM-A:
NIr = 0.4683; FM-B: NIr = 0.4349) (Figure 4) and are both lying in the semi-natural range. The main
disparities between the two data sets values are for OF and IR (Table A1) especially for FM-A, leading
to a much lower PNI_Struc with the registry’s values. The difference related to coniferous cover type
between the two data set is not reflected in the model, because of the use of topped curve for CT above
the historical value.

 

Figure 4. Results for condition indicators and naturalness index (NI) for FM-A and FM-B using
registry’s reference state data set [21].

Scenario results using registry’s data as alternative reference data set are presented in
Supplementary Material (page ass_2 and Figure S2). The use of the registry’s data set places the current
assessment for FM-A to a level below CL70 scenarios with some PL60, with initial protection, as well
as enhanced protection. We observe the same trends seen with the use of studies as the reference
data set: improvement related to use of some ISC, and a slight degradation related to the use of PL60
combined with CL70, but no deterioration (even a slight improvement) with an additional use of PL60
when combined with CL50. However, the reference data set used might affect the identification of the
potentially improving or deteriorating scenarios when compared with the current result.

The scenarios were sorted in descending order of NI results using local studies [18–20] as the
reference data set versus the registry’s reference data [21] (Table 4). The ranking of scenarios is
not the same, depending on the reference data set used, but the four best-scoring scenarios are the
same (the 100% ISC with both level of protection, and at least 40% ISC combined with CL70 with
enhanced protection), as well as the two worst-scoring scenarios (CL50 and PL60 with initial protection).
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The remaining 34 scenarios score in the semi-natural class (0.4 ≤ NI < 0.6). Among these, CL70 with at
least 20% ISC and enhanced protection score in the upper part of the class, while CL50 with PL60 and
enhanced protection are in the lower part. Among scenario components, the addition of ISC has the
biggest positive impact on naturalness, while the addition of PL60 has a negative impact, but is less
important when compared to the importance of the positive impact of the ISC.

Table 4. Scenario ranking resulting from the use of the two reference data sets for FM-A and FM-B,
sorted in descending order of their naturalness index.

Scenario
Sequential nb

Scenario Description 1 Rank FM-A
Studies

Rank FM-A
Registry

Rank FM-B
Studies

Rank FM-B
Registry

22 100ISC_ep 1 1 1 1
23 100ISC_ip 2 2 3 2
20 50CL70_50ISC_ep 3 3 2 3
19 60CL70_40ISC_ep 4 4 4 4
18 70CL70_30ISC_ep 5 7 5 7
15 60CL70_10PL60_30ISC_ep 6 8 7 8
17 80CL70_20ISC_ep 7 9 10 10
11 70CL70_10PL60_20ISC_ep 8 11 11 11
21 50PL60_50ISC_ep 9 5 8 5
14 60CL70_20PL60_20ISC_ep 10 12 12 12
40 50CL50_50ISC_ep 11 6 6 6
16 90CL70_10ISC_ep 12 13 14 13
39 60CL50_40ISC_ep 13 10 9 9
10 80CL70_10PL60_10ISC_ep 14 14 16 16
12 70CL70_20PL60_10ISC_ep 15 15 17 17
13 60CL70_30PL60_10ISC_ep 16 16 18 19
38 70CL50_30ISC_ep 17 19 13 14
35 60CL50_10PL60_30ISC_ep 18 17 15 15
34 60CL50_20PL60_20ISC_ep 19 25 22 25
37 80CL50_20ISC_ep 20 26 20 22
31 70CL50_10PL60_20ISC_ep 21 27 21 24
5 100CL70_ep 22 18 19 18
6 90CL70_10PL60_ep 23 20 23 20
7 80CL70_20PL60_ep 24 21 24 21
8 70CL70_30PL60_ep 25 22 25 23
1 Current_ip 26 28 33 33
9 60CL70_40PL60_ep 27 23 26 26
4 100CL70_ip 28 24 32 31
33 60CL50_30PL60_10ISC_ep 29 29 28 28
32 70CL50_20PL60_10ISC_ep 30 31 30 30
36 90CL50_10PL60_ep 31 32 27 27
30 80CL50_10PL60_10ISC_ep 32 33 29 29
3 100PL60_ep 33 30 31 32
29 60CL50_40PL60_ep 34 34 34 34
28 70CL50_30PL60_ep 35 35 36 36
27 80CL50_20PL60_ep 36 36 38 38
25 100CL50_ep 37 37 35 35
26 90CL50_10PL60_ep 38 38 37 37
2 100PL60_ip 39 39 39 39
24 100CL50_ip 40 40 40 40

1 ISC: Irregular shelterwood cutting; PL60: plantation with 60 years revolution; CL50: careful logging applied
in 50 years old stands; CL70: careful logging applied in 70 years old stands; ip: initial protection; ep: enhanced
protection; Current: current naturalness (2018). The digits preceding component code correspond to the percentage
of productive area of the component application (ex:100PL60_ep: plantation with 60 years revolution applied over
100% of the productive area with enhanced level of protection).

The use of registry reference data set induces a negative bias compared with the use of the studies
reference data set (FM-A: −0.0591; FM-B: −0.0522), as the naturalness index is generally lower when
registry’s data are used. This bias is not constant as a result of the use of nonlinear relationships in
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the model. Nevertheless, the general trends related to the positive effects of ISC and the relatively
limited negative effects of mechanically released plantations, including 50% of spruce at maturity,
are observed in the ranking arising from both data sets. The ordinal association between the two
rankings, as measured with Kendall rank correlation computed with the base cor function in R, showed
a coefficient of 90.5% for FM-A and 95.9% in FM-B. Therefore, the model’s aptitude at classifying
different scenarios along a single alteration gradient is robust, in regard to the reference data set used.
However, assessing improvement or degradation against the current value might be affected by the
reference data set used.

3.3.3. Naturalness of the Forest Management Scenarios Tested Using Various Hypothesis

Scenarios with Initial Protection

In order to see the impact related to the protection level, scenario evaluation using studies as
reference data set was calculated using the current level of protection (ip) (Supplementary Material:
page ass_3 and Figure S3). With 24% of the forested area in protection in FM-A, none of the scenarios,
except 100% ISC (sce#22), would reach the quasi-natural level, and the scenarios considering CL50 with
some PL60 would score around the limit between the altered and the semi-natural levels. The current
alteration level is similar to 100% CL70, and scenarios combining with some PL60 are below to the
current level even when combined with CL70. In FM-B, with 13% of the forested area in protection,
the scenarios considering CL50 with some PL60 would score in the altered level, except when combined
with at least 20% of ISC or, at least 10% ISC, if considering CL50 without plantation. The current
alteration level in FM-B is similar to 100% CL70, or CL70 with less than 20% PL60, or CL70 with up to
30% PL60, if combined with 10% ISC, with initial protection.

Scenarios with Enhanced Protection and Plantation with 50 Years Rotation

In order to see the impact related to plantation rotation length, an evaluation using studies as the
reference data set was calculated using a rotation length of 50 years for plantations (PL50). This test
was performed by adjusting the age structure for the planted proportion of the scenario, but keeping
all others factors constant (Supplementary Material: page ass_4 and Figure S4).

The 100% PL50 with initial protection scenario would lead to a naturalness index lying in the
altered class for both territories (Sce #1: FM-A: NI = 0.3871; FM-B: NI = 0.3308). Adding new
protection projects (reaching a total of more than 30% of the forested area) makes it possible to attain
the semi-natural class even with 100% PL50 in the productive area (Sce#2: FM-A: NI = 0.4400; FM-B:
NI = 0.4511). The use of PL50 instead of PL60 reduces slightly the improvement related to the increasing
use of PL, when combined with CL50. We can still observe no further degradation and even a small
improvement for Scenario 8 with CL50, compared with Scenario 7 with CL50, related to the increase
of spruce species at the landscape level. However, more spruce in the plantations could induce
a degradation, as these species were subdominant at the landscape level.

Scenarios with Initial Protection and Plantation with 50 Years Rotation

In order to see the combined impact related to the protection level and plantation rotation, scenario
evaluation using studies as reference data set was calculated using the current level of protection
and plantation with 50 years rotation (PL50) (Supplementary Material: page ass_5 and Figure S5).
Compared with the test considering initial protection only, the use of PL50 instead of PL60 has a limited
effect, but pushes more scenarios closer to the altered class in FM-B. With the initial protection and the
use of PL50, some ISC is necessary to reach a level above the current naturalness.
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Plantation with Enhanced Protection and 50 Years Rotation and 90% of Merchantable Volume in
Spruce at Maturity

A test was performed using a proportion of spruce of 90% (instead of 50%) of the merchantable
volume at maturity for PL50, in order to analyze the effect of more monospecific plantations with
a short rotation (Supplementary Material: page ass_6 and Figure S6). The 100% PL50 with 90% of
spruce at maturity scenarios, with initial protection, would lead to a naturalness index lying in the
altered class in both territories. The addition of protection projects (reaching more than 30% of the
forested area) makes it possible to attain the semi-natural class in FM-B, even with 100% PL50 in the
productive area, that would produce 90% of the volume in spruce (Sce#2: FM-A: NI = 0.3998; FM-B:
NI = 0.4242). An increasing use of PL50 producing 90% of the volume in spruce, combined with
CL50, could improve the naturalness to some extent, until the total spruce proportion of the scenario
reaches its historical level. However, above this level, an increase of spruce proportion could lead to
a noticeable deterioration, as shown with the 100% PL50 with 90% of spruce (Sce #1 and 2).

Scenarios with Enhanced Protection and a Variant of NDP Factors

The regeneration process and dead wood were among the most sensitive variables for the
assessment of the current forest and for the evaluation of scenario components related to harvest
(CL, ISC). In order to see the influence of NDP factors, an alternate set of factors, inducing more
difference between CL70 and CL50 and ISC, was tested by lowering the three NDP factors (i.e., HS,
DW and RP) for CL50 of 0.1, and the NDP factor for partial cutting of 0.1 for HS and RP. Inducing
a more important degradation of RP, DW and HS for CL50, and of HS and RP for partial cuttings,
results in a slightly higher NI for the assessment of the current forest (FM-A: 0.5550; FM-B: 0.4756).
The difference is marginally more important for FM-A, as this territory has less CL50 than FM-B.
As expected, this enhances the performance of CL70 scenarios compared to CL50 scenarios, allowing
more scenarios to reach the quasi-natural level. On the other hand, the distinction between scenarios
that improve naturalness vs. those that degrade it remains the same (Supplementary Material: page
ass_7 and Figure S7).

4. Discussion

Scenario evaluation suggests that some combinations of practices could produce an improvement
of the naturalness index, compared to the state of the current forest, confirming the model’s capacity of
performing bi-directional assessment to satisfy the need of assessing restoration efforts.

4.1. Naturalness Assessment of FM-A And FM-B’s Current Forest

Current results in FM-A and FM-B lead to a naturalness index lying between 0.4 and 0.6,
corresponding to the semi-natural class. These results consider the current level of protection (ip:
FM-A: 23.8%; FM-B: 12.7% of the terrestrial area or 24.4% and 13.3% of the forested area). The difference
induced by the distinct forest management strategies applied over the last 50 years is a priori small;
it is, however, not surprising, considering that the forest management strategies in both territories
were prioritizing the liquidation of old forests using principally single aged management. The lower
naturalness observed in FM-B is mainly related to the low level of closed forests (only 27% of the forest
area is over 40 years old in FM-B), and a lack of structural diversity (the low level of old forests in FM-B
being worsened by the scarcity of irregular stands). However, the contrast between the two territories
is limited by the use of the same hypothesis for IR and LS. As the forest rejuvenation was applied more
uniformly and over a short period in FM-B, compared with FM-A, a better characterization of the
landscape context, taking into account the size of the stands by age-class, could be necessary to include
that issue and improve the comparison.
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4.2. Naturalness Evolution through Time

Results from the Naturalness Assessment Model can be applied to the conceptual time frame
of the evolution of land quality with land use intervention generally applied in LCA [35] (Figure 5),
considering that the reference state (Qref) corresponds to the natural state (NI = 1). The reference
time considered in this study refers to the pre-industrial state, characterized by the spruce budworm
epidemics prevailing every 30–40 years in the balsam fir forests [36]. The first cutting cycle (from t0 to
t1) corresponds to the transformation phase causing the initial decrease in ecosystem quality, which is
progressive in forestry, as shown with the assessment performed in the three Forest Management
Units in the Picea mariana–feathermoss domain [1]. For a given management strategy, the subsequent
rotations (from t1 to t2) cause further degradation, but this is relatively less important than the impact
resulting from the initial transformation [1]. For FM-A and FM-B, as no data was available for t1,
the same level of naturalness after the first cutting cycle has been assumed. FM-B shows a current
naturalness index lower than FM-A, which can be related to the forest management regime applied up
to now. Evolution during the sustainable management phase depends upon the forest management
scenario applied, and can be further degraded or improved, depending on the forest management
strategy, as schematized. A full rotation is necessary to reach the naturalness level evaluated for a
given scenario (prior to that, the evaluation would include a part of the previous forest management
strategy). Therefore, in order to compare different scenarios, the scenario evaluation must be performed
as if the scenario would have been applied over the entire productive area, covering a whole cutting
cycle. The conceptual framework for the evolution of ecosystem quality [35] considers an hypothetical
relaxation of the land use (at t2), and a progressive return to a level corresponding to the potential
natural vegetation (QPNV). The level of quality after relax (QPNV) depends not only on natural
vegetation dynamics, but could also be affected by the permanent impact related to practices applied
in the past (for example, the introduction of exotic species, disappeared species, forest drainage, etc.).
When the land has been used for an extended period of time (t2>>>t1), the natural reference could not
be appropriate, the PNV represents an alternative [37]. Our evaluation uses historic pre-industrial data
as reference, data from secondary forest to quantify the impact of the silvicultural treatments, and to
adjust data for protection to reflect their localization in previously harvested sectors by lowering the
proportion of Picea spp. However, scenario assessments do not consider future changes resulting from
other causes, such as pollution, natural disturbance regime modification related to climate change or
other modification of pressures.

4.3. Scenario Comparison

The model is used to express the impact level on the environment along a single alteration gradient.
Though the choice of the reference data set used to parametrize the curves for condition_pni evaluation
might influence the fine ranking of the forestry management practices, in the studied case, the scenarios
that could improve naturalness were identified with a good level of confidence.

Among the practices considered, with the hypotheses used, the enhancement of protection
combined with the use of ISC provided the best naturalness index scores. Conversely, practices
involving short rotation (50 years) lead to the lowest scores. The scenarios are generally leading to
the semi-natural range. Reaching of the quasi-natural level is associated with the use of irregular
shelterwood cutting (ISC); a proportion close to 100% would be necessary with the initial level of
protection. With an enhanced level of protection, the quasi-natural level could be attained when
combining CL70 without plantations with at least 30% ISC in FM-A, and at least 40% ISC in FM-B.

On the opposite side of the alteration gradient, with the current level of protection of 13.3%
of the forested area in FM-B, the scenario considering clearcuts with a rotation of 50 years (CL50),
with or without plantation, would produce an altered level, indicating a potential loss of species,
according to the model [1]. In FM-A, with a current level of protection of 24.4% of the forested area,
the CL50 scenario with up to 10% PL60 would produce an altered level; scenarios with CL50 combined
with more PL60 would also score close to the altered level. The results show the important role of
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protection in mitigating forest management effects, from the perspective of limiting the negative effects
on biodiversity.

Figure 5. Ecosystem quality evolution thru time. Qref: Quality at the reference state (natural); QPNV:
Quality of the Potential Natural Vegetation that have been regenerated after land use; QPNV1: with
low permanent impacts; QPNV2: with higher permanent impact; Qocc: Quality during occupation
phase; Qocc1: for the scenario with the lower impact; Qocc2: for the mid-impact scenario; Qocc3: for
the lower impact scenario; FM-A 80CL70_10PL60_10ISC_ep: scenario for FM-A figuring 80% of the
productive area in clearcut careful logging on a rotation of 70 years, plus 10% in plantation on a 60 years
rotation and 10% subject to irregular shelterwood cutting, with the enhanced level of protection;
FM-B 60CL50_40PL50_ep: scenario for FM-B figuring 60% of the productive area in clearcut careful
logging on a rotation of 50 years, and 40% in plantation on a 50 years rotation, with the enhanced level
of protection; NI: Naturalness index.

According to our results, most forest regimes involving a combination of practices (excluding the
use of exotic species) applied on a sustainable basis, combined with a significant level of protection
(around 30%), would lead to the semi-natural class. However, in FM-B, with a lower naturalness
index (NI = 0.4713) compared with FM-A (NI = 0.5294), the threatened boreal caribou has declining
populations, though the decline causes are manifold, and result from interacting factors [38,39].
However, in FM-B, where precommercial thinnings were performed over 23.4% of the forested area,
the habitat quality of the snowshoe hare, a keystone species in this boreal forest, has been affected;
however, effects on populations dynamic depend on multiple factors and are subject to time lag [40].

Our results underline the need for the development of more comprehensive biodiversity indicators
that can capture other effects than species loss. The impact on biodiversity of different forest regimes
including an important proportion of protection (30%) is related to the impact on species assemblage
and populations, rather than to species loss, with the latter being restricted to very specialized and
sensitive species. In this respect, a study based on time series showed that changes in assemblage
composition has been widespread over the last 40 years, but there was no impact on the number of
species [41]. In the Abies balsamea–Betula papyrifera forest of low and high altitude, the assemblage of
bird species evolves with the vegetation succession [36]. In FM-B, old growth and senescent forests,
which are waning, harbor specialized communities of invascular species [37]. In fact, biodiversity
issues recognized for the area are mainly related to species associated with old growth and senescent
forests or some of their particular features (e.g., dead wood) [38]. This situation raises the issue of
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the appropriate biodiversity indicators in LCA, for land uses have a low impact where biodiversity
erosion is slow, and do not necessarily result in species loss, in comparison with other land uses
causing a drastic change of habitat and observable loss of species richness. The model could thus be
used to refine the ecosystem quality assessment in a more comprehensive way than the use of the five
naturalness classes.

A test on the scenarios confirms the model’s capacity of performing bi-directional assessment to
satisfy the need of assessing restoration efforts. However, the effects on biodiversity of enhanced forest
management strategies and restoration depend not only on the restored presence of essential habitat
features, but also the duration of prior intensive management application [12]. This poses another
challenge associated with the use of biodiversity as an indicator of ecosystem quality, as proposed for
LCA [9].

Despite over 20 years of research on how to include man-made impacts on biodiversity in
LCA, no comprehensive biodiversity impact assessment has been performed so far [42]. In LCA,
pressures on biodiversity resulting from land use can be represented as a midpoint impact category,
whereas biodiversity in general corresponds to an endpoint category related to ecosystem health [42].
The naturalness assessment model evaluated in this research work could be used as a midpoint level
indicator to evaluate the pressure of forestry management practices on ecosystem quality. However,
linking such a naturalness index with the endpoint biodiversity indicator, representing the potential
loss of species as currently used in LCA, is reductive, as it fails to capture other factors influencing
ecosystem health, such as species assemblages and populations. Ideally, other earlier warning
biodiversity indicators, such as populations of sensitive species, should be taken into account.

4.4. Recommandations for Model’s Improvement

As highlighted by the present exercise, here are some recommendations for further use of the
model for naturalness assessment:

Historical data should be accurate to avoid bias;
Historical data should include an estimation of the natural variability to improve the setting of the
pni’s evaluation curves;
Historical data acquisition must match the method used for current evaluation. In the case of
methodology improvements—as seen with internal structure evaluation subject to recent technical
evolution, or with the new method developed in Quebec’s forest inventory for species group
identification by 10% of basal area, which would have been appropriate to evaluate the current
importance of the white spruce in the stands—the historical data should be accordingly reassessed
if possible;
Improve NDP factors evaluation as these are used to evaluate model’s most sensitive variables;
Improve the hypotheses used for projection of scenario components on a sustainable basis, considering
that the model is applied over the whole landscape (not only on the most important ecological types),
as some marginal types in terms of area, such as wetlands, could be important for biodiversity;
Improve the hypotheses used for natural evolution considering that some condition indicators will
probably not recover their initial status as a result of past management practices (e.g., some protected
area are created in areas which have been subject to harvest in the past) and climate change;
Explore the inclusion of variables characterizing landscape configuration and connectivity [43] in the
landscape context.

Tests performed on Picea spp. proportion in plantations points to a limit of the model, when using
a general indicator, such as the proportion of merchantable volume in spruce, instead of an indicator
that would capture the subdominant status of the characteristic late successional companion species.

There is a certain level of uncertainty related to climate change and its potential effects on the
natural disturbance regime, which we did not take into account in this study.
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Naturalness evaluation should be extended to reach a scale more suitable for LCA. This could
be done either by assessing other management units within the same bioclimatic domain [44] (which
could also provide a better evaluation of the variability), or be performed at the scale of the bioclimatic
sub-domain, depending on the scale of the available data.

Additional research efforts should be dedicated on expanding the assessment on ecosystem
alteration levels beyond the sole forestry land use.

5. Conclusions

This study has applied a model assessing the impact on ecosystem quality of different forestry
management practices through a naturalness index over two regions in Québec. The most sensitive
variables for the current naturalness assessment correspond to the regeneration process, the cover type,
the dead wood and the closed forest for both territories. The results show the capacity of the naturalness
assessment model to perform bi-directional evaluation, assessing not only deterioration, but also
improvement of ecosystem quality related to different enhanced ecological management strategies
and restoration efforts. In the Abies balsamea–Betula papyrifera forest, scenarios that include irregular
shelterwood combined with enhanced protection could play an important role in improving ecosystem
quality, whereas scenarios applying short rotation (50 years) could lead to further deterioration.
Provided that an enhanced protection level is assured, most management scenarios among those tested
would produce a semi-natural environment. The model allows adequate forest management scenarios
ranking within the different naturalness classes, leading to a finer characterization of the impact of
forestry on ecosystem quality. However, the accuracy of historical reference data is important for
a fine characterization of the impact, compared with the assessment of the current state of the forest.
As most of the results lie in the semi-natural class with an enhanced level of protection, the effects on
biodiversity could be mainly related to impacts on species assemblages and populations of species,
but not necessarily leading to species losses. This still needs to be better studied.

6. Acronyms

ANT Anthropization
ANT_NDP Naturalness degradation potential from anthropization
CF Close forests
CF_pni partial naturalness for close forests
CL careful clearcut logging
Compo composition
Compo_PNI Partial naturalness for composition
Context landscape context
Context_PNI Partial naturalness for landscape context
CS Companion species
CS_NDP Naturalness degradation potential related to companion species
CT cover type
CT_pni partial naturalness index for cover type
DW dead wood
DW_NDP Naturalness degradation potential related to dead wood
DW_PNI Partial naturalness index for dead wood
ep enhanced protection
exo exotic species
exo_NDP Naturalness degradation potential from exotic species
for_area forest or forested area
HS horizontal structure
HS_NDP Naturalness degradation potential related to horizontal structure
ip initial level of protection
IR irregular stands
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IR_pni Partial naturalness index for irregular stands
ISC irregular shelterwood cutting
LCA Life cycle analysis
LS Late successional characteristic species (i.e., Picea spp.)
LS_pni Partial naturalness index for late sucessionnal characteristic species
NDP Naturalness degradation potential
NE natural evolution
NI Naturalness Index
OF Old forests
OF_pni Partial naturalness index for old forests
PL Plantation
PNI Partial naturalness index for a given characteristic of naturalness (characteristic_PNI)
Pni Partial naturalness index for a given condition indicator (condition_pni)
Prod_area productive area
RP regeneration process
RP_NDP Naturalness degradation potential related to regeneration process
Struc Structure
Struc_PNI Partial naturalness index for structure
W_CC Clearcuts on wetlands
W_CC_NDP Naturalness degradation potential related to clearcuts on wetlands
Wm Modified wetlands
Wm_NDP Naturalness degradation potential related to modified wetlands
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Appendix A. Model Adaptation to Abies balsamea–Betula papyrifera Domain

Appendix A.1. Test Area Description and Localization

The territory of the Montmorency Experimental Forest, located north of Quebec City and included
in the Abies balsamea–Betula papyrifera domain, was used as a test area (Figure A1). Most of the current
territory of the Experimental Forest was part of a forest concession allocated to the Anglo Canadian
Pulp and Paper company in 1926. The territory has been subject to a first commercial harvest in the
1930s and 1940s. At the time of its creation in 1963, the experimental forest covered a total area of
66 km2, now designated as FM-A. In 2014, an adjacent territory of 348 km2, formally part of a public
forest management unit with a forest company, has been added to the Experimental Research station
and is now designated as FM-B. Therefore, between the 1960s and the beginning of 2010s, the two
territories were subject to two different management scenarios. In FM-A, small-scale commercial
harvest was continuous since the mid-1960s, while in FM-B, the territory has been subject to a second
wave of harvest between 1985 and 2008. At the time of its creation, FM-A was poorly stocked as a
result of the young age of the previously harvested stands. Therefore, the initial forest management
plan for FM-A focused on the liquidation of the older stands as the harvest priority. Partial cutting was
also performed on around 5.5% of the productive area in FM-A and 1.4% in FM-B. Plantations cover
6.8% and 8.8% of the productive area of FM-A and FM-B, respectively. Precommercial thinning has
been performed over 9.2% of the productive area for FM-A compared to 23.4% for FM-B. At the time
of its inclusion to the experimental station, most of FM-B had been recently harvested; parts of the
remaining old forests were saved for protection.

The territory is subject to regular outbreaks of spruce budworm. Past management activities
raised the following ecological issues in both territories: decrease of old forests, especially in FM-A,
and overabundance of young forests, particularly in FM-B. Prior to the first harvest, stands were
characterized by the presence of several old and large white spruce trees. The decrease of spruce in
these stands resulting from the first commercial harvest has been described in an experimental design
installed on the territory in the 1950s [45]. The remeasurement of some of these plots in the mid 1980s
confirmed the scarcity of spruce among the pre-established regeneration of the second-growth forest;
spruce regeneration was found only where adult individuals were present, related to residual small
trees left at the time of harvest [23]. It also indicated a high risk of broadleaf invasion after clearcutting
on the most fertile sites, as a result of the low abundance of coniferous seedlings combined with their
small size [23,27].

Appendix A.2. Model Adaptation to Balsam Fir-White Birch Domain

For the Abies balsamea–Betula papyrifera domain, the five naturalness characteristics of the model
were evaluated using the same indicators and variables used for the Picea mariana–feathermoss domain
of the Quebec’s boreal forest [1], except for composition (Table 1). In this case, the decreasing late
successional species (LS) are the spruce species. In Abies balsamea–Betula papyrifera domain, black spruce
(Picea mariana) can be dominant on humid stations, but white spruce is a companion species, and
has not been quantified at the stand level in the historical data. The percentage of merchantable
volume of spruce species for late successional characteristic species was used to assess its presence.
However, this measure does not allow controlling for the companion status of the white spruce. As no
other companion trees species presents signs of reduction and exotic species were never used in
Montmorency Forest, the corresponding values for naturalness degradation potential from exotic
species (exo_NDP) and naturalness degradation potential related to companion species diminution
(CS_NDP) are set to 0. We kept these variables in the Forest Composition formula (Table 1), despite
their null effect for the time being, making provision for future assessment.
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Figure A1. Montmorency Forest localization.

Appendix A.3. Determining Condition Indicator Curves

Assessing naturalness requires definition of a reference state of the condition indicators, i.e.,
the natural undisturbed habitat [10]. For Quebec’s context, the model application requires pre-industrial
data, which can be found in local studies or in the Quebec’s reference state registry [21]. We tested both
sources of reference data in order to analyze the sensitivity to the historical data set. Model adaptation
involves resetting the curves used for partial naturalness index of condition indicators, corresponding
to variables related to “pni” in lower cases in the Table 1 equations, using historical values considered
valid for the territory. For the original evaluation, reference data used for naturalness assessment were
drawn from studies performed in the vicinity of Montmorency Forest [18–20] (lines –s in Table A1).
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However, in cases where historical information is not available, studies based on forest dynamic
simulation, such as Quebec’s reference state registry [21], can be used as an alternate source of historical
data. The registry provides reference values for cover types, irregular stands, closed and old forests by
homogenous vegetation regions. For the evaluation based on the registry, values for our two sectors
were obtained by weighing by the area proportion in each vegetation unit and were used to reset the
condition_pni curves accordingly. Compared with the reference data set from studies, the data set
from the registry shows, for both territories, less of the coniferous cover type (below current coverage),
but a more important coverage of closed forests, old forests and irregular stands (lines –r in Table A1).
The spruce proportion was not evaluated in the registry data set; therefore, the same proportion used
for the initial assessment was applied for the test using registry’s data.

Data used for current naturalness evaluation were taken from the 2018 version of the Quebec
eco-forest map [46], except for Picea spp. volume proportion [33].

Table A1. Historical values from studies (s) in Forest Montmorency vicinity or reference state registry
(r) used as reference data, and current values from 2018 eco-forest map.

Territory

Cover Type
(CT: % Forest

Area of
Coniferous
Cover Type)

Late Successional
Species

(LS: % Merchantable
Volume in Picea spp.)

Closed Forests
(CF: %

Terrestrial
Area of Forests
> 40 Years Old)

Old Forests
(OF: % Forest

Area of Forests
> 80 Years Old)

Irregular Stands
(IR: % Forest Area of

Irregular Stands)

FM-A—historical-s 79.3 1 32 2 79.9 1 23.7 1 17.8 1

FM-A—historical-r 63.2 32 2 85.5 71.0 51.1
FM-A—current 79.1 3 16 4 39.1 3 4.9 3 14.2 3

FM-B—historical-s 85.7 5 39 2 76.19 1 57.9 6 40 7

FM-B—historical-r 77.8 39 2 90.5 81.1 64.4
FM-B—current 81.9 3 16 27.4 3 16.1 3 18.3 3

FM-A: Montmorency Forest sector a; FM-B: Montmorency Forest sector b;1 [18]; 2 [20]; 3 Eco-forest map; 4 [33];
5 Anglo’s data in [18]; 6 [19]; 7 Donnacona’s data in [18].

Curves used for the evaluation of partial naturalness index of condition indicators evaluation
using local studies for reference data are presented in Figure A2 for FM-A and Figure A3 for FM-B.
The curves were topped to one for irregular stands (IR), old forests (OF) and coniferous cover type (CT)
for the following reasons. Descending curve past the historical value has not been used for IR, because
of the evolving evaluation of stands with irregular structure related to improvements of technological
identification capacities. For OF, the natural variability is important, as a result of spruce budworm
epidemics, and the proportion used as the historical value is based on aerial photography taken around
20 years after an epidemic [18]; the ratio used as the historical value is therefore conservative and
values over that ratio are considered natural. The cover type in the Forest Montmorency area was
mainly coniferous, and the presence of deciduous cover was related to previous fires and showed
an important variability [18]. As the proportion of coniferous cover observed in the ancient forest
could reach 97.8% [18], the curve used for pni_CT evaluation was also topped to one. This could
theoretically hinder a diagnosis of broadleaf species decrease; however, as no such issue has been
identified for that area and no hypothesis used for scenario evaluation goes beyond this proportion,
an adjustment for the curve end was not considered necessary. Nevertheless, this situation indicates
that it could be appropriate to set both ends of the natural class, considering the natural variability
range instead of using a proportion of a unique value. For late successional species (LS), we used the
percentage of merchantable volume of spruce species, and descending the curve past the historical
value was applied (Figures A2b and A3b), as too much spruce in the landscape would be outside of
the natural range of variability.
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Historical proportion: 79.3% of coniferous cover 

Current proportion: 79.1% 
CT_pni = 0.998 

(a) 

 
Historical proportion: 32% of Picea spp. 

Current proportion: 16% 
LS_pni = 0.500 

(b) 

 
Historical proportion: 23.7% of old forests 

Current proportion: 4.9% 
CF_pni = 0.106 

(c) 

 
Historical proportion: 17.8% of irregular stands 

Current proportion: 14.2% 
IR_pni = 0.897 

(d) 
 

 
Historical proportion: 79.9% of closed forests 

Current proportion: 39.1% 
CF_pni = 0.484 

(e) 

Figure A2. Curves determining the potential naturalness index to evaluate the condition indicators
(condition_pni) for FM-A using local studies for reference data: (a) coniferous cover type; (b) late
successional characteristic species; (c) old forests; (d) irregular stands; (e) closed forests.
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Historical proportion: 85.7% of coniferous 

cover 
Current proportion: 81.9% 

CT_pni = 1 
(a) 

 
Historical proportion: 39% of Picea spp. 

Current proportion: 16% 
LS_pni = 0.362 

(b) 

 
Historical proportion: 57.9% of old forests 

Current proportion: 16.1% 
CF_pni = 0.178 

(c) 

 
Historical proportion: 40.0% of irregular stands 

Current proportion: 18.3% 
IR_pni = 0.435 

(d) 
 

 
Historical proportion: 76.2% of closed forests 

Current proportion: 27.4% 
CF_pni = 0.285 

(e) 

Figure A3. Curves determining the potential naturalness index to evaluate the condition indicators
(condition_pni) for FM-B using local studies for reference data: (a) coniferous cover type; (b) late
successional characteristic species; (c) old forests; (d) irregular stands; (e) closed forests.
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Appendix A.4. Determining the Naturalness Degradation Potentials

The evaluation of naturalness degradation potentials (NDP) was adapted by resetting the NDP
factors related to practices. NDP calculation for horizontal structure, dead wood and regeneration
process are presented in Tables A2–A4, respectively, for each territory. For careful logging effects,
a distinction has been made between a CL performed in a 50-year-old stand (CL50) and a 70-year-old
stand (CL70). Stands resulting from logging performed in 50-year-old stands were identified using
an overlay of the eco-forest map and the SIFORT1 map, a tessellation of provincial forest inventory
maps for the first measure, considering clear-cuts or careful logging performed between 1981 and
2002, located in sectors having a development stage designed as “young” at the time of the first
forest inventory.

The others NDP factors evaluated based on current values and kept constant for all scenarios are
showed in Table A5.

Table A2. Naturalness degradation potential for horizontal structure (HS_NDP) by silvicultural
treatment in Montmorency Forest.

Territory: FM-A FM-B

Practice
NDP

Factors
%

Forest_Area
NDPx

%
Forest_Area

NDPx

Plantation − thinning 1 2.50% 0.0250 5.58% 0.0558
Plantation 0.9 4.32% 0.0388 3.21% 0.0289

Thinning (natural), strip cutting 0.8 1.45% 0.0116 0.17% 0.0014
Precom. thinning (natural), release 0.75 9.24% 0.0693 23.40% 0.1755

CL50 0.5 7.01% 0.0351 13.28% 0.0664
CL70 0.3 48.34% 0.1451 13.17% 0.0395

Partial cutting 0.2 5.48% 0.0110 1.38% 0.0028
Undisturbed or natural disturbances 0 21.64% 0.0000 39.80% 0.0000

Current HS_NDP 0.3359 0.3702

Note: NDP_factors: naturalness degradation potential factors related to practices; %for_area: percentage of forested
area; NDPx: portion of the naturalness degradation potential for the xth practice; CL50: careful logging (CL) and
clearcut of 50-year-old stands; CL70: careful logging (CL) and clearcut of 70-year-old stands.

Table A3. Naturalness degradation potential for dead wood (DW_NDP) by silvicultural treatment in
Montmorency Forest.

Territory: FM-A FM-B

Practice
NDP

Factors
%

Forest_Area
NDPx

%
Forest_Area

NDPx

Biomass harvesting 1 0.00% 0.0000 0 0.0000
Plantation + thinnings 0.95 2.50% 0.0237 5.58% 0.0530

Plantation − no thinnings 0.85 5.76% 0.0490 3.39% 0.0288
Partial cutting and precom. thinnings 0.8 14.72% 0.1178 24.78% 0.1983

CL50 0.7 7.01% 0.0491 13.28% 0.0930
CL70 0.55 48.35% 0.2660 13.17% 0.0725

Undisturbed or natural disturbances 0 21.64% 0.0000 39.80% 0.0000
DW_NDP 0.5056 0.4454

Current DW_PNI 0.4944 0.5546

Note: NDP_factors: naturalness degradation potential factors related to practices; %for_area: percentage of forested
area; NDPx: portion of the naturalness degradation potential for the xth practice; CL50: careful logging (CL) and
clearcut of 50 years old stands; CL70: careful logging (CL) and clearcut of 70-year-old stands.
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Table A4. Naturalness degradation potential for regeneration process (RP_NDP) by silvicultural
treatment in Montmorency Forest.

Territory: FM-A FM-B

Practice
NDP

Factors
%

Forest_Area
NDPx

%
Forest_Area

NDPx

Exotic plantations, afforestation 1 0.00% 0.0000 0.00% 0.0000
Plantation 0.9 6.82% 0.0613 8.79% 0.0791

Seeding 0.7 2.78% 0.0195 0.00% 0.0000
Precommercial thinning 0.65 9.24% 0.0601 23.40% 0.1521

In-fill planting 0.6 2.48% 0.0149 0.00% 0.0000
CL50 0.5 4.53% 0.0226 13.28% 0.0664

Commercial thinning (natural) 0.4 1.45% 0.0058 0.17% 0.0007
CL70 0.35 45.58% 0.1595 13.17% 0.0461

Partial cut 0.2 5.48% 0.0110 1.38% 0.0028
Undisturbed or natural disturbances 0 21.64% 0.0000 39.80% 0.0000

RP_NDP 0.3547 0.3472
Current RP_PNI 0.6453 0.6528

Note: NDP_factors: naturalness degradation potential factors related to practices; %for_area: percentage of forested
area; NDPx: portion of the naturalness degradation potential for the xth practice; CL50: careful logging (CL) and
clearcut of 50-year-old stands; CL70: careful logging (CL) and clearcut of 70-year-old stands.

Table A5. Naturalness degradation potential for companion species (CS_NDP), exotic
species (exo_NDP), wetlands with clear cuts (W_CC_NDP) and anthropization (ANT_NDP) in
Montmorency Forest.

Territory: FM-A FM-B

Item % Area 1 NDPx % Area 1 NDPx

Companion species 0.00% 0.0000 0.00% 0.0000
Exotic species 0.00% 0.0000 0.00% 0.0000

Wetlands with clear cuts 42.37% 0.2118 2.66% 0.0133
Anthropization 1.72% 0.0172 2.68% 0.0268

1 % of forested area for companion species and exotic species; % of terrestrial area for wetlands with clear cuts
and anthropization.
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Abstract: Cocoa agroforestry has evolved into an accepted natural resource conservation strategy in
the tropics. It is regularly proposed as one of the main uses for REDD+ projects (Reducing Emissions
from Deforestation and forest Degradation and the role of conservation, sustainable management of
forests, and enhancement of forest carbon stocks in developing countries) in the Democratic Republic
of the Congo. However, few studies have characterized the cocoa agroforestry systems in this country.
Hence, this research proposes to determine the impact of distance from Kisangani (the unique
city in the landscape) and land-use intensity on the floristic composition of cocoa agroforests in
Bengamisa-Yangambi forest landscape in the Congo Basin. The results revealed that species diversity
and density of plants associated with cocoa are influenced by the distance from Kisangani (the main
city in the landscape and province). Farmers maintain/introduce trees that play one or more of several
roles. They may host caterpillars, provide food, medicine, or timber, or deliver other functions such
as providing shade to the cocoa tree. Farmers maintain plants with edible products (mainly oil palms)
in their agroforests more than other plants. Thus, these agroforests play key roles in conserving
the floristic diversity of degraded areas. As cocoa agroforestry has greater potential for production,
biodiversity conservation, and environmental protection, it should be used to slow down or even
stop deforestation and forest degradation.

Keywords: floristic diversity; cocoa agroforests; Bengamisa-Yangambi; landscape; Democratic
Republic of the Congo

1. Introduction

Land-use activities, such as clearing tropical forests, practicing subsistence agriculture, and
intensifying farmland production, are the most important drivers of biodiversity loss and the associated
ecosystem services on the local- and landscape-scale [1,2]. Although the rate of tropical forest loss
is alarming, some agricultural systems offer a glimmer of hope. Systems using shade species offer
greater potential for production, biodiversity conservation, and long-term environmental protection [3].
Thus, agroforestry is proposed as one of the strategies for conserving natural resources in the tropics [4].
The agroforestry practice provides a potentially valuable conservation tool that can be useful for
reducing land-use pressure and enhancing income from rural livelihoods in tropical countries [5].

Forests 2020, 11, 1096; doi:10.3390/f11101096 www.mdpi.com/journal/forests33



Forests 2020, 11, 1096

Several examples across the tropics have shown that agroforests represent a substantial proportion of
biodiversity of forest reserves [3,6,7].

Cocoa is one of the most important crops in agroforests [8]. Cocoa farming has played an important
role in the conservation of lowland tropical forest landscapes in Latin America, Africa and Asia over
the past centuries and continues to do so today [9]. It helps to reduce land-use pressure through
the availability of useful tree species and other non-timber forest products (NTFPs) and to improve
rural livelihoods [10]. Shade tree systems provide habitat diversity for plant and animal species that
do not strictly depend on natural forest. They also connect otherwise disjunctive fragments of the
remaining forest patches in the landscape [11]. Cocoa agroforests systems with a mixture of diverse
tree species provide more functions than other land-uses in forest landscapes. These functions include
maintenance of carbon stocks, biodiversity conservation, and locally relevant ecosystem services, such
as protection of the soil [12] and better water management [13]. The introduction of sustainable shade
tree management can make cocoa agroforestry an important agent of reforestation [14]. Shade tree
management has positive effects on pest outbreaks that may hold the key to breaking cocoa production
cycles and helping conserve valuable tropical biodiversity in agroforestry systems [15,16].

Despite the benefits of agroforestry practices, cocoa agroforestry in natural habitats is an important
driver of forest degradation and deforestation [14,17]. Land-use planning is needed to reduce further
deforestation for the expansion of cocoa land. Such planning can determine areas to preserve under
forest cover for ecological reasons and also areas where cocoa might be planted [18].

Introduced in Africa more than a century ago, cocoa production is a major contributor to the
economies of many African countries [19]. The continent supplies more than two-thirds of the world’s
cocoa, the majority being produced by Côte d’Ivoire and Ghana [20]. Full-sun systems are found
mostly in the Lower Guinean forest systems of Liberia, Ghana, Côte d’Ivoire and Nigeria; the more
complex systems are in the Congo Basin countries, mainly in Cameroon and the Democratic Republic
of the Congo (DRC) [21]. As cocoa production increases in DRC, the sector can learn a lot from its West
African neighbours about mistakes to avoid and priorities to emphasize, including the importance
of sustainable and climate-smart practices and good governance [22]. In DRC, cocoa agroforests
are frequently proposed in projects for REDD+ (reducing emissions from deforestation and forest
degradation and the role of conservation, sustainable management of forests, and enhancement of forest
carbon stocks in developing countries). The Wildlife Conservation Society, for example, has adopted
the idea of growing cocoa as a tool in forest conservation. In the Mambasa region, 1250 hectares (ha) of
forest-cover cocoa has planted within the context of the national REDD+ program [23].

In DRC, conflicts and political instability have deeply affected the agricultural sector. For example,
there are insufficient data on initiatives in the cocoa sector [20]. Cocoa is generally cultivated by
small farmers, most often alongside other crops [22]. However, the quantities produced are small in
comparison to West Africa [24]. On the other hand, in Tshopo province, cocoa has been promoted
since the colonial era when it was planted under controlled forest cover from which cocoa pest species
had been eliminated [23]. However, cocoa cultivation has never been fully developed. Today, most
farmers spontaneously plant cocoa in the region by sourcing from former plantations in response to
market signals and rumors of market development in the east of DRC [25]. With adequate assistance,
cocoa can be produced sustainably without clearing new forest land and can help reduce household
poverty [21]. Further efforts are needed to rehabilitate existing cocoa farms to develop sustainable
cocoa agroforestry [25].

In cocoa agroforests, species richness and vegetation structure are key components of structural
complexity and form the basis of biodiversity [26]. Therefore, good knowledge is needed of the plants
associated with cocoa trees in cocoa agroforests in DRC. However, no study on the contributions of
cocoa agroforests to the conservation of floristic diversity has focused on DRC.

The choice of Tshopo province, more specifically the Bengamisa-Yangambi landscape, is based
on its inclusion of the Yangambi Biosphere Reserve. The United Nations Educational, Scientific and
Cultural Organization (UNESCO) declared Yangambi a biosphere reserve in 1977 [27]. Thus, to preserve
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the important biodiversity of the Yangambi reserve, agroforestry systems in the Bengamisa-Yangambi
forest landscape should be studied to understand their influence on the conservation of floristic diversity.

This study paid special attention to how distance from Kisangani (The main city in the landscape)
and thus the related disturbance and land-use intensity have affected the floristic composition of cocoa
agroforests in the forest landscape. The study is based on the hypothesis that native forest cover,
disturbance, land-use intensity, and market access influenced floristic composition of cocoa agroforests.
We thus recorded floristic composition of cocoa agroforest in four zones of 15 km each, defined along
the main road, from Kisangani city to Yangambi forest reserve landscape, via Bengamisa village.

2. Materials and Methods

2.1. Study Area

This study was conducted between June and July 2018 in 16 villages and recorded floristic
composition of cocoa agroforest in 4 zones of 15 km each, defined along the main road, from
Kisangani city to Yangambi forest reserve landscape, via Bengamisa village (Figure 1). This area is
located between the city of Kisangani (N 00◦31′; E 25◦11′) [28] and the Yangambi Biosphere Reserve
(N 00◦48′; E 24◦29′) [29] in Banalia territory, Tshopo province, DRC. The Tshopo province, with an area
of 200,240 km2, is in the northeast of DRC and includes seven territories (Bafwasende, Banalia, Basoko,
Isangi, Opala, Ubundu and Yahuma) [28,30]. Kisangani, founded in 1883, is the capital of the Tshopo
province and is the main city of this province. Its population is estimated at about 1 million (around
20% of the 5,032,472 inhabitants of the province) [28,31]. It is among the five main cities of DRC.
Kisangani have an international airport, is the end of the water navigation road on the Congo river
and it is crossed by 4 main roads leading to different directions in the country. It has a road connection
with the other east part of the DRC and bordering countries such as Uganda. Several smallholders’
industries and shops are thus found in the city. In the Bengamisa-Yangambi forest landscape, it is the
main city with his urbanisation impacting the forest landscape between the city and the Yangambi
Biosphere reserve.

 
Figure 1. Localization of cocoa agroforests and inventory plots in the Bengamisa-Yangambi-landscape.

The region is still predominantly covered with moist forest and has an average population
density of 9.8 people per square kilometer (km2). The region has a hot and humid climate without a
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marked dry season classified as Af in Köppen’s typology [28,30]. It receives an annual precipitation
of 1839.5 ± 205.7 millimeters (mm) with an average sub-dry season length of 3.3 ± 1.3 months with
monthly precipitation lower than 100 mm, during December–February. Temperatures are high and
constant throughout the year with a minimum of 24.2 ± 0.4 ◦C in July and a maximum of 25.5 ± 0.6 ◦C
in March [29].

The main economic activity in the region is agriculture, which is practiced in a shifting cultivation
system [28,31,32]. Cassava is the main staple crop. Furthermore, exploitation of NTFPs, such as bush
meat, caterpillars, and wild edible plants, as well as commercial and artisanal logging, artisanal mining,
and petty trade provide sources of income to rural households. Six major road axes cut through the
forest in a radial pattern starting from Kisangani, along which nearly all settlements are located [31].

In this region, which has excellent agricultural and climatic conditions, cocoa cultivation has
been encouraged since colonial times. In 1979, the African Development Bank (AfDB) financed the
development of 1750 ha of small peasant and commercial plantations in Bengamisa called CABEN
(Cacaoyères de Bengambisa) to increase Congolese cocoa production. CABEN did not achieve its
objectives and most of these plantations were abandoned [23].

2.2. Methods

2.2.1. Study Design

To better understand the role of native forest cover, disturbance and land-use intensity on floristic
diversity of cocoa agroforests in the region, 4 Blocs/Zones of 15 km each were defined along the main
road, including Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city),
Zone C (50–65 km from Kisangani city), and Zone D (66–81 km from Kisangani city). These zones
are arranged from the highly degraded area nearest Kisangani city (Zone A) to the less degraded
area in the forest zone (Zone D) (Figure 1). The Bengamisa-Yangambi landscape is still covered by a
vast rainforest [33]. The lowest proportion of this forest is found around Kisangani where we have
the nucleus of population pressure [34]. The agricultural system is characterized by slash-and-burn
agriculture, resulting from a shifting patchwork of cultivated fields, fallows, secondary forests,
and remnants of primary forests [33]. Cash crops such as oil palm and cocoa have been cultivated by
small farmers since several decades [23,35]. The forest of this landscape is gradually being converted
to agricultural land, roads or modified by timber and charcoal exploitation [27,34]. As with other
forests stands in DRC [36], the Bengamisa-Yangambi landscape is thus under the agricultural extension,
fuelwood collection, timber exploitation, urbanisation, and demography increase pressures.

2.2.2. Collection of Floristic Data

The criteria used to select agroforestry plantations are the net area of the plantation (at least
0.5 hectares) [37]. Four plots of 25 × 25 m (i.e., 625 m2 for each plot), corresponding to an area of
2500 m2 were established within each cocoa agroforest to record plant diversity. In small plantations,
the plots were installed successively, spaced 3–5 m apart. In large plantations, the plots were arranged
on a diagonal to represent the diversity of the cocoa farm. The diameter was measured at 30 cm from
the ground on each cocoa tree and at 1.30 m on the cocoa-associated plants as noted by [38]. A total of
25 cocoa agroforests were surveyed in the Bengamisa-Yangambi forest landscape.

In each cocoa agroforest, and within each plot (25 × 25 m), the number of cocoa trees were
counted. Each associated plant with a diameter at breast height (DBH) above/equal to 2.5 centimeter
(cm) was recorded. The scientific name of the plant was provided using the Catalogue—Flora of
Plants of Kisangani and Tshopo Districts [39]. The main use of each plant is noted. In this study,
“Cocoa associated species” refer to all plants (spontaneous or planted) except cocoa trees present
in cocoa agroforests. Thus, for their classification, we used the same approach (nature and main
use of plants) of previous studies on biodiversity in cocoa agroforests [40–42]. All cocoa-associated
plant species inventoried were later sorted according to the list of suitable/useful and unsuitable
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species to cocoa trees established by the National Institute of Agronomic Studies and Research
(INERA). Usefulness/suitability criteria used by INERA include production increase, providing light
and cocoa-friendly shade, and protection against pests and diseases. The non-suitability of the plant
was generally due to pest criteria, including cocoa tree pest housing, competition with cocoa trees,
intense shade, and same diseases with cocoa trees. Such criteria were already been used by many
cocoa research/extension services in west and central Africa [7].

2.2.3. Data Analysis

Preliminary analysis of cocoa agroforests help to determine three following models of cocoa
agroforests: Cocoa agroforests in which companion plants (associated with cocoa trees) were composed
primarily of forest/native species (residual species from the previous natural forest or from regeneration
of these species or regeneration of species from the adjacent forest), named in this study as Model F;
cocoa agroforests in which companion plants were split equally between forest/native species and oil
palms (named in this study as Model FP); lastly, cocoa agroforests in which companion plants were
composed primarily of oil palms (named in this study as Model P).

We measured the diversity of cocoa agroforests in the Bengamisa-Yangambi forest landscape
by evaluating base on the following: (i) species diversity (species richness, Shannon–Wiener index,
Piélou’s evenness index, Simpson’s index, rarefaction curve); (ii) relative abundance; (iii) structure
(density and basal area); and (iv) linkage between density and biodiversity. Each of these parameters is
generally used in the characterization of cocoa agroforest in other countries [15,40,41,43–47] and for
the characterization of forest stands [29,48,49].

The diversity and structure (basal area and density of associated plants) were calculated for each
of the 25 cocoa agroforests. Diversity was expressed using (a) species richness, (b) Shannon–Wiener
index, (c) Piélou’s evenness index, and (d) Simpson’s index [50]. Specific richness (S) is represented
by the total or average number of species counted in the cocoa agroforest (obtained by counting the
number of species). The Shannon–Wiener index provides an expression of diversity by considering
the number of species and the abundance of individuals within each of these species. It is calculated
by the following formula: H′ = −∑S

i=1 pi log pi, where: pi = proportional abundance or percentage of
species importance, calculated as follows: pi = ni/N; ni is the number of individuals of a species in the
plot; N is the total number of individuals of all species in the plot; and S is the total number of species
in the plot. The Shannon–Wiener index is often accompanied by the Piélou’s evenness index, which is
expressed by the following formula: ′ = H′/H′max, where: H′max = log S and S is the total number
of species. This index is a measure of the distribution of individuals within species, independent of
species richness. Its value varies from 0 (dominance of a single species) to 1 (equitable distribution of
individuals within the species). These two indexes remain dependent on sample size and habitat type.
Simpson’s index measures the probability that two randomly selected individuals belong to the same
species. It is determined by the following formula: L =

∑ {
[ni(ni− 1)]/[N(N − 1)]

}
, where ni is the

number of individuals in the species i and N is total number of individuals. As sometimes different
diversity indices do not all lead to the same conclusion [50], the rarefaction curves were associated
with these indices to make conclusions more robust.

Relative abundance was calculated (for each zone; for each cocoa agroforest models; and for the
suitability of associated plants for the agronomy of cocoa (Suitable species and Unsuitable species))
according to the following formula:

A(%) = 100
(

Number o f species stems
All stems o f the plot

)
(1)

Structure of each cocoa agroforest was evaluated based on the density (number of trees per ha)
and the basal area (sums of areas of sections of all trees measured at 1.3 m) of cocoa trees and associated
plants. The basal area was calculated by the following formula:ST = π(Dbh)2/4, where ST is the basal
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area expressed in m2 per ha and DBH is expressed in meters. The density calculation concerned first
the whole tree population of cocoa agroforest and then the cocoa-associated plants.

Relation between density and species diversity: To establish a possible link between the stem
density of species used as associated plant for cocoa trees and species richness, we used the Pearson
correlation. This allowed us to correlate density and species richness by zone.

We also used statistical analysis to compare zones (Zones A, B, C, and D) and agroforest
models (Model F, Model FP, and Model P). Therefore, descriptive (mean and standard deviation) and
inferential analyses (one-way ANOVA, Kruskal test, Wilcoxon–Mann–Whitney test, and simple linear
regression) were used. We verified normality using the Shapiro test and verified the homoscedasticity
of variance using the Bartlett test. When the data distribution was nonparametric, Kruskal test,
and Wilcoxon–Mann–Whitney test were used as appropriate. Otherwise, we used One-way ANOVA
and Pearson’s correlation as appropriate. All these analyses were performed by the R software
version 4.0.2 [51] under its R studio interface. The acceptable error for the statistical analyses was 5%.
The graphs were produced using packages ggplot2 [52] (simple linear regression) and BioDiversity
Professional version 2.0 software (The Scottish Association for Marine Science, Oban, United Kingdom)
(rarefaction curves). Diversity indices were performed using the Biodiversity R Package [53] and the
Vegan Package [54] in the R software [51].

Findings are presented in the following way: (a) species richness and diversity; (b) abundance of
plants associated with cocoa; (c) suitable and unsuitable plant species for cocoa agronomy; (d) main
uses of plants associated with cocoa; (e) structure of cocoa agroforest; and (f) relation between density
and species richness of each cocoa agroforest. These results are later discussed in the context of DRC,
and in parallel with previous research across other forest landscapes of the tropics.

3. Results

3.1. Species Richness and Diversity Index

A total of 6558 stems, including 996 stems of cocoa-associated plants and 5562 cocoa trees. They are
distributed in 90 species including Theobroma cacao, and 78 genera and 38 families were inventoried
throughout the survey area. Each cocoa agroforest contains on average 13 species associated with
cocoa trees (Table 1). Species richness and diversity indexes (Shannon-Wiener and Simpson) and
Piélou’s equitability (the distribution of stems within species) increase with distance from Kisangani
city. Indeed, all these indices are low in Zone A (near Kisangani, between 18 and 33 km from Kisangani
city) and increase as one moves away from it. On the other hand, they are all high in Zone D (forest
zone, between 66 and 81 km from Kisangani city), except for specific richness, which is higher in Zone
C (situated between 50 and 65 km from Kisangani city). The rarefaction curve (Figure 2) shows a
low number of species in the area surrounding the city (Zone A). The species richness and indexes
are generally low in Model P (cocoa agroforests in which companion plants are dominated by oil
palms) compared to Model F (agroforests in which companion plants (associated with cocoa trees) are
dominated by forest species) and Model FP (cocoa agroforests in which companion plants are split
equally between forest species and oil palms) (Table 2). Looking at the entire landscape, Model FP
contains the most species followed by Model F (Figure 3).
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Table 1. Average species richness and diversity (±standard deviation) of cocoa-associated plants per
agroforest in four zones of the Bengamisa-Yangambi landscape.

Indices/Index
Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

p-Value

Species Richness 5.83 (±2.48) 12.55 (±8.71) 20.67 (±14.29) 16 (±6.63) 12.6 (±8.9) 0.0725
Shannon-Wiener

index 0.99 (±0.5) 1.65 (±1.2) 2.14 (±1.51) 2.3 (±0.54) 1.68 (±1.05) 0.1836

Piélou’s
equitability 0.56 (±0.19) 0.6 (±0.37) 0.69 (±0.38) 0.85 (±0.09) 0.65 (±0.3) 0.2828

Simpson’s index 0.45 (±0.22) 0.58 (±0.39) 0.68 (±0.45) 0.83 (±0.12) 0.61 (±0.33) 0.2142

Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city), Zone D (66–81 km from Kisangani city) and n = number of cocoa agroforests.

 
Figure 2. Species rarefaction curve considering the number of individuals sampled and the species
richness by cocoa agroforests in four zones of the Bengamisa-Yangambi landscape. Legend: Zone
A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city) and Zone D (66–81 km from Kisangani city).

Table 2. Average species richness and diversity (±standard deviation) of cocoa-associated plants in
three models of cocoa agroforests in Yangambi-Bengamisa landscape.

Indices
Model F

(n = 10 Agroforests)
Model FP (n = 5

Agroforests)
Model P

(n = 10 Agroforests)
Whole region

(n = 25 Agroforests)
p-Value

Species Richness 16.4 (±6.19) b 17.4 (±10.92) b 6.4 (±6.96) a 12.6 (±8.9) 0.011
Shannon-Wiener

index 2.33 (±0.63) b 2.29 (±0.78) b 0.73 (±0.79) a 1.68 (±1.05) 0.00011

Piélou’s
equitability 0.85 (±0.08) b 0.83 (±0.11) b 0.36 (±0.25) a 0.65 (±0.3) 0.002

Simpson’s index 0.83 (±0.14) b 0.81 (±0.16) b 0.29 (±0.27) a 0.61 (±0.33) 8.50 × 10−6

Legend: Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest
species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally
between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with
cocoa trees] are dominated by oil palms). Models not sharing a common letter (a and b) in a row are significantly
different at p = 0.05.
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Figure 3. Species rarefaction curve considering the number of individuals and specific richness in three
models of cocoa agroforests in the Bengamisa-Yangambi landscape. Legend: Model F (agroforests
in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP
(cocoa agroforests in which companion plants [associated with cocoa trees] are split equally between
forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated
with cocoa trees] are dominated by oil palms).

3.2. Abundance of Plants Associated with Cocoa

The five most abundant species represent around 60% of the plants associated with cocoa.
These five most abundant species represented 84%, 59%, 53%, and 47% of plants associated with
cocoa in Zones A, B, C, and D, respectively. Elaeis guineensis JACQ. (366 plants representing 36.75%
of total plants associated to cocoa) is the most abundant species in the entire study area, followed by
Musanga cecropioides R. BR. (45 plants or 4.52%). Considering each zone, Elaeis guineensis (110 plants or
84.62% in Zone A; 179 plants or 63.93 in Zone B; and 51 plants or 51% in Zone C) was most abundant of
all species except in the forest area (Zone D), where it was surpassed by Musanga cecropioides (35 plants
or 42.17%). Species planted by farmers such as Elaeis guineensis (oil palm), Persea americana MILLER
(avocado) and Dacryodes edulis (D. DON) H.J. LAM. (African pear) dominate in cocoa agroforests
around Kisangani city (Zone A) in contrast to other areas where residual forest species dominate.
However, the five most abundant species in the cocoa agroforests of four zones constitute more than
half (59.54%) of the cocoa-associated plant individuals in the Bengamisa-Yangambi landscape (Table 3).

Table 3. The five most abundant species by cocoa agroforests in four zones of Bengamisa-Yangambi landscape.

Species Local Names Main Uses
Zone A (n = 6
Agroforests)

Zone B (n= 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(25 Agroforests)

Elaeis guineensis Adjagale Edible 110 179 51 26 366
Musanga

cecropioides Kombo Timber - - 10 35 45

Pycnanthus
angolensis Gbotugbu Timber - 35 - - 35

Ficus exasperata Kasage Medicinal 3 24 - - 27
Pseudospondias

microcarpa Bume Medicinal - 25 - - 25

Maesopsis eminii Ngana Medicinal - - 12 6 18
Petersianthus
macrocarpus Angbeche Caterpillar - 17 - - 17

Carapa procera Mbindo Medicinal - - 14 - 14
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Table 3. Cont.

Species Local Names Main Uses
Zone A (n = 6
Agroforests)

Zone B (n= 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(25 Agroforests)

Macaranga
monandra

Abou
chumbuge Timber - - 13 - 13

Tetrorchidium
didymostemon Aboligi Timber - - - 9 9

Persea americana Savoka Edible 8 - - - 8
Bridelia

atroviridis Bubu Caterpillar - - - 7 7

Dacryodes edulis Angboka Edible 5 - - - 5
Senna siamea Ngbangaolaya Medicinal 4 - - - 4

Total of top five
species 130 280 100 83 593

Total of all
species in study

area
155 476 187 178 996

Percentage of
top five species 83.87 58.82 53.48 46.63 59.54

Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city), Zone D (66–81 km from Kisangani city) and n (number of cocoa agroforests in each zone).

3.3. Suitable and Unsuitable Species for Cocoa

3.3.1. Suitable Species to Cocoa Agronomy

The suitable species for cocoa production (Table 4) represent 27.31% of cocoa-associated
plants recorded in the Bengamisa-Yangambi landscape’s cocoa agroforests. They belong to 19
species of the 90 species recorded (They thus represent 21.59% of species in the whole region).
Musanga cecropioides (with 57 plants representing 21% of the total plants associated with cocoa),
followed by Pycnanthus angolensis (WELW.) EXELL (with 38 plants representing 14% of the total plants
associated with cocoa), are the most abundant species for the entire studied area. Considering each
zone, Ficus exasperata VAHL (with 3 plants representing 42.9% of the plants associated with cocoa)
dominate in Zone A, Pycnanthus angolensis (with 35 plants representing 25% of the plants associated
with cocoa) dominate in Zone B, Macaranga monandra MULL. ARG. (with 13 plants representing 25%
of the plants associated with cocoa) dominate in Zone C and Musanga cecropioides (with 35 plants
representing 47.94% of the plants associated with cocoa) dominate in Zone D. However, a large
proportion of individuals (140 plants representing 51.47% of the plants associated with cocoa) of
these suitable species for cocoa trees are concentrated in Zone B and a small proportion (seven plants
representing 2.5% of the plants associated with cocoa) in Zone A.

Table 4. Abundance of suitable species for cocoa agronomy by cocoa agroforests in four zones in the
Bengamisa-Yangambi landscape.

Species
Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

Musanga cecropioides 2 10 10 35 57
Pycnanthus angolensis 0 35 3 0 38

Ficus exasperata 3 24 1 1 29
Petersianthus macrocarpus 0 17 6 4 27

Zanthoxylum gilletii 0 12 8 6 26
Macaranga monandra 0 2 13 4 19

Bridelia atroviridis 0 9 0 7 16
Macaranga spinosa 0 5 4 6 15
Albizia gummifera 0 10 1 1 12

Albizia adianthifolia 0 4 2 2 8
Alstonia boonei 1 4 0 1 6
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Table 4. Cont.

Species
Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

Albizia ferruginea 0 3 0 2 5
Canarium schweinfurthii 0 0 3 0 3

Croton haumanianus 0 2 0 0 2
Ficus elastica 0 1 1 0 2
Ficus mucuso 1 0 0 1 2

Ficus wildemaniana 0 1 0 1 2
Zanthoxylum lemairei 0 1 0 1 2

Harungana
madagascariensis 0 0 0 1 1

Total of suitable plants 7 140 52 73 272
Total of all plants in

study area 155 476 187 178 996

Percentage of suitable
plants 4.52 29.41 27.81 41.01 27.31

Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city) and Zone D (66–81 km from Kisangani city).

3.3.2. Unsuitable Species for Cocoa Agronomy

Unsuitable species for cocoa production (Table 5) represented 13.35% of cocoa-associated plant
stems recorded in the Bengamisa-Yangambi landscape. They are grouped in 22 species out of 90 species
recorded (25% of the species of the whole region). Pseudospondias microcarpa (A. RICH.) ENGLER
(medicinal species) (26 plants or 19.5%) and Myrianthus arboreus P. BEAUV. (edible fruit species) (16
plants or 12%), are the most abundant species in that category in cocoa agroforests of the study area.
However, considering each zone, the highest representations are Dacryodes edulis (edible fruit species)
with five plants or 71.43% in Zone A, Pseudospondias microcarpa (medicinal species) with 26 plants or
38.46% in Zone B, Carapa procera GILBERT (timber species) with 14 plants or 45.16% in Zone C, and
both Vernonia conferta BENTHAM (medicinal species) and Pterocarpus soyauxii TAUB. (timber species)
with six plants or 20% each in Zone D. However, a large proportion (48.87%) of individuals of these
unsuitable species are concentrated in Zone B and are less represented (5.26%) in Zone A.

Table 5. Abundance of unsuitable species for cocoa agronomy by cocoa agroforests in four zones of the
Bengamisa-Yangambi landscape.

Species
Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

Pseudospondias microcarpa 1 25 0 0 26
Myrianthus arboreus 0 16 0 0 16

Carapa procera 0 1 14 0 15
Dacryodes edulis 5 3 1 3 12

Pterocarpus soyauxii 0 1 4 6 11
Rauvolfia vomitoria 0 4 1 3 8

Trichilia gilgiana 0 4 2 2 8
Vernonia conferta 0 0 0 6 6

Desplatsia dewevrei 0 4 1 0 5
Oncoba welwitschii 0 1 0 4 5
Blighia welwitschii 0 2 0 1 3

Synsepalum subcordatum 0 0 3 0 3
Uapaca guineensis 1 0 1 1 3
Barteria fistulosa 0 1 0 1 2

Canthium subcordatum 0 0 1 1 2
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Table 5. Cont.

Species
Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

Cola lateritia 0 2 0 0 2
Anonidium mannii 0 0 1 0 1

Cola marsupium 0 0 1 0 1
Drypetes gossweileri 0 0 1 0 1

Gilbertiodendron dewevrei 0 0 0 1 1
Homalium longistylum 0 1 0 0 1

Panda oleosa 0 0 0 1 1
Total of unsuitable plants 7 65 31 30 133

Total of all plants in study area 155 476 187 178 996
Percentage of

unsuitable plants 4.52 13.66 16.58 16.85 13.35

Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city) and Zone D (66–81 km from Kisangani city).

3.4. Main Uses of Plants Associated with Cocoa

3.4.1. Main Uses of Plants Associated with Cocoa by Zone (i.e., Main Distance from Kisangani)

In the study area, we inventoried trees hosting caterpillars, trees with edible products, trees with
medicinal properties, timber, and other trees with secondary or unknown uses (Table 6). Within these
categories, trees with edible products were the most abundant (70.56 ± 50.4 trees per ha), especially in
Zone A. The least abundant use category was timber (5.76 ± 7.1 individuals per ha) for the entire study
area. Timber was most abundant in Zone C (13.33 ± 13.05 trees per ha) and Zone D (13 ± 4.69 trees
per ha).

Table 6. Average number of tree species (±standard deviation) by cocoa agroforests in four zones of
Yangambi-Bengamisa landscape according to their main uses.

Main Uses
Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n = 3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

p-Value

Edible 85.33 (±32.36) 78.91 (±49.48) 77.33 (±85.54) 30.4 (±39.76) 70.56 (±50.4) 0.265
Hosts for

caterpillars 0.67 (±1.63) 12 (±14.86) 9.33 (±6.11) 12.8 (±10.35) 9.12 (±11.75) 0.07834

Medicinal 11.33 (±8.55) 38.91 (±37.23) 76 (±79.9) 25.6 (±17.57) 34.08 (±39.38) 0.115
Timber 1.33 (±2.07) a 13.45 (±12.93) a 53.33 (±52.2) b 52 (±18.76) b 23.04 (±28.38) 0.002034
Others

(minor or no
known uses)

4.67 (±7.34) 29.82 (±42.61) 33.33 (±34.02) 21.6 (±14.59) 22.56 (±31.91) 0.2558

Total 103.33 (±37.64) a 173.09 (±56.23) b 249.33 (±13.44) b 142.4 (±7.45) ab 159.36 (±71.96) 0.01405

Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city) and Zone D (66–81 km from Kisangani city). Zones not sharing a common letter (a and b) in a row
are significantly different at p = 0.05.

3.4.2. Main Uses of Plants Associated with Cocoa by Cocoa Agroforest Models

Table 7 shows that trees for medicinal use are more abundant (48.8 ± 31.88 individuals per ha)
in Model F, followed by tree species with secondary functions (fuelwood, construction wood, etc.)
or unknown (37.6 ± 41.06 individuals per ha). In Model FP, individuals in the medicinal category
have been most inventoried (52.8 ± 64.96 trees per ha), followed by those with individuals possessing
certain edible products (50.4 ± 35.05 trees per ha). Finally, in Model P, individuals of species with edible
products are more dominant (121.6 ± 24.6 trees per ha), followed by medicinal species (10 ± 12.82).
There is a significant difference between the different models in each of the main uses (p-value < 0.05).
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Table 7. Average number of tree species (±standard deviation) in three models of cocoa agroforests in
Yangambi-Bengamisa landscape according to their main uses.

Main Uses
Model F
(n = 10

Agroforests)

Model FP (n = 5
Agroforests)

Model P
(n = 10

Agroforests)

Whole Region
(n = 25 Agroforests)

p-Value

Edible 29.6 (±25.24) a 50.4 (±35.05) a 121.6 (±24.6) b 70.56 (±50.4) 0.0001507
Tree-hosting
caterpillars 15.6 (±13.91) a 11.2 (±11.1) ab 1.6 (±2.8) b 9.12 (±11.75) 0.01258

Medicinal 48.8 (±31.88) a 52.8 (±64.96) ab 10 (±12.82) b 34.08 (±39.38) 0.007181
Timber 30.4 (±25.38) ab 39.2 (±43.58) a 7.6 (±13.79) b 23.04 (±28.38) 0.04679

Others (minor or
no known uses) 37.6 (±41.06) a 28.8 (±25.2) ab 4.4 (±10.41) b 22.56 (±31.91) 0.0071

Whole region 162 (±77.98) 182.4 (±113.3) 145.2 (±38.69) 159.36 (±71.96) 0.653

Legend: Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest
species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally
between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with
cocoa trees] are dominated by oil palms). Models not sharing a common letter (a and b) in a row are significantly
different at p = 0.05.

3.5. Structure of Cocoa Agroforests

The average density and basal area of all species (cocoa trees and cocoa-associated plants) in the
study area (Table 8) are 1048.16 trees/ha and 17.28 m2/ha, respectively. Of these, cocoa- associated
plants take up 15.20% of total density, but 55.84% of total basal area. The density and basal area of
cocoa-associated plants in the cocoa agroforests of the study area increase with distance from Kisangani
city, except in Zone D where they have decreased compared to the previous areas (Zone C and Zone B).
The average density and basal area of cocoa-associated plants in the study area are, respectively, 159.36
trees/ha (p-value = 0.01405) and 9.65 m2/ha (p-value = 0.273).

Table 8. Average density and basal area of cocoa-associated plants (±standard deviation) by cocoa
agroforests in four zones of Yangambi-Bengamisa landscape.

Cocoa Agroforest
Structure

Zone A (n = 6
Agroforests)

Zone B (n = 11
Agroforests)

Zone C (n =3
Agroforests)

Zone D (n = 5
Agroforests)

Whole Region
(n = 25 Agroforests)

p-Value

Density of associated
plants (n/ha) 103.33 (±37.64) a 173.09 (±56.23) b 249.33 (±113.44)

b
142.4 (±7.45)

ab 159.36 (±71.96) 0.01405

Basal area of associated
plants (m2/ha) 5.59 (±5.28) 10.95 (±9.4) 15.36 (±3.35) 8.26 (±4.66) 9.65 (±7.52) 0.273

Density of (n/ha) of cocoa 913.33 (±213.07) 959.27 (±154.07) 746.67 (±78.93) 789.6 (±92.81) 888.8 (±168.24) 0.107
Basal area of cocoa 10.91 (±2.63) 9.14 (±1.94) 8.2 (±2.04) 9.68 (±3.9) 9.56 (±2.58) 0.453

Density of whole region 1016.67 (±77.94) 1132.36(±187.62) 996 (±34.64) 932 (±77.82) 1048.16 (±70.36) 0.133
Basal area of whole region 13.13 (±3.04) 19.19 (±7.73) 17.28 (±2) 18.08 (±3.13) 17.28 (±5.91) 0.248

Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from
Kisangani city) and Zone D (66–81 km from Kisangani city). Zones not sharing a common letter (a and b) in a row
are significantly different at p = 0.05.

Table 9 shows that Model F had the highest density (1146 stems/ha) and basal area (22.99 m2/ha),
while Model P recorded the lowest density (971 trees/ha) and basal area (12.1 m2/ha). The difference of
density between the three models is not statistically significant, but the difference becomes significant
when comparing the basal area (p-value = 9.62 × 10−7).
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Table 9. Average density and basal area of cocoa-associated plants (±standard deviation) in three
models of cocoa agroforests in the Bengamisa-Yangambi landscape.

Cocoa Agroforest
Structures

Model F (n = 10
Agroforests)

Model FP (n = 5
Agroforests)

Model P (n = 10
Agroforests)

Whole Region (n = 25
Agroforests)

p-Value

Density of associated
plants (n/ha) 162 (±77.98) 182.4 (±113.3) 145.2 (±38.69) 159.36 (±71.96) 0.653

Basal area of associated
plants (m2/ha) 12.38 (±9.48) 9.87 (±4.83) 6.81 (±5.77) 9.65 (±7.52) 0.263

Density (n/ha) cocoa 984 (±200.55) 824 (±109.8) 826 (±114.53) 888.8 (±168.24) 0.0629
Basal area of cocoa 9.6 (±2.97) 9.81 (±3.45) 9.4 (±1.91) 9.56 (±2.58) 0.961

Density of whole region 1146 (±217.52) 1006.4 (±50.72) 971.2 (±103.67) 1048.16 (±70.36) 0.0525
Basal area of whole region 22.99 (±3.86) a 16.22 (±2.77) b 12.1 (±2.85) b 17.28 (±5.91) 9.62 × 10−7

Legend: Model F (Agroforests in which companion plants [associated with cocoa trees] are dominated by forest
species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally
between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with
cocoa trees] are dominated by oil palms). Models not sharing a common letter (a and b) in a row are significantly
different at p = 0.05.

3.6. Relationship between Density and Species Richness of Cocoa Agroforest

There is strong correlation (r = 76%) between the species richness and the density of
cocoa-associated plants in cocoa agroforests in the Bengamisa-Yangambi landscape (Figure 4) and
in each zone of distance (p-value = 9.4 × 10−6, R2 = 58%). Moreover, the specific richness in the
cocoa agroforests of the above-mentioned landscape is strongly correlated with the density of suitable
associated plants (r = 77%, p-value = 6.537 × 10−6, R2 = 57.6%) (Figure 4a) and with the density of
unsuitable associated plants (r = 84.8%, p-value = 8.236 × 10−8, R2 = 70.8%) to cocoa trees (Figure 4b).

 
Figure 4. Correlation between species richness and plant density by cocoa agroforests in four zones of
the Bengamisa-Yangambi landscape. Correlation between species richness and cocoa suitable associated
plants density (a), cocoa suitable associated plants density (b) and all cocoa associated plants density
(c). Legend: Zone A corresponds to 18–33 km from Kisangani city, Zone B corresponds to 34–49 km
from Kisangani city, Zone C corresponds to 50–65 km from Kisangani city, Zone D corresponds to 66–81
km from Kisangani city and (•) corresponds to a cocoa agroforests.
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4. Discussion

This study reveals that distance from Kisangani (The main city in the landscape) influences the
plants composition (expressed here by species diversity and structure) of the cocoa agroforests. Market
access associated to the proximity of this city and land-use intensity and the related disturbance impact
the composition of plants associated with cocoa in the forest landscape.

4.1. Floristic Composition of Cocoa Agroforests

The cocoa agroforests of the Bengamisa-Yangambi landscape harbor substantial tree diversity. A
total of 996 plants associated to cocoa belonging to 89 species, 77 genera, and 38 families were recorded
in 25 cocoa agroforests across the Bengamisa-Yangambi landscape. An average of 13 species occurred
per cocoa agroforest. Furthermore, these cocoa agroforests have a high tree diversity as is the case in
other cocoa production systems in other parts of the tropics. For example, the authors of [55] inventoried
71 species and 32 families in the agroforestry systems in East Cameroon. Also, the authors of [56]
inventoried 27 families and 62 species in cocoa farms in the southern region of Cameroon. However,
these results are small compared to those of [57], who obtained 40 families, 112 genera, and 127 species
in the Bajo Caguän zone in Colombia. These variabilities can be explained, among others, by the
different ecosystems in which the cocoa agroforests were developed, the socio-economic of the
landscapes, and the type of cocoa farming systems promoted [57] and sample size.

The high abundance of oil palms (366 of 996 total plants surveyed, i.e., 37%) in cocoa agroforests
of the Bengamisa-Yangambi landscape may be explained by the fact that many cocoa trees were
established under old oil palm plantations. Indeed, the Bengamisa-Yangambi landscape was subject
to an intensification of oil palm cultivation during the colonial period [35]. Moreover, in that region,
oil palm is the main source of oil consumed by local people. It is also the main source of beverage
consumed (palm wine) in the region. These observations were made in other African countries like
Côte d’Ivoire [50] and Cameroon [7,41,42].

The species rarefaction curve, which considers the number of individuals and specific richness
(Figures 2 and 3), allows us to see that the number of species grows alongside the increase of cocoa
agroforest. This suggests that farmers do not necessarily grow the same species. Since individual
farmers have their own species interest [42,58] in separate cocoa agroforests, the combination of all their
farms allows for a longer list of species in the cocoa landscape created between the city of Kisangani
and the natural forest. The floristic composition of this cocoa landscape is a mixture of local forest
species and exotic plants (avocado, etc.). Among these species, those introduced by farmers (oil palm,
avocado, African pear) are more present in the cocoa agroforest near Kisangani. Conversely, native
species are mainly found within cocoa agroforests close to the forest. However, the abundance of such
introduced species indicates the degree of alteration of the cocoa agroforests compared to primary
forest [41].

4.2. Specific Diversity in the Cocoa Agroforests of the Study Area

Even though the difference between zones is not statistically significant (one-way ANOVA),
the diversity indices (Shannon-Wiener, Simpson’s, Piélou equitability) revealed that diversity is
increasing from Zone A (near Kisangani city) to Zone D (forest region). However, large agglomerations
like the city of Kisangani exert strong pressure on the forest for satisfying their multiple needs (fuel
wood, timber, NTFPs, etc.). This leads to forest fragmentation, followed by deforestation. Therefore,
the pressure exerted on the forest also influences the species composition of the cocoa agroforests [41].
It is well established that the distance between the cocoa agroforests and the forest stands may affect
the processes associated to forest tree species dissemination [42]. Moreover, when differences in forest
coverage change (mainly his disturbance) were considered, plant species richness in cocoa agroforest
decreased with increasing intensity of land-use [2], confirming previous studies [41] in the forest zone
of southern Cameroon.
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Among the three models of cocoa agroforests studied, Model F (agroforests in which companion
plants (associated with cocoa trees) are dominated by forest species) is the most diversified. Model P
(cocoa agroforests in which companion plants (associated with cocoa trees) are dominated by oil palms)
is less diversified (one-way ANOVA). Indeed, the different models of cocoa agroforests displayed
different levels of species diversity. These ranged from a critical reduction in species richness from
the complex diversified multistate system (which is the most diverse) to the high density of perennial
plants (like oil palm) models [57].

4.3. Structure of Cocoa Agroforests

The cocoa-associated plants represent a low density per hectare (15.20% of 1048.16 stems/ha) in
the study area. However, they account for more than half of the average basal area in the study area
(55.84% of 17.28 m2/ha). Cocoa trees have small diameters compared to cocoa-associated plants, which
are heterogeneous, ranging from small to large trees. Consequently, they have a greater influence on
the average basal area, despite their low density per hectare. This has a direct impact on stored biomass.
Many studies in the tropics have shown similar results, such as in Cameroon [59] and Indonesia [60].

The density of cocoa-associated plants increases significantly with distance from the city (one-way
ANOVA, p-value = 0.0177). This difference shows the impact of anthropogenic factors on the vegetation
composition in the study area [61]. The impact of anthropogenic footprints is also known to influence
the relation between species richness and density [23] of plants associated with cocoa in the study
area. Moreover, the management of plants associated with cocoa by smallholders is different between
regions and strongly impacts cocoa landscapes [62].

We compared the average density and basal area in agroforestry landscape and natural forests.
The density value is largely higher than 467 stems/ha in Pericopsis elata forest and 344 stems/ha in
Julbernardia seretii forest obtained by [63] in the lowland forest of Uma in DRC. It is also higher than
412 and 343 stems/ha, respectively, in the mixed forest and monodominant Gilbertiodendron dewevrei
forest obtained by [29] in the Yangambi forest in DRC.

The average basal area value is less than 29 and 24.5 m2/ha obtained by [63] in forests of Pericopsis
elata and Julbernardia seretii, respectively. It is less than 31.8 and 29.7 m2/ha, respectively, in the mixed
and monodominant Gilbertiodendron dewevrei forest obtained by [29]. It is also less than 23 m2/ha in the
Gilbertiodendron dewevrei forest and the 32.3 m2/ha obtained by [64] in the mixed forest of the Rubi-Télé
hunting domain in DRC. On the other hand, this basal area value is closer to the 19.21 m2/ha obtained
by [65] in a degraded forest in the north of Congo-Brazzaville.

However, cocoa agroforests are more comparable to secondary forests in terms of basal area and the
high density of small, medium and (the few) large trees in contrast to primary forests (monodominant
and mixed) [66]. Conversely, in tropical forests, the large proportion of basal area (biomass) is occupied
by large trees. For this reason, even if cocoa agroforests have a high density of trees per hectare,
they will not be able to replace primary forests. However, they offer opportunities for developing
sustainable land-use systems within fragmented protected forest landscape (around the Yangambi
forest reserve). This could help address land and environmental degradation problems, while ensuring
provision of substantial household income to sustain livelihoods [67].

The strong positive correlation (r = 76%) between the species richness and the density of
cocoa-associated plants in cocoa agroforests in the Bengamisa-Yangambi landscape is similar to the
results obtained in tropical forests by several authors [68–70], demonstrating the importance of cocoa
agroforests in floristic biodiversity conservation in forest landscape. However, this correlation depends
on the structural characteristics of the vegetation in the landscape [71]. In the landscape where
agronomy farming is introduced, the species proposed by extension services are not necessarily the
farmer’s priority [58]. Some of these trees retained are well known to be used (timber, medicine,
and fuel wood) [72]. Thus, the management strategies in cocoa plantations affects species diversity and
density at plantation and landscape level [72,73]. The strong correlation between species richness and
plant density of associated unsuitable species suggest that cocoa bean production is not necessarily the
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aim of the farmers. And these retentions of species that are not suitable to cocoa agronomy may event,
in some situations, be benefit to biodiversity conservation. Figure 4b clearly shows that the species
diversity of these unsuitable species increases faster with the increase of their density than in the group
of suitable associated species (Figure 4a). This finding suggests that some trade-off between cocoa
agronomy and biodiversity conservation may need to be managed within cocoa agroforests.

4.4. Main Local Uses of Cocoa-Associated Plants

The results show that trees with edible products are more abundant and timber species are
less abundant in the agroforests of our study area. In Models F and FP, trees for medicinal use are
most abundant and in Model P edible species are dominant. This is sufficient proof that farmers
are conserving more of the species they need in cocoa agroforests. These needs differ from one area
to another. In the forest zone, farmers are more dependent on plants for their health care, whereas
near the city they depend more on edible species (oil palm, avocado, African pear, etc.). Nowak et
al. [25] obtained a similar result. Indeed, the presence or absence of certain species depends more on
their interest to farmers [23]. Usefulness to the household may explain why farmers maintain certain
species considered by extension services as potentially unsuitable to cocoa (Table 5) in their cocoa
agroforests. Similar results have been obtained in other countries, such as Ghana [24], Cameroon [41,42],
and Côte d’Ivoire [58].

4.5. Landscape Management Implication

Initially, cocoa was promoted for its beans. Gradually, however, cocoa agroforest became
understood as potentially useful for biodiversity conservation and for climate change responses in
forest landscapes of the tropics. Its biodiversity conservation function is mainly explained by the
importance of plants associated with cocoa, and more specifically the forest species. Several authors
have also recorded this observation in the tropics [1–3,41]. Thus, Model F (agroforests in which
companion plants (associated with cocoa trees) are dominated by forest species) is the most appropriate
if one wishes to approach specific richness and forest structure. The presence of associated plants also
contributes to creating a microclimate favourable to development of cocoa trees [74]. On the other
hand, several REDD+ projects have proposed cocoa agroforests as a response to deforestation and
climate change. These include Mambasa Geographically Integrated REDD+ Pilot Project based on
“green cocoa” in DRC [23,75], DRC Cocoa Partnership [20], the Ghana Cocoa Forest Programme [76],
Mainstreaming Climate-smart Agricultural Practices in Cocoa Production in Ghana, Climate Cocoa
Partnership for REDD+ Preparation [20], Zero Cocoa Deforestation [77], Initiative for Sustainable
Landscapes in Cameroon, and the Climate Smart Cocoa Program in Côte d’Ivoire [20].

Without any intervention to reverse the trend, market access if intensified with the growing of
Kisangani may contribute to the simplification of plants composition of the cocoa agroforests. This will
gradually lead to replacement of forest/native species by the main consumed one, which many of
them been exotic (i.e., introduced in DRC). The diversity of cocoa agroforest models offers a variety of
options that can be used in the landscapes to search for balance between ecological conservation and
farmers livelihoods.

4.6. Limitation of this Paper and Perspectives

This paper is one of the first to study the diversity of cocoa agroforest in DRC. However, further
studies are still needed. These should examine better use of cocoa agroforests to support the Sustainable
Development Goals (SDG) in rural areas. They should also assess how use of cocoa agroforest can
help respond to the Convention on Biological Diversity (CBD) and the United Nations Framework
Convention on Climate Change (UNFCCC). More importantly, consumers and chocolate industries are
trying to import cocoa that was harvested sustainably without furthering deforestation. European
governments are moving toward reducing/cancelling imports of crops that lead to deforestation,
including cocoa. At the same time, the private sector (importers and distributors in Europe) wants
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its value chain to be free of links to deforestation. Plants associated with cocoa are the main carbon
sinks [46,78,79] and key components for others ecosystems services. This creates expectations for cocoa
agroforest and farming systems that should be explored through greater study. Therefore, the three
models (F, PF, P) still require carbon stock studies to be used properly in REDD+ programs in Tshopo
province. Other studies could integrate other ecosystem services (wildlife conservation, soil protection,
etc.) and socio-economic concerns (improved economic conditions of farmers’ households) related to
these three models in Tshopo. Cocoa agroforests are generally recognized for their socio-economic
and ecological importance. However, each farming system of the forest landscape needs to be studied
better to generate information that will support the sustainable management of these rural landscapes.

5. Conclusions

Cocoa trees introduced in the Yangambi-Bengamisa landscape have been associated with other
plants in different cocoa agroforests that are part of the current landscape. Although farmers were
advised not to keep some trees in the same field as cocoa plants, they have maintained/introduced plants
over the last decades that have some function (edible, hosting caterpillars, medicinal, etc.). A multitude
of cocoa farming systems could be classified into three main groups: Model F (agroforests in which
companion plants (associated with cocoa trees) are dominated by forest species), Model FP (cocoa
agroforests in which companion plants (associated with cocoa trees) are split equally between forest
species and oil palms), and Model P (cocoa agroforests in which companion plants (associated with
cocoa trees) are dominated by oil palms). Such models thus present different options for strengthening
the livelihood of farmers, improving biodiversity conservation, and/or defining an appropriate climate
change response in Tshopo province and other parts of DRC. Based on the findings of this study,
the diversity of cocoa agroforest models offers a variety of options that can be used in the landscapes
to search for balance between ecological conservation and farmers livelihoods.

The distance from the city (Kisangani) is a determining factor in the floristic composition (species
diversity and plant density) of the cocoa agroforests. The area close to the city is marked by an
abundance of oil palms and some edible species, such as avocados and African pear. Areas near the
forests are more abundant to forest species for medicinal use.

The findings provide scientific evidence that can be useful in harnessing cocoa agroforest to
improve the livelihoods of farmers, conserve biodiversity, and respond to climate change in the
Bengamisa-Yangambi landscape and other forest landscapes of DRC.
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Abstract: Traditional agroforestry systems are recognized as having great importance for providing
multiple benefits for local communities all over the world, especially in tropical countries. Thanks
to their multifunctional role, they can support small farmers, contribute to hydrogeological risk
reduction, water regulation, preservation of soil, agrobiodiversity and landscape, as well as being
examples of mitigation and adaptation towards climate change. The Globally Important Agricultural
Heritage Systems (GIAHS) programme of the Food and Agriculture Organization (FAO) aims
to identify agricultural systems of global importance, preserving landscape, agrobiodiversity and
traditional knowledge, through dynamic conservation principles. The Sabana de Morro is a traditional
agroforestry system located in El Salvador based on cattle grazing in pastures with the presence of
Crescentia alata and Crescentia cujete trees, locally called Morro or Jícaro. We documented the main
characteristics of this system, that has never been deeply studied, in the Municipality of Dolores,
in accordance with the five GIAHS criteria, and through detailed land use mapping, to assess the
relations between landscape structure, agrobiodiversity and traditional silvopastoral practices. Sabana
de Morro proved to be based on strong interactions between trees, cattle and farmers. The pulp of
the Morro fruits is eaten by grazing cattle, completing their feeding and giving a peculiar taste to
the locally produced cheese. Morro trees provide shade for the animals while cattle contribute by
spreading their seeds that also take advantage of the manure. Results show that this agroforestry
system contributes to the preservation of a rich agrobiodiversity and of the traditional landscape.
At the same time, it supports local farmers’ livelihood and is consistent with the aim of the GIAHS
programme, even if further surveys and research are needed to assess the real possibility of the
inclusion in this FAO programme.

Keywords: agricultural heritage; Crescentia alata; morro; GIAHS; El Salvador; traditional agroforestry

1. Introduction

In the last decades, traditional agroforestry systems have received increasing attention, being examples
of sustainable systems able to provide multiple benefits for local communities all over the world, especially
in tropical developing countries. In fact, these realities are often characterized by a multifunctional role [1–3].
The range of functions can be wide, depending on multiple factors as agroforestry systems can meet
financial, social and environmental objectives [4]. Traditional agroforestry systems may potentially support
livelihood improvement for small farmers and their families through simultaneous production of food,
fodder and firewood [5], and they are often characterized by more stable levels of total production per
unit area than high-input systems [6]. Moreover, they could contribute to hydrogeological risk reduction,
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water regulation, preservation of soil, agrobiodiversity and other natural resources [7]. Finally, traditional
agroforestry systems might represent important tourist destinations for rural tourism, as well as examples
of mitigation and adaptation towards climate change [8].

At the international level, the growing interest on topics related to rural areas’ sustainable
development, based on traditional agricultural systems, has contributed to the establishment of a
FAO (Food and Agricultural Organization) programme called GIAHS (Globally Important Agricultural
Heritage Systems). This programme, launched in 2002, has the aim of identifying and preserving
agricultural systems of global importance with their landscapes, agro-biodiversity, traditional knowledge
and associated culture. However, the aim is not only the preservation of these systems, but also to apply
dynamic conservation principles in order to promote sustainable development of rural areas, with direct
and indirect benefits for the community [9].

The Sabana de Morro, also known as Morrales, is a traditional agroforestry system located in
El Salvador based on free cattle grazing in pastures characterized by the presence of Crescentia alata
and Crescentia cujete trees, locally called Morro or Jícaro. The Sabana de Morro zone is distributed in
different areas all over the country, as in the upper valley of the Lempa river, as well as in other regions
such as Acajutla (Punta Remedios) in the plain of Ahuachapán, Santa Ana (Candelaria de la Frontera),
Cabañas (Dolores), San Vicente (San Ildefonso) and Morazán (San Carlos). In some areas (Dolores,
Chalatenango, San Miguel, Morazán and San Vicente), local farmers use the Morro fruit to integrate
the cattle feeding because in the dry season there is shortage of green fodder, while in other parts of
the country the use of the Morro fruits for cattle feeding is not traditionally applied by farmers [10].
The presence of Crescentia spp. trees in pastures is common also in other Central American countries
and cattle are reported to frequently eat the pulp of the fruits [11–13].

The current research focused on Dolores Municipality where the tradition of cattle breeders and
cheese makers is heritage-derived from the Spanish colonization and is supposed to have started with
the foundation of the settlement in 1681 and still practiced today with very few changes. In this area,
the Sabana de Morro represents a silvopastoral system based on strong interactions between trees,
cattle and farmers. Morro trees provide shade to animals during the hottest hours of the day and the
pulp of the fruits is eaten by the grazing cattle. Morro trees also take advantage from the cattle, as cows
do not cause damage to young trees and contribute to spread the seeds that also take advantage of the
manure to germinate. Farmers apply specific and traditional management of the pastures to ensure the
renovation of Morro trees, as they believe that Morro fruits give a peculiar taste to the milk and to the
locally produced cheese that is particularly appreciated and can guarantee a fair income to the families
of the local farmers.

The main aim of the research was to investigate relationships between specific landscape structure,
agrobiodiversity and the maintenance of traditional silvopastoral practices. Despite the fact that
different studies in the American tropics mention the presence of Crescentia spp. trees in pastures,
no specific studies have been carried out [14]. The research was based on detailed land use mapping,
that might also represent a starting point for future monitoring, and on an accurate description of
the system based on GIAHS criteria, since one of the aims was to verify if the Sabana de Morro has
the characteristics to be proposed for the inscription in the GIAHS programme. Sabana de Morro,
in fact, could represent an example of a traditional agroforestry system important for sustainable
rural development, local farmers’ life quality and preservation of related agrobiodiversity, traditional
knowledge and landscape. This paper is also one of the output of the “GIAHS Building Capacity”
project, funded by the Italian Agency for Development Cooperation (AICS) and by the Department of
Agriculture, Food, Environment and Forestry (DAGRI) of the University of Florence, with the aim of
spreading knowledge about GIAHS-related issues and for identifying potential GIAHS sites.
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2. Materials and Methods

2.1. The Study Area

The site coveres 14,823 ha and corresponds to the Municipality of Ciudad Dolores (Department
of Cabañas, El Salvador) (Figure 1). Dolores municipality is divided between the City (124 ha) and
6 Cantones: Cañafistula (4047 ha), Curarén (1511 ha), Chapelcoro (2459 ha), El Rincón (3194 ha),
Niqueresque (590 ha), San Carlos (1656 ha). Dolores municipality has an approximate population of
6347 habitants (3064 males and 3283 females) with a density of population of 43 people/km2. Rural
activities are particularly important, as only 22.3% of the population is classified as urban.

 
Figure 1. El Salvador is a small country in Central America (left). The Municipality of Dolores (13,581 ha)
is in the south eastern part of Cabañas Department (right).

Dolores municipality has an elevation ranging from 33 to 577 m above sea level., with an average
altitude of 195 m above sea level. However, most of the area is flat or with gentle slopes (half of the
surface has a slope between 0% and 20%, and only 10% of the surface has a slope greater than 50%).
There are higher and steeper slopes, especially in the western part of the area. The site is crossed by a
rich hydrography. The eastern boundary is defined by the Rio Lempa and the southern one by the
Rio Titihuapa, while smaller rivers cross the area, such as the Rio Gualpuca, the Rio Sisicua and the
Rio Marcos.

According to the Köppen-Geiger climate classification, the local climate is Aw-Equatorial savannah
with dry winter [15], with average rain per year of 1823 mm, and average temperature of 26.6 ◦C [16].

2.2. Methodology

The applied methodology was divided in two parts. The first was based on the creation of a detailed
map of the Sabana de Morro agroforestry system. In fact, an exhaustive land use map represents a
crucial instrument to study the transformations that could have affected the site in the past or could
affect the site in the future. Moreover, a detailed land use map allows to deeply describe the landscape
structure and the interrelation among the five GIAHS criteria. The land use map was realized through
photointerpretation of Google Satellite images of November 2017 using Quantum GIS 3.10.3 and applying
a minimum mapping surface of 250 m2.

A Digital Terrain Model (DTM) was used to calculate slope classes. The DTM used had a 30 m
resolution and was provided by the US Geological Service. It was processed using Quantum GIS 3.10.3,
with support of the GRASS plug-in, to obtain the following informative layers: slopes (and slopes
class), aspects and elevation class. From these layers, each characteristic was linked to each land use
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patch to obtain the corresponding value for each patch. At the end of this process, the attribute table of
the land use layer included, for each patch, the land use categorization, the elevation class, the slope
class and the dominant exposure.

Two indexes were applied to evaluate the land use structure. The first was the LSI (Landscape Shape
Index), an index derived from the Edge Density, that was used to evaluate the degree of fragmentation
for each land use through segmentation of edge based on the perimeter and the area [17]. The higher the
LSI value, the greater the fragmentation. This index was calculated by the following formula:

LSI =
pi

2
√
πai

where pi is the perimeter of each patch in meters and ai is the area of the patch in hectares. After calculating
the LSI for each patch, an average value for each land use was calculated.

The other index applied was Hill’s Diversity Number that is used to obtain indications about the
effective number of land uses that contribute to the diversity of the landscape [18]. It was calculated
according to the following formula:

N1 = e−
∑
(

n1
N )∗ln (

n1
N )

where n1 is the total surface of the i land use class, and N is the total area of the study area.
The second part of the study was the description of the Sabana de Morro agroforestry system

according to the five GIAHS criteria. Since one of the aims of the research was to verify if this
agroforestry system could be a potential GIAHS site, it was important to carefully analyse the site
peculiarities according to the concept of global importance and to the five GIAHS criteria, that are:

1. Food and livelihood security.
2. Agro-biodiversity.
3. Local and Traditional Knowledge systems.
4. Cultures, Value systems and Social Organisations.
5. Landscapes and Seascapes Features.

The concept of global importance is related to the contemporary relevance of the system, that is,
according to FAO, “established by its present and future capacity to provide food and livelihood
security, to contribute to human well-being and quality of life, and to generate other local, national and
global economic and environmental goods and services to its community and wider society”.

This second part of the paper is mainly based on bibliographic research, official statistical data,
field surveys and observations made by the authors. The main source for statistical data was the
IV Censo Agropecuniario [19]. Unfortunately, this survey refers to 2007 and there is no more recent
reliable data, but it proved to be crucial for delineating the socioeconomic and productive framework.

3. Results

3.1. Land Use Structure

Detailed land use mapping refers to 2017 (Figure 2). Most of the analyzed area is occupied by
forests (34.3%) and by Sabana de Morro (27.9%), followed by pastures (14.1%), shrublands (9.3%),
cultivations (5%) and other land uses (9.4%) (Table 1). Different types of cultivations can be found in
5% of the surface, mainly located near the river where the soil is more fertile or near the main urban
area, the city of Dolores. Urbanized areas account for 2.3% of the surface and mainly consist of Dolores
city, while other urbanized areas are made of very small villages.
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Figure 2. Land use map of 2017 for the municipality of Dolores, El Salvador.

Table 1. Differentlanduses, theirsurfacesandtheLandscapeShapeIndex(LSI)fortheDoloresmunicipality2017.

Land Use Surface (ha) Surface (%) LSI

bare ground 137 0.1 139.3
cultivations 745.6 5.0 136.2

forest 5080.7 34.3 211.0
hedges 137.8 0.9 247.4
pasture 2087.5 14.1 139.2

riparian vegetation 429.9 2.9 283.9
river 326.5 2.2 299.9

sabana de morro 4132.9 27.9 145.1
shrubland 1376.9 9.3 150.2

uncultivated area 151.0 1.0 143.8
urbanized areas 341.7 2.3 135.4

Total 14,824.3 100.0

The total number of land uses was 11, while the Hill’s Diversity Index was less than half [5.7),
highlighting that the landscape is mainly characterized by a small number of land uses. In fact, the local
landscape structure is based on big forested patches and smaller patches occupied by Sabana de Morro
(average area of 3.9 ha) and cultivations (average area of 1.6 ha).
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In Dolores, Sabana de Morro and cultivations are arranged in regular plots, as highlighted by the
LSI values (Table 1), often divided by hedges, creating a complex mosaic at the lower altitudes (Figure 3).
Despite the total small surface occupied, land uses such as hedges (0.9%) and riparian vegetation (2.9%),
are particularly important for biodiversity, as they represent ecological networks, and for the preservation
of a peculiar landscape structure. These land uses are also characterized by a high shape complexity
since their LSI values are higher than those of other land uses, highlighting the ecological and landscape
importance of these vegetal structures.

 
Figure 3. The presence of riparian vegetation and hedges of different width contributes in shaping
a complex and aesthetically valuable landscape structure. These vegetal structures have also a great
importance for biodiversity.

The density of the Morro trees varies from few trees to a high density where the crowns of the
trees are almost connected to one another [20]. During our research, a survey of Morro trees density
was done based on 10 different plots. The result confirmed the density variability, as detected Morro
trees density varied from 8 trees/ha to 45 trees/ha (Figure 4).

 
Figure 4. The density of Morro trees is very variable, ranging from 8 trees/ha (left) to 45 trees/ha (right).
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In addition, it was possible to identify a specific disposition of Sabana de Morro and forest patches,
the two main land uses characterizing the landscape, both regarding altitude and slope class (Figure 5).
Sabana de Morro is mainly located in areas characterized by an altitude lower than 200 m above sea
level and a slope gradient between 0 and 20%. Forests can be mainly found at altitudes between 100
and 250 m, and on slopes in the range 30–50%. On the contrary, there seemed to be no correlation
between the exposure of the slopes and land use distribution, except for a slightly greater presence of
the forests on the slopes with a predominantly northern exposure.

 
(a) 

 
(b) 

Figure 5. Distribution of Sabana de Morro and forests according to altitude (a) and slope class (b).

3.2. Description of the Agroforestry System according to the GIAHS Criteria

3.2.1. Food and Livelihood Security

Agricultural activity creates important job demands for families living in the area. Cattle breeding
is one of the main agricultural activities here (Figure 6), and 260 breeders still use Morro fruits to
integrate cattle feeding. The number of cattle, according to 2007 data for Dolores Municipality, amounts
to 14,139, with 3888 calves, 2997 steers, 485 bulls, 64 oxen, 3064 cows not in production and 3642 cows
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under milk production [19]. The fact that local livelihood is based on cattle breeding and crops is
also confirmed by a work of the World Food Program and the Government of El Salvador [21] that
classified the municipality of Dolores in the class “western zone of basic grains and cattle”.

 
Figure 6. Dolores is one of the municipalities with a higher number of bovines in El Salvador (Source:
Ministerio de Economia 2009, modified by the authors).

Average milk production, according to local farmers, is equal to 8 L/cow (11 bottles), in line with
values of 4–8 L per day recorded by Ortéz et al. [22]. Almost all the local farmers sell their production
of milk to processors of cheese. They say that in the past they used to produce Puebla Cheese on their
own, but nowadays it is more practical and economically feasible to sell the entire milk production to
big local cheese producers.

Beside cattle breeding, local farmers cultivate different crops, the main ones being maize (Zea mays),
sorghum (Sorghum vulgare) and beans (Phaseolus vulgaris, Chaparrastique variety), with two production
cycles per year (Table 2). Sorghum is used for feeding animals, and other forage species on smaller
surfaces can be found in the areas such as Hyparrhenia rufa, Digitaria swazilandesis, Digitaria decumbens,
Brachiaria decumbens, Pennisetum purpureum, Cynodon spp.

Table 2. Production (quintals) of maize, sorghum and beans in Dolores Municipality in 2017 [19].

Human Consumption Animal Consumption For Seeds To Sell

Maize 21,128 6802 17 14,713
Sorghum - 8478 66 2379

Beans 464 - 8 83

Poultry and pigs that, respectively, are 858 and 514 in Dolores, are mainly raised for self-consumption
or sold at the weekly local market that is an important place for farmers to sell animals and animal
products. According to 2007 data, beside cattle, poultry and pigs, there were also 55 equines, 10 goats,
25 pelibueyes sheep and 33 beehives [19]. In the Department of Cabañas, migration of young people
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towards bigger cities is frequent, and the hiring of Honduran workers for agricultural activities is a
usual practice.

Regarding the composition of Morro fruits, Benavides [23] found it had 17% of crude protein and 32%
of in vitro digestibility of the dry matter. Zamora et al. [24] recommended giving 3.56–4.4 kg/animal/day
of Morro fruit to adult cows and bulls after a period of adaptation. The quality of Morro fruit for cattle
feeding is very good based on chemical analysis (Table 3), with 22.54% of crude protein in the pulp.

Table 3. Chemical analysis of Morro fruit. Values are expressed in percentages (Source: Department of
Agricultural Chemistry, Faculty of Agronomic Science, UES).

Humidity Dry Matter Ashes
Crude
Protein

Ethereal
Extract

Crude Fiber Carbohydrates

Pulp 5.77 11.41 8.17 22.54 15.91 12.00 41.38
Peel 4.18 28.50 6.20 6.99 0.42 39.69 46.69

3.2.2. Agro-Biodiversity

The Sabana de Morro derives from the natural vegetation of El Salvador and represents a case of typical
wooded savanna but can also adopt characteristics of steppe [12]. Sabana de Morro traditional management
allows the growth of different herbaceous species on the pastures, resulting in a rich agrobiodiversity.

Typical plants of this agroforestry system are Crescentia alata and Crescentia cujete, locally called
Morro and Jícaro, and can be recognized easily by the shape of their fruits. Crescentia alata is a small
tree (4–8 m, max 18 m), with a diameter at chest height of 30 cm (max 60), slow growth, originally from
Mexico and tolerant of temporary floods and soils with bad drainage. Fruits are round shaped with a
diameter of 7–10 cm (max 15 cm), while Crescentia cujete is very similar but its fruits are bigger (15–30 cm).
Morro trees start to produce after 15 years and, according to local farmers, can still produce after 50 years.
Fruit production can reach up to 27 kg/tree/year from the 8th year, and varies between 10–200 (averages
of 60–80) per tree [25].

Natural herbaceous species growing on Sabana de Morro pastures mainly belong to Gramineae,
Leguminosae or Asteraceae families. Common herbaceous plants include Cynodon dactylon (barrenillo),
Echinocloa frumentacea, Echinocloa polystachya (pasto alemán) and Digitaria sanguinalis (pata de gallina).
Some of them are considered weeds, such as Cyperus michelianus and C. difformis (coyolillo) or Stylosanthes
hamata. The Morrales are also rich in epiphytes: Tillandsia caput-medusae and T. schiedeana (both known as
gallitos), and Orchids like Laelia rubescens. Hylocereus undatus (pitahaya) can also be found in the area. If the
Sabana de Morro is not used for some years, spontaneous shrubs grow, starting an ecological succession
towards Sabana de Arbustos Espinosos (thorny bushes savannah) that is formed by Acacia farnesiana and
Acacia cornigera [26].

Regarding cattle breeding, local farmers used to cross different breeds, some of European origin
(Holstein, Brown Swiss) that have good production of milk, with Brahman (Bos indicus) that is more
tolerant to tropical conditions but produces less milk. An exception is the Gyr (Bos indicus) breed,
recently introduced, with a high amount of milk production and good adaptation to the tropical climate.
Pigs are also raised locally. Unfortunately, the number of traditional Creole breeds is decreasing with
respect to the introduced Dalland breed. Local varieties of chickens, turkeys, goats, horses and sheep
can be found in smaller numbers.

The different habitats that originate from the Sabana de Morro agroforestry systems are homes to a
variety of wild animals including birds (Polyborus plancus, Buteo nitidus, Icterus pectoralis, Columbina talpacoti,
Eumomota superciliciosa, Zenaida asiatica), reptiles (Ctenosaura similis, Iguana iguana, Drymarchon melanurus,
Boa constrictor) and mammals (Dasypus novemcinctus, Didelphis marsupialis, Canis latrans, Odocoileus virginianus,
Sylvilagus floridanus). Among the mammals, the coyote (Canis latrans) can cause significant economic losses
for local farmers as it can attack pigs, poultry and cattle calves. Rivers and torrents are also rich in fish,
shrimps and crabs.
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3.2.3. Local and Traditional Knowledge Systems

The most common way for cattle to consume Morro fruits is to freely eat them when they fall on
the ground. This system does not require a workforce or costs for the farmers, but it can be dangerous
for the animals as entire fruits can remain stuck in their throats and even cause death by asphyxia
(enmorradas). Farmers can intervene rapidly to avoid animal death by pushing the fruit down the
throat of the animal with the thin stick obtained from the central part of the stem of a banana tree.
Another way for farmers to supply the Morro fruit is by collecting the fruits from the trees, cutting
them with a machete and leaving them on the ground. This method can cause problems too, as cutting
the fruit can result in sharp edges of the hard fruit peel that can cause internal lacerations. The third
way is to harvest the Morro fruits when they are ripe, or just before, cutting the fruit, extracting the
pulp and putting it in the cattle feeder. The traditional animal-feeder is called a canoa, a long and
rectangular shaped wooden container. In the last years, the use of Morro fruits for cattle feeding has
been decreasing, as it is more profitable to sell the fruits for handicrafts ($ 40.00/1000 fruits) than pay
workers to harvest and give the pulp to the cattle. However, some farmers still apply this traditional
practice with the involvement of all the family members.

Cattle breeding is carried out according to traditional practices too. The management of pasture
consists of letting the cattle graze in one plot until the grass lasts and then moving the cattle to another
plot to allow vegetation growth. In recent years, farmers have not relied only on free grazing for milk
producing cows but have usually integrated grazing with concentrated nutrition to get maximum
milk production while the rest of the animals are fed only on pasture. In the dry season, farmers feed
all the cattle with silage, which is prepared by farmers at the end of the rainy season with maize or
sorghum that is cultivated by themselves. During the flowering of the Morro trees, after pollination
when petals fall on the ground, farmers collect petals or send the animals on the pasture since Morro
flowers can represent a source of food for the cattle. When a calf is born, the farmer lets the cow and
the calf together for a week and during this first week the total milk production is used to feed the calf.
After a week, the farmer starts manually milking with the calf tied to the leg of the cow, with three
quarters of the milk for the farmer and one for the calf. After milking, the farmer releases both the cow
and the calf and lets them stay together so that the calf learns to eat grass, separating them only during
the night. This management lasts approximately five and a half months after the calf is born.

Even the transformation of milk into the traditional square-shaped cheese follows the same
techniques of centuries ago, and is part of the cultural heritage of local farmers. After milk is collected
it is deposited in a pot where rennet is added. Once the milk is curdled it is cut into cubes with a knife
while buttermilk is drained from the cubes of cheese curd and put in a barrel, adding salt to prepare
brine. The cubes of cheese are immersed in the brine for three days after which the cubes of cheese are
put on a wooden square mold wrapped in tissue. Cheese curd is pressed using a wood press for two
days to drain the remaining buttermilk and brine and to mature the curd. The result is a square Puebla
cheese ready to consumption.

3.2.4. Cultures, Value Systems and Social Organizations

In Dolores municipality, according to 2007 data, there were 1005 farmers and about 2257 employed
in agricultural activities [19]. These data mean that about 15.8% of the population was made of farmers
and another 35.7% employed in agriculture, without taking into account that family members are
often involved in farming activities too, so the social structure of Dolores was particularly based on
rural activities. The importance of small farmers in Dolores was confirmed by 2007 official data [19],
as only 290 farmers were classified as commercial farmers (18.6% women), while 714 were classified as
small-producers (11.1% women), and 275 were family-farms (Figure 7). As these data show, the role
of women as conductors of farms was, unfortunately, subordinate. Moreover, 56.7% of farms had a
surface smaller than 1 ha, and 16% between 1 ha and 5 ha.
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Figure 7. Official data about the presence of commercial farms (green) and small farms (red) in Cabanas
department (Source: Ministerio de Economia 2009, modified by the authors) highlights the importance
of small-producers and family-farming.

The main social organization related to cattle breeding in Dolores is a cooperative called ASOPUEBLA
de RL, constituted by 27 breeders. Moreover, the government of El Salvador through the CENTA (Centro
Nacional de Tecnologia Agropecuaria y Forestal) agency located in Guacotecti (Cabañas), gives technical
support to at least 12 families of the municipality of Dolores in their agricultural and cattle breeding
activities. According to 2007 data, 54 farmers requested and obtained subsidies for agricultural activities,
and 27 for breeding activities, from public or private banks or from NGOs (Table 4).

Table 4. Number of farmers who requested subsidies for agricultural and breeding activities and financing
institutions (Data source: Ministerio de Economia 2009).

Total Number of
Subsidies Requests

Number of Farmers Who
Asked and Received

Subsidies for Agricultural
Activities

Number of Farmers Who
Asked and Received

Subsidies for Breeding
Activities

Private
Banks

National
Bank

ONGs
Local

Lender

69 54 27 8 42 5 16

3.2.5. Landscapes and Seascapes Features

The Sabana de Morro is not only an ecosystem or an ecological classification of tropical dry forest, but also
represents a very defined landscape (Figure 8) characterized by specific vegetation and plain or smooth slope
morphology. The main features of the landscape structure are reported in Section 3.1. The landscape is
mainly made of Sabana de Morro patches surrounded by bigger forested patches. Local forests are classified
as Tropical Dry Forest typical of the climate Tropical Arid Low-Hot Land (below 700 m above sea level.) with
4–7 months rain-free dry season. These forests are characterized by the fall of leaves every year during the
dry season and represent the potential forest type of El Salvador at lower altitudes that has been largely cut in
the past to obtain land for agricultural activities. The most common species are Byrsonima crassifolia (Nance),
Apeiba tibourbou (Peine de mico), Curatelia americana (Chaparro), Stemmadenia donnell-smithii (Cojon de puerco),
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Bursera simaruba (Jiote), Gliricidia sepium (Madre cacao), Luehea candida (Cabo de hacha), Cochlospermum vitifolium
(Tecomasuche), Guazuma ulmifolia (Caulote), Tabebuia chrysantha (Cortez), Ipomoea arborescens (Siete pellejos).
All these species are not commonly used to obtain high-quality timber but for firewood or for fence poles,
like Gliricidia sepium and Bursera simaruba [12,26–31].

  

Figure 8. Pictures of Sabana de Morro in Dolores Municipality, El Salvador.

Beside rural features, the landscape is also characterized by small settlements. The biggest one is
the city of Dolores with the main church, a remnant from the time of the Spanish colony that over the
centuries has been renovated several times due to damages caused by earthquakes. Some houses of
Dolores still preserve the traditional design of colonial houses with a shingle roof and a porch in front
of the entrance to create a cool and shaded place.

4. Discussion

According to the results of this study, Sabana de Morro seems to be a well-preserved traditional
agroforestry system driven by a rural economy mainly focused on free cattle grazing. Sabana de Morro
probably originated through the incremental development of an adaptive strategy, as farmers decided
to leave Morro trees in the pastures because they provided multiple services, and therefore they have
incidentally become engaged in a type of agroforestry and have also incidentally changed the landscape [14].
Local communities intervened on the environment, selecting and preserving useful ecosystem services
with positive effects on the environment and on the production system, being based on a mutual exchange
between the Morro trees, the cattle and the farmers.

At the national level, this agroforestry system has undergone an important decrease while it has been
maintained in this area constituting one of the main sources for local sustenance. In fact, at the national
level, this plant formation covers 1.38% of the territory [32] which, compared to the 2.82% reported by
Flores [33] for 1978, shows a significative decrease. In twenty-two years about 29,321 ha of Sabana de
Morro have disappeared in the country, with an average of 1332 ha/year, mainly due to abandonment of
grazing activities and transformation into sugar cane cultivation in suitable soil conditions. In Dolores
Municipality, soils are of poor quality because the high amount of clay can lead to water stagnation
during the rainy season, and to dehydration and to the formation of cracks in the dry season. Therefore,
transformation of Sabana de Morro into cultivations, or in improved pastures by sowing productive
forage species to integrate with natural pastures, is not possible, and the Sabana de Morro agroforestry
system is the most efficient way to provide an income to local farmers, contributing to its maintenance.
The ecology of Morro trees contributes to the preservation of the agroforestry system, since they do not
require specific management, their seeds are efficiently dispersed and fertilized by cattle and the young
trees are not damaged by the animals.

These are the main reasons that have contributed to the maintenance of this agroforestry system in
Dolores, where the main traditional features seem to be well-preserved. This is important considering
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that the conversion of traditional forest formations is the most important driver of tropical biodiversity
loss and associated ecosystem services in the tropics [7]. The comparison of our land use mapping
of 2017 with the data of the Censo Agropecuario 2007 [19] showed little changes compared to the
rest of the country. Cultivated areas showed a decrease in the last ten years from 1025 ha to 724 ha,
while different types of pastures decreased from 6600 ha to 6041 ha.

Silvopastoral systems with the presence of Crescentia alata or C. cujete, can also be found in other
Central America countries. In Mexico, leaves and fruits are used to integrate the alimentation of lambs
during the dry season, with evidence of good fiber supply for the diet of the animals and good growth
of young lambs [34]. In the Caribbean region of Colombia 83% of local farmers include Crescentia cujete
among the four trees on which they are “highly dependent” during periods of pasture shortage [35].
For Costa Rica, Janzen [36] reported that horses break the hard, ripe fruits of Crescentia alata with their
incisors and swallow the small seeds embedded in the sugar-rich fruit pulp. According to the same
study, Morro indehiscent fruits fall to the ground and rot without being touched by dispersal agents so
that seeds usually die without germinating. Horses, therefore, become the main dispersing agents,
and the seeds also take advantage of the manure to germinate, as happens in the Dolores pastures
thanks to the presence of cattle. Bass [14] described in great detail the origin and use of Crescentia spp.
trees in Honduran pastures, stating that farmers protect and encourage their presence in semiarid
pastures where they serve as food for cattle when the dry season drastically reduces herbaceous forage.

As with other traditional silvopastoral systems, the Sabana de Morro represents an option for
productive and sustainable landscapes [37]. In many tropical landscapes, agroforestry systems are the
major ecosystems that resemble natural forest [38–40]. As these systems potentially have a high biodiversity
conservation value [41,42], protection of pristine habitat needs to be combined with such environmentally
friendly and sustainable land-use systems [7]. As demonstrated for other traditional agricultural models
in Latin America [6], and in other tropical countries [3], the Sabana de Morro agroforestry system
represents a promising example for other areas as it promotes biodiversity, supporting, at the same time,
the livelihood of local farmers. The tree component, if appropriately managed as happens in Sabana
de Morro, can enhance nutrient cycling, benefit pastures, provide complementary tree products in the
form of fodder, timber, firewood and other tree products, and improve animal productivity [43]. While
conventional cattle ranching has proved to be a major source of greenhouse gas emissions, traditional
silvopastoral systems can have a crucial role as examples of adaptation and mitigation of climate change.
Sabana de Morro can be compared to similar silvopastural systems for cattle breeding in Latin America
where the presence of trees on pastures can increase carbon sequestration above and below ground,
with values of carbon stock (2.43–74 Mg/ha) and of carbon sequestration (0.49–4.93 Mg/ha/year) on average
higher for traditional pastures with natural trees compared to pastures with planted trees [42]. At the
same time, temperatures can be 2–5 ◦C lower under the tree canopy compared to temperatures measured
outside the tree canopy [44]. The shade effect of the trees is particularly important. Braun et al. [37]
reported that the shade provided by trees on pastures can improve animal welfare, increasing milk
production from 12 to 15% and reducing the number of veterinary services.

Sabana de Morro can also be compared to other traditional silvopastoral systems in Europe, such as
the Dehesa in Spain, the Montado in Portugal and pastures with carob trees in southern Italy. European
silvopastoral systems, beside their importance for environmental-related issues, are considered a legacy
of traditional land use and areas where traditional practices and their associated cultural values still
exist [45]. Moreover, they can be examples, if adequately supported and promoted through public policies,
of a significative economic resource thanks to their recreational use and high-quality products [46].

5. Conclusions

The main vulnerability of this agroforestry system is linked to the risk of abandonment of cattle
breeding due to the aging of farmers and to emigration of young people, while the main cost for the
farmers relates to the harvesting of Morro fruits and extraction of the pulp to feed animals. Even though
the habitants of Dolores have a strong sense of place, and all the interviewed farmers were born in
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Dolores, the socioeconomic situation of the country can lead to a decrease in the number of farmers,
especially among the younger generations. It must be considered that the Municipality of Dolores
is one of the most backward in the country, where illiteracy reaches 32.9%, twice compared to the
national rate (16%) in a country where 42.2% of people in the range 15–29 years seriously consider
leaving the country [47].

The programme promoted by FAO focuses on sites that can be considered of global importance,
a concept exemplified by the five criteria requested for inscription. This agroforestry system is the result
of interaction between trees, cattle and farmers and has a long history rooted in the country. The cattle
breeders’ and cheese makers’ traditions derive from the Spanish colonization and are still practiced
today with very few changes. The maintenance of the Sabana de Morro system not only guarantees
the protection of local traditions, but is also a sustainable way to provide good livelihood conditions
while respecting the surrounding environment. Moreover, the diversity of land use, the landscape
structure, the presence of hedges and of scattered trees in the pastures, play a fundamental role in
agrobiodiversity protection and richness.

Results of this research proved that this agroforestry system has some important characteristics, in
accordance to the five GIAHS criteria. The main findings are related to the effects of Sabana de Morro
in preserving the traditional landscape and high levels of agrobiodiversity. Despite the maintenance of
important environmental, socioeconomic and cultural services, further surveys and researches are
needed to assess the effective potentiality of this agroforestry system to be included in the GIAHS
programme, especially to precisely evaluate the contribution of this system to the local livelihoods
and the problems related to a scarce generational turnover. In addition, it should be necessary to
update the 2007 statistical data of the Censo Agropecuario to assess the recent evolution of the local
socioeconomic and productive sector.
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Abstract: Elevation often becomes an important component in the breeding site selection of forest birds
because it may affect individual fitness. To understand how the threatened fairy pitta (Pitta nympha
Temminck & Schlegel) selects a particular elevation for breeding and whether the pitta achieves better
reproductive performance in its preferred elevation, we surveyed for the presence of breeding pittas
and recorded their reproductive performances at six different elevation zones on Mount Halla in
Jeju Island, Korea. We expected that preference for breeding sites and reproductive performance
would gradually decrease with increasing elevation. In fact, 73 presence and 78 absence records
indicated no preference for breeding sites at elevations lower than 400 m. However, forest habitats
between 400 and 600 m were strongly preferred, while locations above 800 m were clearly avoided.
The egg-laying date was significantly earlier at lower elevations, but other measures of reproductive
performance did not differ between the preferred and non-preferred elevations. Contrary to our
expectations, this indicates that there was no clear advantage to a pitta’s reproductive performance
based on elevation preference. Our findings suggest that the inherent optimal selection for the best
reproductive outcomes was not a key driving factor for the pattern of elevation preference observed,
and that the pitta’s preference might be a response to external and environmental factors such as
climate conditions. The reduction of anthropogenic impacts by mitigating human–pitta conflicts at
lower elevations, such as accidental non-reproductive mortality and forest loss, would help enhance
the conservation of the fairy pitta on Jeju Island, a stronghold of this threatened species in Korea.

Keywords: elevation; Pitta nympha; preference; reproductive performance; selection; conservation

1. Introduction

The habitat selection of birds, especially breeding site selection, is often regarded as a non-random
process of natural selection because it may affect individual fitness [1,2]. In particular, breeding
or nesting site selection is often closely linked with individual fitness, including survival and
reproductive performance; therefore, such choices are under diverse and strong selection pressures [2–4].
Higher elevation is often characterized by lower temperatures, delayed plant phenology, unstable
climates, reduced food supply and habitat quality, and lower nest site availability, which affect many
aspects of avian ecology [5–7]. Therefore, elevation often becomes an important component in the
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breeding site selection of forest birds because it influences many reproductive aspects like the clutch
size and egg size [6], the timing of breeding and reproductive investments [7], and predation risks [8].

The fairy pitta (Pitta nympha Temminck & Schlegel) is an obligate migrant breeding in forest
environments in the Korea (hereafter Korea), China, Taiwan, and Japan, and it is believed to spend
winter in Southeast Asian countries [9]. Its breeding habitats in forests have been largely disturbed
and reduced by diverse anthropogenic factors such as deforestation, forest fires for slash and burn
farming, unsustainable forest management, the logging and harvesting of forest products, residential
and commercial developments, the construction of roads and dams, and illegal trapping [9,10] as well
as physical collisions with man-made structures [11]. In addition to the small global population of
only 1500–7000 mature individuals and their limited geographic distribution, confined to East Asia,
these threats have resulted in a trend of decline for the pitta, such that it is now a vulnerable species on
the IUCN (International Union for Conservation of Nature) Red List [9]. Although the general biology
of breeding fairy pittas has been described [9–13], detailed information is still limited due to its elusive
behavior at breeding sites, which are often associated with dense forests and forested valleys [12,13].

The fairy pitta is known as a breeder in lowland forests, and its upper limit of elevation seems
to be 1200 m [9,10]. More specifically, the pitta in Taiwan was observed at elevations from sea level
to 980 m, but more than 75% of them were observed at elevations lower than 280 m [14]. In Korea,
Kim et al. [15] reported that the vertical distribution of breeding pairs on Jeju Island ranged from 50 to
800 m, and about 91% of them were confirmed in forests at less than 600 m. However, this report in
Korea contradicts previous older records documented in the 1960s that the pittas were distributed
between 1200 and 1600 m [16] and bred between 1000 and 1200 m [17] on the same island. During the
1980s, this species was reported in forested areas at 500–600 m [18,19]. This inconsistency among the
previous reports of the pitta’s occurrence along the elevation gradient on Mount Halla, which supports
the largest breeding population of the pitta in Korea [20], may lead to great uncertainty in species
conservation and habitat management. Kim et al. [21] explained that the inconsistency in the vertical
occurrence of breeding pittas on Jeju Island is caused by long-term changes in habitat, vegetation cover,
and forest landscapes based on reviews of satellite images, ground-based landscape photos, and the
literature. They judged that the forest landscapes of Jeju Island had been improved both in quantity
and quality, suggesting increased potential for breeding habitats for the pitta [21]. However, the review
study did not examine any direct linkage between the breeding habits of the pitta and the changing
forest landscapes in the key breeding area on Jeju Island.

Understanding a pattern for how available habitat differs from breeding habitat is often the first
step toward discovering the process of natural selection for breeding-site selection [2]. Given the
unknown pattern of vertical selection of breeding sites by the threatened fairy pitta, the aim of this
study was to understand the breeding habitat preference along the elevation gradient of forests on
Mount Halla and to test the hypothesis that the pitta selectively prefers a particular elevation to achieve
better reproductive performance (e.g., the egg-laying date, clutch size, number of hatchlings, and
number of fledglings). Specifically, because the common breeding habitats of pittas were known to be
lower elevation forests (<600 m) [14,15], we expected that the breeding site preference and reproductive
performance would gradually decrease with increase in elevation. In this paper, we discuss our
findings as the vertical distributions of pittas may relate to the potential influences of forest habitat
change in the context of the pitta conservation on Jeju Island, the Korea.

2. Materials and Methods

2.1. Study Area

Our study area was Mount Halla (or Hallasan; 33◦21′ N, 126◦32′ E) on Jeju Island, Jeju Province,
in the Korea. Jeju Island is a volcanic island located in the southernmost part of Korea and belongs to a
semitropical climate zone [22]. During the breeding season of fairy pittas (May to August), the island
has a mean temperature of 22.7 ◦C and average precipitation of 228.3 mm [22]. Mount Halla is a shield
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volcano on Jeju Island and is the highest mountain in Korea with its summit about 1950 m above sea
level. The gradual change in elevation from the coastline to the summit on Mount Halla forms diverse
microclimates and microhabitats for wildlife.

The fairy pitta was known as a rare breeding bird on Jeju Island, but Kim [20] confirmed that
more than 60 pairs breed annually on the island. This finding indicated that the island supports the
largest known breeding population in Korea and that the Jeju population seems to be the stronghold of
this threatened species in Korea.

2.2. Field Survey

Based on previous studies on the habitat use of fairy pittas [15], we identified potential breeding
habitats of the species that should include broad-leaved and evergreen forests larger than 3 ha in size.
We also considered that the potential habitats were dominated by tall trees (>10 m) with no dense
vegetation on the forest floors and were well-shaded, humid areas (average humidity of 70%–80%) with
a mean temperature of 20–25 ◦C in June and July [15]. After identification of the potential breeding
habitats of fairy pittas, we grouped them into six elevation zones from sea level to 1200 m above sea
level at 200 m intervals. A total of 151 survey sites were selected and surveyed between 2002 and
2017: 27 sites were at 0–200 m, 39 were at 200–400 m, 49 were at 400–600 m, 20 were at 600–800 m,
9 were at 800–1000 m, and 7 sites were at 1000–1200 m. Despite records in the older literature [16],
we did not consider higher elevations (>1200 m) as potential habitat for the pitta because there is no
confirmed breeding record of this species there since 2000. Because the fairy pittas are present between
May and September in Jeju [11], we carried out playback surveys using recordings of the pitta’s song
between 20 May and the end of August to confirm the occurrence of breeding pairs at 151 sites: 103 sites
between 2002 and 2003, 30 in 2011, and 18 in 2017. The sites were repeatedly visited and the playback
survey was performed twice a week in May (arrival, territory establishment, and nest building stages),
and three times a week between June to August (nest-building, egg-laying, brooding, and fledging
stages) in 2002, 2003, and 2011 [15], while the 18 sites in 2017 were surveyed once or twice in June.
Two or more observers remained stationary while playing back recordings at a randomly-selected
position in each site. One cycle of the survey included the playback of a recorded pitta song for 30
seconds, and then pausing for 10 seconds to wait for pitta responses; we repeated three cycles in each
site to detect any response of the pittas [15]. We used different positions for the playbacks at the same
site but also visited the same position where the pittas previously responded. When one or more
pittas were vocally or visually detected responding to our playbacks in a study site, we confirmed
their presence and also searched for their active nests to collect more detailed breeding information at
the site. All playback surveys were conducted between sunrise and sunset under affordable weather
conditions with good visibility, no precipitation, and light winds.

2.3. Preference for a Particular Breeding Elevation

To describe the vertical distribution and elevation preference of the pittas, we used three methods
considering their characteristics in resource selection studies: a generalized linear model (GLM),
and Jacobs’ preference and Manly’s selection indices. The GLM can investigate the overall influence
of elevation on presence/absence of pittas, and it can predict the pittas’ vertical distribution based
on the predicted chance of presence (or encounter rate) in each elevation zone [23]. The Jacobs’ and
Manly’s indices are both useful in studies examining the relationship of habitat selection with other
variables using the proportions of available and used habitats [24,25]. We used the Jacobs’ index to
test where there was preference or avoidance in each elevation zone because it can provide values
in finite symmetrical scales—negative values (0 to −1) for avoidance and positive values (0 to 1) for
preference [24]. Manly’s index with Bonferroni adjustment can provide relative selection values (rather
than preference or avoidance) that come with conservative confidence intervals for each elevation
zone; we provide here, the standardized selection ratios to interpret the unadjusted selection ratios in
asymmetrical scales [25].
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We tested a hypothesis that elevation had an influence on the probability that a fairy pitta was
present on a site using a presence/absence analysis [23]. First, we built a contingency or cross-tabulation
table of pitta presence (true = 1) and absence (false = 0) with elevation categories for a chi-square
test [23]. Then, we used a generalized linear model (GLM) with a binomial logit link to examine
the hypothesis.

In addition, the Jacobs’ preference index [24] was used to estimate the preference and avoidance
of breeding elevations on Mount Halla (Equation (1)):

Di = (ri − pi)/(ri + pi − 2ripi), (1)

where pi is the proportion of available habitats and ri is that of occupied habitats in each elevation zone
i. Because this index ranging from −1.0 (avoidance) to 1.0 (preference) provided a single Di for each
elevation zone, and we used a bootstrapping method, that is, the easiest and commonly-used method,
to estimate the variances of preference indices [25]. To test where there was preference or avoidance at
each elevation, and whether preferences were different across the six elevation zones, we performed a
bootstrapping analysis through 100 random resamplings. Because the bootstrapping resamples did
not pass normality tests, we used one-sample, signed-rank tests to examine whether the mean of the
preference was different from zero (which means no preference nor avoidance). The differences in
preference among elevations were examined using the Kruskal–Wallis test and all pairwise multiple
comparison procedures (Tukey’s test).

We also calculated Manly’s selection ratio (w; Equation (2)) and standardized selection ratio (B;
Equation (3)) [25] as below:

wi = ri/pi (2)

Bi = (ri/pi)/(
∑

ri/pi), (3)

where ri and pi are the proportions of used and potential breeding habitats, respectively, that are in
category i, and ui is the number of occupied sites in elevation category i. The standardized selection
ratio, ranging from 0 to 1, is a probability that a category i habitat unit would be the next one selected if
it was possible to make each of the types of habitat unit equally available [25]. Bonferroni corrected
confidence intervals (CI) for proportions used (r) and selection ratios (w) of six elevation groups
were estimated with α; = 0.05/6 = 0.0083, and their standard errors were calculated, as shown below
(Equations (4) and (5)):

ri ± Zα/2

√
ri(1− ri)/

∑
ui (4)

wi ± Zα/2

√
ri(1− ri)/

(∑
ui × p2

i

)
. (5)

2.4. Reproductive Performance

Whenever nests of the pittas that responded to our playbacks were found, we recorded breeding
parameters such as date of first egg-laying, clutch size, and numbers of nestlings and fledglings for
each of the nests found. If not directly observed, the first egg-laying date was estimated based on
the number of eggs laid in the egg-laying period or by taking the known incubation period from
the hatching date once the clutch size was determined. If at least one chick fledged from a nest,
we considered it a successful nest and documented the number of fledglings per successful nest by
elevation. We compared the breeding parameters between different elevations using ANOVA and the
Kruskal–Wallis test followed by a Tukey test for an all pairwise multiple comparisons when necessary.

We used R software version 3.1.1 [26] for all statistical analyses, and all values are given as means
± standard deviations (SD) unless otherwise noted.
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2.5. Changes in the Area of Forests

To assess forest areas by elevations and changes in those over time, we used Landsat satellite
images and output raster maps processed in Kim et al. [21]. The detailed procedures were as follows.

Landsat MSS images (March 1975) and Landsat 7 images (March 2002) were selected to produce
landcover maps for two periods. A surface terrain model for rectification was generated by acquiring
and mosaicking together topographical maps (1:5000 scale) produced by the National Geographic
Information Institute that covered the study area. Both of the images were geometrically rectified
to the transverse Mercator coordinate, utilizing ground control points identifiable in the imagery.
Radiometric calibration and subsequent transformation to at-satellite reflectance was performed by
utilizing standard procedures by Markham and Barker [27]. Then, C-correction [28,29] was applied to
the images to correct the reflectance of sun-facing and anti-sun facing slopes utilizing the DEM (digital
elevation model) extracted from the topographical maps.

Both the unsupervised and supervised approaches were applied to the classification of the
preprocessed images. Original images were converted to PCA (principal component analysis) and
NDVI (normalized difference vegetation index) raster data to stack into single, multilayer image files
including original bands except for thermal layers.

In order to recognize the spectral characteristics of the diverse ground objects represented in
the satellite imagery, an unsupervised training algorithm (isodata) was run on the stacked images to
generate appropriate spectral clusters and corresponding signatures.

Field surveys were also conducted over the study period to gather data on the pre-clustered
spectral classes. A compass and laser distance-measuring devices were used together with real-time
differential GPS (HDOP < 1.5) to identify the locations of certain characteristics. Survey points and the
site description data were constructed into a spatial database and utilized for combining the isodata
classes and supervised classification.

Based on the unsupervised classification results and ground truth data, a training dataset was
created as a group of seeds for extracting the signature of each class for maximum likelihood supervised
classification. After each classification process, the classified area and boundaries were visually
evaluated based on the ground truth data. If the results were not acceptable, the training dataset was
adjusted and the classification process was iterated. Finally, classification results were developed into
maps showing six categories of cover, including deciduous forest, conifer forest, cultivated land, barren
land, urban area, and water bodies. In this study, only deciduous and conifer forest categories were
extracted and their changes assessed over time. The classification accuracy of the forest category was
95% based on field survey results and aerial photos.

3. Results

3.1. Preference for Breeding Elevation

We confirmed the occurrence of breeding fairy pittas at 73 out of 151 survey sites (67 of 133 from
2002 to 2011 and six of 18 in 2017), and the breeding pairs occurred in the potential habitats between 50
and 800 m on Jeju Island, Korea.

Based on the contingency tables developed by the 73 presence and 78 absence records, the
proportions of occupied habitats by breeding pittas were significantly different from those of unused
habitats across the elevation categories (χ2 = 18.754, df = 5, p = 0.002). Binomial GLM with a logit
link also confirmed that the predicted chance of pitta presence differed by elevation (AIC = 198.87,
χ2 = 22.293, df = 5, p < 0.001). The predicted chance for pitta presence in the range 400–600 m was the
highest (0.65, 95% CI: 0.51–0.77) and was significantly different from the probability at 800–1000 m
(0.11, 95% CI: 0.02–0.50) and above, whereas there were wide overlaps between the other elevations
(Figure 1a).

Jacobs’ preference indices (D) calculated from 100 random resamplings also confirmed the
difference in preference by elevation (df = 5, H = 512.579, p < 0.001) (Figure 1b). There was no preference
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or avoidance at 0–200 m, but preference was documented between 200 and 600 m, while avoidance
was found between 600–1200 m. The breeding pittas strongly preferred 400–600 m (t = 27.820, df = 99,
p < 0.001), while they avoided higher elevations (600–800 m: t = −13.222, df = 99, p < 0.001; 800–1000 m:
t = −27.064, df = 99, p < 0.001).

Figure 1. Occurrences and habitat preferences of fairy pittas on Jeju Island, Korea. (a) Predictions
for the presence (the 95% confidence intervals (95% CI)) of fairy pittas for each elevation category.
(b) Changes in the mean Jacob preference index for breeding habitat selection by elevation based
on 100 resamplings; vertical bars denote standard deviations. Numeral letters and vertical lines on
bars represent the mean preference indices and 95% confidence limits after 100 bootstrap resamples.
Asterisks denote statistically significant differences (*** p < 0.001) from zero based on a Student’s t-test
for one sample (no preference or avoidance).

We estimated Manly’s selection indices and confidence intervals for the proportions of used
habitats compared with the available proportions (Table 1). Selection indices for forests above 800
m were significantly different from those of lower habitats by being smaller. Standardized selection
indices indicated that forests in the range 400–600 m were 1.87 and 5.88 times more selected than
habitats at 600–800 and 800–1000 m.

Table 1. Estimated selection indices and Bonferroni confidence intervals for the presence of fairy pittas
(Pitta nympha) at different elevations on Jeju Island, Korea.

Elevation

Available Habitats Used Habitats
Selection Index (w)

with Bonferroni
Confidence Limits

Standardized
Selection Index

(B)
Counts

(A)
Proportion

(p)
Counts

(u)

Proportion (r) with
Bonferroni

Confidence Limits

0–200 m 27 0.179 14 0.192 (0.065–0.319) 1.073 (0.793–1.352) 0.245
200–400 m 39 0.258 19 0.260 (0.119–0.402) 1.008 (0.767–1.248) 0.230
400–600 m 49 0.325 32 0.438 (0.000–0.598) 1.351 (1.106–1.596) 0.308
600–800 m 20 0.132 7 0.096 (0.001–0.191) 0.724 (0.513–0.935) 0.165
800–1000 m 9 0.060 1 0.014 (0.000–0.051) 0.230 (0.157–0.303) 0.052
1000–1200 m 7 0.046 0 0.000 0.000 0.000

Total 151 1.000 73 1.000 4.384 1.000

3.2. Reproductive Performance

According to the 29 nests found with known breeding parameters, the first egg-laying date was
after 174.9 ± 14.1 Julian days (n = 26) ranging from 157 at 395 m to 200 at 618 m. There was a general
positive relationship between the date and the nesting elevation (coefficient ± standard error: 0.046
± 0.0163; r = 0.495, p = 0.010) (Figure 2), indicating delayed egg-laying at higher elevations, and in
particular, breeding in nests at <400 m elevation was 17–20 days earlier than that in nests at higher
elevations (Table 2). However, no influence of elevation on clutch size was detected, nor on the number
of hatchlings and the number of fledglings, even between the preferred (400–600 m) and avoided
elevations (600–800 m) (Table 2).
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Figure 2. Changes in the first egg-laying dates of fairy pittas by elevation on Jeju Island, Korea.
The linear relationship is shown as a solid line (gray) with 95% confidence intervals (dotted gray).

Table 2. Reproductive parameters (mean ± SD) of the fairy pitta (Pitta nympha) at three elevations with
different preference on Jeju Island, Korea. Different superscript letters indicate significant differences
(p < 0.05).

Parameter
Elevation with
No Preference

(0–400 m, n = 12)

Preferred Elevation
(400–600 m, n = 13)

Avoided
Elevation

(600–800 m, n = 4)
df F H p

First egg-laying date 163.2 ± 5.4 a 180.2 ± 12.4 b 184.0 ± 17.8 b 2 7.303 0.004
Clutch size 4.7 ± 0.7 4.5 ± 0.8 4.8 ± 1.0 2 0.395 0.821

No. hatchlings 3.4 ± 2.1 3.6 ± 1.8 3.8 ± 2.6 2 0.373 0.830
No. fledglings 3.4 ± 2.1 3.2 ± 2.0 3.5 ± 2.4 2 0.257 0.879

3.3. Changes in Forested Areas

The overall size of forested areas on Jeju Island remained nearly the same (2% increase in size)
between 1975 and 2002 (Table 3). However, the area of preferred forest habitats at 400–600 m increased
from 80 to 128 km2, while coastal zones were deforested during the three decades (Table 3, Figure 3).
Constructed forest maps also show deforestation and fragmentation of forested areas at lower elevations
on the coast, but reforestation at the 400–600 m elevation zone (Figure 3).

Table 3. Changes in forested areas on Jeju Island between 1975 and 2002 in three different elevations
with preference for breeding elevations.

Elevation by Habitat Preference
Forested Area (km2)

Difference (Change in %)
1975 2002

<400 m (elevation with no preference) 592.1 555.5 −36.6 (−6.2%)
400−600 m (preferred elevation) 79.8 127.8 48.0 (60.3%)
>600 m (avoided elevation) 226.1 232.3 6.2 (2.7%)

Total 898.0 915.6 17.6 (2.0%)
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Figure 3. Changes in forested areas (marked green) between 1975 (left) and 2002 (right) on Jeju Island,
Korea. The two bold red lines around Mount Halla in the center of the island indicate 400 and 600 m
contours, and the areas between the two contours are at the breeding elevations preferred by the
fairy pitta.

4. Discussion

The results of this study indicated that there was clear elevation preference and avoidance
for breeding by the threatened fairy pitta on Jeju Island, the stronghold of the national population.
However, contrary to our expectation, no preference of the pitta for elevations below 400 m for breeding
habitat was detected. Instead, forests at 400–600 m were strongly preferred and selected as the breeding
elevation, whereas the higher elevations were clearly avoided. This pattern of elevation preference
was supported by three different methods: the predicted chance of presence [23], Jacob’s preference
index [24], and Manly’s selection index [25].

Out of four parameters examined for reproductive performance, only the first egg-laying date
showed a significant difference among the three different elevation categories, and the timing of
breeding initiation was obviously delayed at elevations above 400 m. This vertical difference in
breeding phenology is often caused by weather conditions such as temperature and humidity, as well
as by ecological conditions such as prey availability [7,30]. In terms of prey availability, earthworms
were the most important food item for nestlings of the pitta and accounted for >73% of the food
delivered during chick provisioning periods [13]. According to a previous study on prey availability
for breeding pittas, the earthworm density in forest floors around the pitta breeding habitat at 100 m
elevation was higher than at 380 m elevation [31], suggesting a decline in prey availability along the
elevation gradient. The distribution, growth, and activity of earthworms are also largely affected by
non-biotic factors, such as humidity and temperature [32]. Because Jeju is a very humid island due
to the high amount of average precipitation (2309 mm/year) [22,33,34], temperature more strongly
affects the vegetation structure of Mount Halla than humidity does [35]. For example, the temperature
range most suitable for raising earthworms is known to be 20–25 ◦C [36–38], and the forest floor on
Mount Halla below 250 m elevation reaches that temperature range in June and July [35]. However,
this temperature range is achieved a month later (July and August) in forests at 500–700 m elevation [35],
implying that the occurrence and activity of the main prey for breeding pittas is delayed at higher
elevations. The lower temperature and delayed food availability at a higher elevation may result in
a delayed start of fairy pitta breeding on Mount Halla. Other studies on forest birds also revealed
that the egg-laying date was delayed more in upland areas than in lowland areas for forest birds such
as great tits (Parus major L.) [39], varied tits (Poecile varius (Temminck & Schlegel)) [8], and Tickell’s
leaf-warblers (Phylloscopus affinis (Tickell)) [40].

On the other hand, the remaining three parameters (clutch size, number of hatchlings, and number
of fledglings) were not different among preferred, non-preferred, and avoided elevations. The change
in clutch size and its related parameters along the elevation gradient may not have a certain trend when
climatic and environmental factors are not actually deterministic for selection, or not predictable in
relation to elevation [41]. Similarly, our findings indicated that there was no clear benefit in the pitta’s
breeding performance due to preference in elevation. As habitat selection patterns may not always
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indicate the optimal choices of a species [2], the result suggests that the pitta’s inherent selection for
the best reproductive performance was not a key driving factor of the elevation preference observed,
and that environmental and external factors may affect the vertical distribution and elevation preference
of the breeding pittas.

In many cases, the effects of habitat selection on avian breeding success or fitness are altered or
deterred by other biological factors, such as nest predation. In particular, high nest predation rates
may place a strong selection pressure on decisions affecting the selection of breeding sites [5,42,43].
Though the selection of a breeding habitat and nest site may often affect breeding success [3],
the breeding success of five passerine species in South America, that demonstrated preference in
nesting plants, was largely determined by the presence of predators rather than by nesting site
preference [4]. Breeding performances of members of the family Laniidae in France were also affected
by predation, rather than by nesting selection or preference [44]. As an important process reducing
avian breeding success [45,46], nest predation of fairy pittas by corvids on Jeju Island was the most
significant natural threat to the breeding pittas [11]. Large-billed crows (Corvus macrorhynchos Wagler)
are fairly common nest predators of the pitta and cause 66% of their nest failures (Kim, unpublished
data). The crows are widely distributed throughout the island but are often attracted even to the
higher elevations by the high volume of tourists and food waste along trails [47]. The invasive
Eurasian magpies (Pica pica (L.)) are also known to be a nest predator of the pitta [11], are increasing in
number, and their distribution is expanding at lower elevations, particularly at less than 600 m, on Jeju
Island [48]. Therefore, though the breeding performances observed under the existing predation risk
remained the same up to 800 m in this study, the expected breeding performances would be better,
especially at lower elevations, if no predation by invasive corvids were to happen.

In addition to the higher predator density at lower elevations, negative human impacts on pitta
survival, such as car accidents and window strikes also occur at lower elevations [11]. This kind of
mortality not directly related to reproduction was not considered in our reproductive performance
measurements. Because the overall proportion of anthropogenic causes of non-reproductive mortality
could be higher than that of natural causes in fairy pittas on Jeju Island [11], the breeding pittas might
be more exposed to the greater human footprint in deforested areas at lower elevations.

While the overall size of forested areas remained nearly the same and coastal areas were deforested
between 1975 and 2002, the area of forests in the range of elevations pittas prefer increased from 80
to 128 km2. In addition, evergreen broadleaved forest, which is the preferred breeding environment
for pittas [15], is currently dominant up to 600 m on Mount Halla [19]. Kim et al. [21] described that
this increase of potential breeding habitat and the development of evergreen broadleaved forest are
largely the result of reforestation in the mid-mountain areas between 200 and 600 m after the 1980s.
The reforestation on Jeju Island has probably improved breeding habitats, but the Jeju Dwarf Bamboo
(Sasa quelpaertensis Nakai) at higher elevations reduces the potential breeding and feeding habitats
for the pittas by covering the forest floors [49]. As reforestation proceeds on Mount Halla, the dwarf
bamboo colonies are also expanding into reforested areas at lower elevations [34], resulting in the
potential for degradation of breeding habitat for the pittas.

5. Conclusions

As previously reported [14,21], fairy pittas clearly avoided higher mountain areas (above 600 m)
for breeding habitat on Jeju Island. This might have been caused by the lower temperature, a delayed
breeding season, lower prey abundance, and less broad-leaved forest areas, along with expanding Jeju
dwarf bamboo on forest floors. On the other hand, forested areas lower than 400 m are expected to be
advantageous for the breeding pittas because of higher temperatures and higher prey abundances
(represented by earthworms) that clearly allowed the pittas to attempt earlier breeding. Despite the
advantages at the lower elevations, significant preference was not detected and better reproductive
outcomes were not guaranteed. That may be because of increasing environmental pressures including
deforestation, habitat degradation, and human-related, non-reproductive mortality in the coastal zone.
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Consequently, this study identified that the elevation range 400–600 m provided the currently preferred
breeding habitat for the threatened fairy pittas on Jeju Island. This observed pattern in the preferred
elevations might be a response to external and environmental factors—possible tradeoffs between
upward shifts by human-related impacts (i.e., habitat loss and degradation, non-reproductive mortality,
and higher predator density) and downward shifts by vertically graduated environmental parameters
(i.e., temperature, vegetation, prey abundance)—rather than an inherent optimal selection for the best
reproductive outcomes.

Despite no preference for them during breeding habitat selection by elevation, forested areas at
lower elevation still provide critical breeding habitats for the threatened fairy pittas because the low
forests have greater potential to host more breeding pairs in their four-times-larger area (555.5 km2)
than in the forest area at preferred elevations (127.8 km2). Therefore, it is important to maintain good
breeding populations in the lower elevation forests for the conservation of the overall population on
Jeju Island. Increasing the preferred breeding habitat in size may benefit declining and threatened
avian populations, and higher temperatures and prey abundance are still positive factors for increasing
habitat preference and reproductive outcomes of the pitta at lower elevations. However, human
impacts and development pressure on the mid-mountain region and coastal areas of Jeju Island are
rapidly increasing [50]. Therefore, increasing human–pitta conflicts, habitat loss and degradation
by on-going coastal developments, and anthropogenic threats and disturbance at lower elevations,
should be effectively mitigated for the successful conservation of the threatened pittas on Jeju Island.
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Abstract: We can think of forests as multiscale multispecies networks, constantly evolving toward a
climax or potential natural community—the successional process-pattern of natural regeneration that
exhibits sensitivity to initial conditions. This is why I look into forest succession in light of the Red
Queen hypothesis and focus on the key aspects of ecological self-organisation: dynamical criticality,
evolvability and intransitivity. The idea of the review is that forest climax should be associated with
habitat dynamics driven by a large continuum of ecologically equivalent time scales, so that the same
ecological conclusions could be drawn statistically from any scale. A synthesis of the literature is
undertaken in order to (1) present the framework for assessing habitat dynamics and (2) present the
types of successional trajectories based on tree regeneration mode in forest gaps. In general, there are
four types of successional trajectories within the process-pattern of forest regeneration that exhibits
sensitivity to initial conditions: advance reproduction specialists, advance reproduction generalists,
early reproduction generalists and early reproduction specialists. A successional trajectory is an
expression of a fractal connectivity among certain patterns of natural regeneration in the multiscale
multispecies networks of landscape habitats. Theoretically, the organically derived measures of
pattern diversity, integrity and complexity, determined by the rates of recruitment, growth and
mortality of forest tree species, are the means to test the efficacy of specific interventions to avert
the disturbance-related decline in forest regeneration. That is of relevance to the emerging field of
biocomplexity research.

Keywords: habitat; regeneration; succession; dynamics

1. Background

New forestry practices combine technical efficiency, economic and environmental performance,
resistance and resilience to disturbances; however, forests demonstrate a greater vulnerability to
anthropogenic impacts and gradual climatic changes—the two major forms of disturbance occurring
today—than to large infrequent disturbances [1,2]. “Current views of succession emphasise ongoing
process rather than the climax community as the stable end point or product” [3], and “the sharp
distinction between successional and climax forests is widely applied today, with major implications
for conservation practices and land-use policy” [4]. Forests are intensely harvested for timber and
biofuel and are never allowed to recover the natural climax state; the water regulation potential of
such forests is low, while their susceptibility to fires and pests is high [5]. Therefore, we have to
ask here: Are not forest resistance and resilience to disturbances the result of ecological invariance?
Because the essence of ecological patterns and processes is invariance [6]. Ecological invariants are
known as “scaling” and “power laws” that describe power relationships across species or across
ecological systems [7]. “Scale invariance, also called scaling, or scale-free dynamics, implies that the
phenomenical or phenomenological dynamics are driven by a large continuum of equally important
time scales, rather than by a small number of characteristic scales” [8,9]. “By scale invariance in ecology,
we mean that scales are ecologically equivalent so that the same ecological conclusions may be drawn
from any scale statistically” [10]. A characteristic indicator of scale invariance is when the frequency

Forests 2020, 11, 56; doi:10.3390/f11010056 www.mdpi.com/journal/forests83



Forests 2020, 11, 56

distribution of the events of self-organisation decays only as a power law, reflecting the self-similarity
of the critical state [11–13]. For instance, Manrubia and Solé [14] performed an extensive study of a
real rainforest in Barro Colorado Island, Panama, and found strong evidence of a self-organised critical
state in the power laws followed by the magnitudes of the system, both in space (fractality, correlation
function, clearings and tree size distributions) and time (biomass fluctuations). In general, common
probability patterns arise from simple invariances; invariance defines scaling relations and probability
patterns [15]. Nottale [16] offers fractal space–time as a method for establishing an invariance of scale.
What is more, the fundamental principle underlying the theory of invariance is that the laws of nature
always have the same form for all observers [17]. This leads to a reconsideration of the traditional
approach to forests focused on long-term dynamics in favour of a successional approach [18–22], which
has emerged from the recognition that “even intense natural disturbances leave biological legacies and
spatial heterogeneity in the new forest, which contrasts with the simple and homogeneous environment
that is often the outcome of traditional harvesting practices, particularly clear-cutting” [23].

The goals of the review were to (1) present the framework for assessing habitat dynamics and
(2) present the types of successional trajectories based on tree regeneration mode in forest gaps.
A synthesis of the literature was undertaken within the context of the fractal fragmentation and
connectivity of landscape habitats. “Fractals are dynamic process-structures that etch time into space;
by illuminating fractals, we self-reflexively illuminate the observer in the observed in nothing short
of nature herself” [24]. However, it is necessary to clarify that, contrary to ideal fractals, landscape
patterns can be considered fractals only for limited scale intervals; this is due to the dimensionality
of successional elements, determined by their regeneration response to disturbance [25]. Watt [26]
was the first to link space and time at the landscape scale. There are two main models of forest
dynamics, developed from Watt’s seminal idea of patch dynamics, i.e., the patch–mosaic model and
the gap–phase model [27]. The patch hierarchy approach, based on the hierarchical patch dynamics
paradigm [28] that integrates hierarchy theory with the patch dynamics perspective, has proven useful
in scaling landscape patterns and processes [29]. Scale is a main concept in landscape ecology that
focuses on the influence exerted by spatio-temporal patterns on the organisation of, and interaction
among, functionally integrated multispecies ecosystems [30].

2. Fractal Forest

In mathematics, symmetries have the peculiar status of being both invariant and
invariant-preserving transformations, which is why a fractal, being a highly nontrivial representation
of the two fundamental symmetries of nature, dilation (r→ ar) and translation (r→ r + b), exhibits
self-similarity or pattern integrity—the retention of copies of itself on a hierarchy of scales [19,31–35].
In other words, a fractal is known as expanding symmetry or evolving symmetry [36]. By virtue
of occupying the exact portion of the geometrical space that it occupies, a fractal has a non-integer
dimension that is less than, or equal to, the Euclidean dimension of the space it occupies [37,38].
If a fractal space in which a dynamic process takes place becomes a Euclidean space with integer
dimension, this means that the process has left its strange attractor (i.e., an attractor of fractal dimension)
and tends toward, or already is in, the state with a lower number of possible directions of further
evolution [39]. For instance, Palmer [22] demonstrated that increasing fractal dimension (decreasing
spatial dependence in a landscape) allowed more species to exist per microsite and per landscape. It
must be noted, nevertheless, that, when dealing with fractals, the fundamental characteristic of being
differentiable is missing. Therefore, it is a challenging problem to define operators on fractal sets [40].
“Strict fractal objects require infinite power–law scaling, which fails to address the limited range of
scale invariance observed in nature” [41]. So, in the end, the question is whether an ecological system
manifests a physically meaningful degree of fractal connectivity between its subunits [10,42,43].

With the discovery that a set of symbols has been used by nature to encode the information for the
construction and maintenance of all living things, fractals—the invariant sets of chaotic systems—serve
paradoxical functions as physical boundary keepers, both to separate and connect various subsystems
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and levels of being [24,44–46]. The key notion of a fractal is that it possesses structures on a hierarchy
of scales generated by the reiteration of a mathematical formula [35], which is “a form of feedback,
where the answer to the formula recycles into the original formula to generate the next solution” [47].
Therefore, the complexity of dynamic process-structures is measured by their fractal dimension [24,48].
For instance, the number N(x) of objects with a characteristic linear dimension greater than x can be
given by N(x) ~ x−D, where N(x) is a number measure corresponding to the scale unit x and D is the
fractal dimension [8]. The value of the scaling exponent of the number–size relationship may vary
widely, and the power–law scaling only holds over a finite range of time scales in real landscapes [49,50].
A power–law distribution of the probability density function of the pieces of an object in space or the
parts of a process in time is evidenced in a straight line on a plot of log (number) vs. log (size) [51].
To estimate the habitat patch fractals, an alternative power–law distribution can be written: N(m) =
Cm−b, where N(m) is the number of habitat patches with a biomass greater than m, C is a constant and
b is a scaling exponent; noting that m ~ x−3, we can find from a comparison with the number–size
fractal distribution that D = 3b [8]. From a forest management perspective, the patchwork of habitats
in varying successional stages of recovery may correspond to forest stand development patterns, and
the biomass to the stand volume. The power–law distribution of fractal fragments can be used as
an indicator of the fragmentation of the landscape habitat into patches and landscape connectivity
change [8]. Fractal fragmentation is often a scale-invariant process, but nevertheless most ecological
patterns and processes show scaling thresholds at which abrupt changes in scaling relationships occur,
corresponding to shifts in underlying mechanisms [52].

3. Coexistence

The basic components of a network of elements whose creation, evolution, destruction and
interaction cause the emergence of a particular behaviour or feature that cannot be reduced to
the properties of an individual system’s components are called coexisting attractors [32,53,54]. An
attractor—a region in state space that a system can enter but not leave—is a mathematical model of
causal closure [55]. Closure usually results from the nonlinear, feedback nature of interactions [46,56].
We can generalise an attractor as any state toward which a dynamical system tends to evolve. Within
the framework of chaos theory, the overloaded vegetation climax is considered a “strange attractor”:
the smallest invariant set of the events of self-organisation that exhibit exponential sensitivity to initial
conditions [13,57–61]—“sensitivity in fact to any numerical rounding at any calculational step, not
necessarily at the initial time” [62]. According to Anand [63], “this attractor itself is moving on a
deterministic path imposed on the process by a highest order environmental constraint, the long term
evolution of the Earth’s climate”. More than that, the final state toward which an ecosystem tends
to evolve usually depends on the initial conditions involving several coexisting attractors [64–69].
As Allesina and Levine [70] put it, “just a handful of limiting factors can generate the coexistence of
many species, a feature of intransitive networks”. Climax forest is an excellent example of such an
ecosystem in which climate, landscape, vegetation and fauna are closely interconnected: when one
of these components is destroyed, whether partially or completely, the other components undergo
an equally violent change [71]. Therefore, it follows that forest climax should be associated with
habitat dynamics driven by a large continuum of ecologically equivalent time scales: the frequency
of occurrence of an event of a given magnitude x is inversely proportional to some power α of its
magnitude, ƒ(x) ~ x−α [33,72]. ƒ(x) ~ x−1—a critical dependence—is often associated with a feedback
dynamic that creates a stable equilibrium at a critical point. It provides a general mechanism for
the emergence of scale-free networks with the power–law degree distribution [16,73–78]. However,
real-world networks do not follow power–law degree distribution over the whole range of a degree. In
many real-world networks, scale-free property coexists with a hierarchy of nodes, low node separation
and high clustering [79]. The hierarchy always follows a pair of exponential laws and a power law;
it appears if a certain pattern is added at each time unit into the network [79,80]. “Networks which
display scale-free properties are the most hierarchical” [81]. Hierarchical network structure promotes a
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dynamical robustness, the origins of which are in the understanding of the impact of node failures on
the integrity of a network [82]. This is important for many disciplines, as many real-world networks
are organised into many small, highly connected modules that combine in a hierarchical manner into
larger units, with their number and degree of clustering following a power law [83,84]. Power–law
distributions can be produced by endogenous processes like feedback loops, self-organisation, network
effects, etc., so the key problem is to understand why nature gives rise to the wide diversity of degree
structures found in real-world networks and why scale-free networks are rare [10,85].

We can think of forests as multiscale multispecies networks, constantly evolving toward a climax or
potential natural community—the successional process-pattern of natural regeneration [3,12,74,86–92].
Known to ecologists as secondary forest succession, natural regeneration is the regrowth and
reestablishment of the forests, recovering from natural or human disturbance [4,91–94]. Natural
regeneration, however, is not achieved or accomplished—it is lived and evolved—and this is
especially true when there is a focus on ecological self-organisation: organisms connected in
communities transform the ecosystem while transforming themselves, and the chemical outputs
of organisms, self-produced through feedback loops, are used by other organisms to facilitate their
own self-reproduction [95,96]. To put it simply, the biology of self-replication is self-referential, as
embodied by nucleic acid replication mechanisms; self-reference is “the hinge upon which levels of
serial inclusiveness intercross” [24]—a critical scale of a phenomenon [12,47,97–101]. Furthermore,
that is why I look into forest succession in light of the Red Queen hypothesis: life has evolved in order
to stay extant, or else go extinct. The Red Queen hypothesis, as formulated by van Valen [102], is
similar to that of a system obeying a self-organised criticality, which means that a given Red Queen
phenomenon is caused by the system that organises its critical state by itself [103,104].

Within biology, the developmental process of organisms as well as their metabolisms, growth and
learning have been identified as self-organising processes; nevertheless, there is yet no unique theory
of self-organisation [105]. One of the objectives of the present article was, therefore, to give prominence
to the key aspects of ecological self-organisation: dynamical criticality, evolvability and intransitivity.
“Dynamical criticality, a central property for the functioning of a living organism, naturally emerges as
a consequence of evolution that favours evolvability” [106]. Dynamical criticality explains evolution
by reference to the broad internal disposition of a population to evolve in order to stay extant, rather
than any actual evolutionary trajectory of populations by capturing the influence that the internal
features of populations can have upon the outcomes of evolution [107]. Taking into account the above,
I propose the conceptual framework for assessing habitat dynamics at a network–system–trajectory
interface (Table 1): The network, because nature can be viewed in terms of multilevel, multidimensional
hierarchies of inter-related event clusters that form a metaheterarchy, or a heterogeneous general
hierarchy [24]; the system, because the experience of events can be viewed as a summary of the facts
through which the events took place—a fact pattern [108,109]; and the trajectory—an expression of a
relation among certain fact patterns in the network [79,110].

Table 1. The conceptual framework for assessing habitat dynamics.

Aspects Concepts
Verifiers

Pattern Process

Intransitivity Network Diversity [70,111] Robustness [82,83,112,113]
Criticality System Integrity [114] Fitness [115–121]

Evolvability Trajectory Complexity [22,107] Inclusiveness [24,101,122]
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4. Successional Species Turnover

The view of succession was developed from the patchwork pattern of habitats in varying stages
of recovery from human disturbances. However, a compositional shift, in which post-disturbance
stands dominated by fast growing shade-intolerant tree species are eventually replaced by late
seral, shade-tolerant species, is not a simple unidirectional sequence of stages, but rather a complex
model subject to differential species responses to factors such as physical site conditions, initial stand
composition and intermediate disturbance effects [123]. Furthermore, “although successional stages
are defined by characteristics of a forest stand, successional trajectories are fundamentally determined
by rates of recruitment, growth, and mortality of populations of the component tree species” [124].
“Trees define the communities that they inhabit, are host to a multiplicity of other organisms and can
determine the ecological dynamics of other plants and animals” [114]. In woodland habitat modelling,
tree species form the basis of the parameters used to represent a range of component species within a
particular process-pattern of the events of self-organisation and to derive a network. Moreover, unlike
the action of seasons and natural disasters, long-term change in the composition of communities is
brought about by the activities of living organisms which themselves inhabit the environment [19]:
“Many of our rarest species are associated with ancient trees and only occur where there has been a
continuous cover of old trees back through time on the site” [125]. For these reasons, the use of measures
that account for the Red Queen dynamics of interacting populations of the component species that form
the continuous cover of trees through time on the site may provide new ways to monitor succession
and test the efficacy of specific interventions to modify the disturbance-related changes in successional
process properties: robustness, fitness and inclusiveness (Table 1) [21,120,122,126–132]. “It has been
suggested that Red Queen dynamics underlie a large number of important biological processes, some
of which are still poorly understood, such as genetic recombination and sexual reproduction” [120].

The shift in dominance by shade-intolerant tree species to shade-tolerant tree species is the most
generalisable and predictable feature of successional pathways [4]. The most distinctive difference
between shade-intolerant and shade-tolerant tree species is that the former are incapable of establishing
themselves in a forest understorey (Table 2), because their seeds do not accumulate in a long-lived seed
pool. Instead, they germinate immediately upon dispersal or soon thereafter [133]. Shade-intolerant
tree species, colonising from a refuge site, fast-growing, having low wood density, branching with
axial differentiation, short-lived, rapidly establishing on disturbed sites, showing early reproduction,
high fecundity and large dispersal, often bear numerous small seeds, annually produced and wind-
or animal-dispersed [4,134–137]. Shade-tolerant tree species, advance reproduction-dependent, slow
growing, branching without axial differentiation, long-lived, gradually replacing intolerants in the
absence of disturbance, often bear few seeds, larger in size, sometimes masting, sometimes dispersed
only locally and by diverse dispersal agents. Still, in the context of forest dynamics, the low light
survival/high light growth tradeoff is “only one of the many possible strategies for trees to differentiate
along a disturbance gradient”, and “it is unlikely to function as an important mechanism for the stable
coexistence of several tree species” [134]. This is not to deny the importance of the tradeoff in determining
the successional status of species, yet “successional species turnover, in which pioneer species are
being replaced by shade-tolerant species, already starts at the very early years of succession” [138].
The model of initial floristic composition postulates that most late successional species (like shrubs
and trees) that will later dominate the community are already available at the onset of succession:
“They are either part of the soil seed bank or present with vegetative propagules, rhizomes, or a sapling
bank” [116]. So, “in actual practice, the distinction between a ‘successional’ and a ‘climax’ forest is
subjective; there is no magical moment when a forest stops undergoing succession” [4].
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Table 2. The types of successional trajectories based on tree regeneration mode in forest gaps. Chazdon’s
et al. [124] successional trajectories (Clark and Clark’s [139] species groups A–D) correspond roughly
to Whitmore’s [140] species groups 1–4, having increasing “pioneer index”, Yamamoto’s [141] four
major types of tree regeneration mode in gaps (numbered I–IV) and Petrere’s et al. [90] four community
types. Modified from Franklin [142].

Growth
Establishment

Forest Gaps

Forest

Old-growth specialists (A) Successional generalists (C)

Establish and grow in dark forest;
shade-tolerant species. Low potential and

average growth rates, especially as
juveniles. (1)

Establish in gaps, grow best in gaps, but can
survive as saplings in closed forest. Higher juvenile

growth potential than groups A or B. (3)

Advance regeneration/gap
filler/understorey tree (III) Gap coloniser/gap filler/canopy tree/gap maker (II)

Gaps

Old-growth generalists (B) Successional specialists (D)

Establish in shade but show increased
association with gaps as saplings. Growth

rates as low as group A as juveniles,
increasing with size. (2)

Establish and grow best in gaps at all juvenile
stages; shade-intolerant species. Highest growth

potential, especially as juveniles. (4)

Advance regeneration/gap filler/canopy
tree/gap maker (I) Gap coloniser/canopy tree/gap maker (IV)

5. Conclusions

Is the Red Queen hypothesis similar to that of the system obeying a power–law sensitivity to initial
conditions? Well, yes it is—and that is all about the time scale of self-reference. All climax communities
exhibit sensitivity to initial conditions at any time scale of self-reference. There are four types of
successional trajectories within the process-pattern of forest regeneration which exhibits sensitivity
to initial conditions: advance reproduction specialists—gap fillers/understorey trees—establishing
and growing in a dark forest; advance reproduction generalists—gap fillers/canopy trees/gap
makers—establishing in the shade but showing increased association with gaps as saplings; early
reproduction generalists—gap colonisers/gap fillers/canopy trees/gap makers—establishing in gaps,
growing best in gaps, but surviving as saplings in a closed forest; early reproduction specialists—gap
colonisers/canopy trees/gap makers—establishing and growing best in gaps at all juvenile stages.
Recognising that dynamical criticality, a central property for the evolvability and intransitivity of
living organisms, naturally emerges as a consequence of ecological self-organisation, forest climax
should be associated with habitat dynamics driven by a large continuum of observer-invariant time
scales. For this reason, the organically derived measures of pattern diversity, integrity and complexity,
determined by rates of recruitment, growth and mortality of forest tree species that form a climax or
potential natural community, are the means to test the efficacy of specific interventions to modify the
disturbance-related changes in successional process properties: robustness, fitness and inclusiveness.
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Abstract: Reliable information about wildlife is absolutely important for making informed
management decisions. The issues with the effectiveness of the control and monitoring of both
large and small wild animals are relevant to assess and protect the world’s biodiversity. Monitoring
becomes part of the methods in wildlife ecology for observation, assessment, and forecasting of the
human environment. World practice reveals the potential of the joint application of both proven
traditional and modern technologies using specialized equipment to organize environmental control
and management processes. Monitoring large terrestrial animals require an individual approach due
to their low density and larger habitat. Elk/moose are such animals. This work aims to evaluate
the methods for monitoring large wild animals, suitable for controlling the number of elk/moose
in the framework of nature conservation activities. Using different models allows determining the
population size without affecting the animals and without significant financial costs. Although,
the accuracy of each model is determined by its postulates implementation and initial conditions
that need statistical data. Depending on the geographical, climatic, and economic conditions in each
territory, it is possible to use different tools and equipment (e.g., cameras, GPS sensors, and unmanned
aerial vehicles), a flexible variation of which will allow reaching the golden mean between the desires
and capabilities of researchers.

Keywords: monitoring methods; large wild animals; elk; moose; hunting; unmanned aerial vehicles

1. Introduction

It is difficult to overestimate the importance of monitoring animals in the wild as it is part of
the environmental control system. It includes monitoring, evaluating, and predicting the state of the
human environment. The problems of the control and monitoring effectiveness of both large and
small wild animals are relevant all over the world [1]. Today, modern monitoring methods are being
implemented. This is supported by the use of new monitoring technologies [2,3].

Wild animals are at risk during their co-existence with humans due to capture, extermination,
and anthropological impact on their habitat areas. Understanding the need to regulate the population
of different animals, including commercial species, partly solves the problem of preserving the fauna
diversity on our planet. Environmental monitoring issues concern the general public (ecologists,
biologists, hunters, statesmen, top managers, researchers, and ordinary citizens). Animal control
takes into account various natural and man-made factors that affect the state of the environment.

Forests 2020, 11, 808; doi:10.3390/f11080808 www.mdpi.com/journal/forests95
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Monitoring helps identify patterns of such changes and ensure proper environmental management.
In addition, it makes it possible to establish a correlation and find connections between biology, ecology,
and economics, e.g., hunting and eco-tourism.

Ideally, it is desirable to get an absolute estimate of wildlife populations [4–6]. However, in reality,
it is difficult to get data close to absolute. This problem is most acute for animals that live in hardly
accessible areas and vast territories, such as impenetrable taiga, jungles, and tropical forests.

Monitoring biodiversity on a large scale and with adequate representation requires significant
effort and resources, and presents a logistical challenge for researchers [7]. Monitoring schemes for
butterflies and birds [8,9] can be classified as successful projects of civil science, with the presentation of
a large amount of data on the occurrence of species as well as in terms of the number and distribution
of species. For animals, there are no such monitoring schemes; an attempt was made to initially
accumulate data for 21 candidates (genetic composition, species population, species characteristics,
community composition, ecosystem functioning, and ecosystem structure, www.geobon.org/ebvs) [7].

Traditional wildlife counting methods (Table 1) are widely used throughout the world [10,11].
In the scientific context, different counting methods have been proposed for decades, and there is a
constant debate about their effectiveness.

Table 1. Traditional wildlife monitoring methods.

Method Animals Sources

Survey and questionnaire Large and medium-sized animals [12–15]

Counting by traces of vital activity (counting
indirect signs-the number of burrows, claw

marks, the number of feces, etc.)

Large and medium-sized
mammals [16–21]

Sampling and marking All animal species [22–27]

Winter route tracking Large, medium, and small animals,
birds [28,29]

The use of traps, pens, and nets Large and medium-sized
mammals [11,30–33]

Remote tracking using specialized equipment
(camera traps, sensor nets, acoustic sensors,

and GPS sensors)
All animal, bird, and insect species [16,34–48]

Aerial survey (counting, photo, and video
shooting from aerial devices and systems) Large animals [1,49–52]

Researchers face an acute problem of choosing a method of control and observation for all animal
species, both small and large. Among other things, it depends on the habitat. Individual monitoring
methods have been developed for marine animals [53,54], insects [55–58], and terrestrial animals [59,60].
The size of the studied animals is also important for choosing the monitoring method. This review is
limited to considering only large terrestrial animals. Large animals are usually those with the highest
quantitative parameters of ontogenesis (weight, length, height, etc.) in their classes. Large forest
animals include elephant, rhinoceros, hippo, giraffe, bear, crocodile, tiger, etc.

The habitat of large terrestrial animals is assumed to be land. Russia occupies the first place in
terms of the area among the countries (almost half of its territory consists of forests with a rich variety
of flora and fauna). Bear (brown and polar), elk, and bison are considered to be the large animals of
Russian forests [61].

Elk are widely distributed throughout the world, including the Scandinavian Peninsula, Alaska,
the European part of Russia, and Western Siberia (including Kemerovo oblast—Kuzbass) [62].
An important commercial animal, elk is an object of sport hunting, wildlife watching, and a
protected species.
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Elks inhabit forests, willows on the shores of steppe lakes, and river floodplains in forest-steppe;
they also love cool coniferous forests, where there is swampy soil. Elks do not usually actively use their
entire territory, but only a part of it, mainly where there are sufficient stocks of the main seasonal feed
and good protective conditions throughout the year. Elks correspond to a high degree of settledness;
some individuals can adhere to a small area of the territory for a long time. They look for a new
place of residence when the amount of food decreases, for example, in the winter with a significant
height of snow cover; however, in the spring they return to their original place. A group of elk is
quite grouped—in winter they try not to scatter far from each other, but in spring they show more
independence. These animals adapt well to changing environmental conditions.

Some methods make it possible to estimate the population size based on relative counts, one of
which is distance sampling [63]. However, they do not apply to large animals for various reasons.
Populations of rare or elusive large mammals are difficult to control because they are usually secretive,
lone, occur at low densities, and have large domestic ranges, which poses significant methodological
problems for population estimation [64,65]. The elk population is rather small, so it is important to
assess the effectiveness of monitoring in the field of hunting as an environmental protection measure
for biological diversity support and endangered species preservation.

The purpose of this work is to assess methods for monitoring large wild animals that are suitable
for controlling elk within the Kuzbass nature protection measures. The need for this review is based
on the diversity of methods, the disparity of information about them, and the lack of a comprehensive
methodology for counting large wild animals and the prospect of combining different survey methods,
including the use of unmanned aerial systems in order to obtain the most reliable information.

2. Methods

Undertaken in November 2019 and updated in July 2020, the literature search considered the
articles published from 1 January 2015 until the present. Article databases from Scopus, Web of Sciences,
and Google Scholar were used for cross-checking. We used a search strategy based on multiple queries.
The final ones were selected after several search passes by qualitative evaluation of the number of
results obtained and their relevance.

Table 2 lists the queries used and the number of articles identified by each query. The entire
bibliography of the included studies was manually checked for compliance with the search subject by
title and abstract. Articles whose titles and/or abstracts contained “moose/elk monitoring methods”
were passed to the full-text selection stage by default. To narrow the scope of the “Animal monitoring
methods” search, both the Scopus and Web of Science databases excluded publications from the
fields unrelated to the search topic (such as Medicine, Pharmacology, Immunology and Microbiology,
Neuroscience, Engineering, Chemistry, Computer Science, Physics and Astronomy, Social Science, etc.).
Due to the number of publications of the query in Google Scholar, sources from the year 2019 were
put under review. After excluding intersections across all search databases, 1205 sources remained
under review.
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Table 2. Strategies for searching the literature sources for the review.

Database Search Query Number of Articles
Matching Search

Results*

Scopus

Moose monitoring methods
[title/abstract/keywords] 19 8

Elk monitoring methods
[title/abstract/keywords] 20 2

Animal monitoring methods
[title/abstract/keywords] 1976 827

WoS
Moose monitoring methods 17 8

Elk monitoring methods 19 5
Animal monitoring methods 499 322

Google Scholar Moose monitoring methods 11,800 468
Elk monitoring methods 16,300 231

* Even indirect matching was taken into account

3. Results and Discussion

The global experience of wildlife monitoring is represented by the use of various traditional
counting methods. These include observation, trapping, experiments, collection, analysis of
demographic data, and surveys of reserve employees [12–14,17,25,66].

3.1. Active Observation Methods

The method of trapping using box traps, trap pens, drip nets, independently or in combination
with indirect indicators, allows assessing the impact of traps on the population of wild animals to
determine their density and identify the risk of disease. This method is a traditional one, and using
several methods together can improve its accuracy. However, the quality of its application is directly
dependent on the number of qualified professionals engaged; any attempt to save finances leads
to errors in monitoring and external negative impact on the studied animal population with all the
resulting negative consequences [59]. It is possible to improve the monitoring accuracy by identifying
individual species, but in this case, it is necessary to physically impact the animals, which can be
invasive, expensive, and difficult from the point of view of logistics [67].

3.2. Passive Observation Methods

The authors of [15] used surveys of hunters in the Northeastern and upper Midwestern regions
of the United States (approximately 11,000 hunters annually between 2012 and 2014) to monitor the
number of elk (Alces alces) and collect information. The study [68] presents the results of testing a
smartphone application for interviewing hunters (Alberta, Canada, during 2012–2014) for reporting
the number of elk (Alces alces). The potential of the developed application Loose Survey and its
cost-effectiveness in comparison with more expensive methods of the aerial survey are underlined.
However, the human factor should be taken into account as it can significantly reduce the accuracy of
this approach.

Observation of winter routes [69,70] from ungulate tracks is one of the oldest large animal
monitoring methods, which are used to track changes in an animal’s moving path, habitat, winter
shelters, breeding grounds, and to determine the population size. The main advantages of this method
are long-term usage possibility, low financial costs, and feasibility. While, the list of disadvantages
includes the occurrence of errors and unreliability of the data obtained, whose value is not stable, as
well as the presence of a human factor. Obermoller et al. used the method of observing the movement
dynamics of female species to estimate the number of elk calves, and the data obtained were extended
to the population size by applying modeling [71]. Migration appears to be an effective behavioral
strategy for extending access to seasonal resources and can be a sustainable strategy of industrial
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centers or settlements for ungulates experiencing climate change [72]. If the snow cover is not high
enough, it is either not possible to collect data on the number of animals or they have significant
distortions [73].

The method of monitoring ungulates based on counting the number of fecal pellets is among the
traditional ones [74]. It is used both as the main and complementary methods [75–77]. Blåhed et al.
optimized the SNP (single nucleotide polymorphism) genotyping of fecal samples from elk (Alces alces)
for identification of a species and its gender (489 fecal samples) [78]. Together with other traditional
methods, genetic methods allow specifying the number of animals and complete information about
the sex ratio, settlement, reproduction, and genetic variability. Pfeffer et al. compared the results of the
obtained numbers of elk (Alces alces) and roe deer (Capreolus capreolus) in Northern Sweden after using
fecal count and camera traps together with the random encounter model (REM), which can estimate
the density without having to recognize individual species [79]. The authors found that, compared to
density estimates from camera traps, fecal counts appear to underestimate the population density for
roe deer. For elk, the data obtained from the two methods were comparable. In comparison with other
methods, the method of counting groups of pellets has the main advantage—cost effectiveness—and
can be used in areas that are not impenetrable forests.

3.3. Remote Monitoring

Remote monitoring involves the use of specialized equipment (photo and video equipment,
acoustic devices, and sensors), usually providing not only data collection, but also almost real-time
data transmission. The most reliable data can be obtained by organizing constant automatic
monitoring—continuous automatic tracking of animals in real-time [80]. There are enough advantages
of this control method, although it is difficult to implement it in remote wild areas (lack of a steady
connection, inability to ensure uninterrupted operation of batteries, maintenance of equipment,
and sensors used). Therefore, the scope of application is limited to small hunting farms or reserves
located not too far away from industrial centers.

Tracking methods using a wireless sensor network (WSN) can achieve similar goals. Zhang and
team [35] used simulation modeling based on the collected data to obtain a more reliable picture of the
sika deer population.

There is a relatively new group of visual and acoustic wild animal monitoring methods using
automatic recorders. Tracking technologies allow researchers to study the life of nature with huge
spatial and temporal resolution. They have been developed relatively recently to assess biodiversity
by measuring the acoustic heterogeneity created by animals in natural habitats [36].

Monitoring methods using camera traps and acoustic sensors are considered cost-effective [3].
The list of advantages includes the ability to simultaneously evaluate various indicators.
The effectiveness and adequacy of these methods determine the potential for their use in the long
term. With the development of technologies to produce widely available hardware and software,
the methods will be extensively applied.

Night photography, telemetering, and camera traps in combination with the search and calculation
of indirect indicators (traces of vital activities) were simultaneously used to determine the number of
elk (Cervus canadensis) [81].

Visual observation methods using GPS location and digital visualization (3D) images are among
the relatively new monitoring methods, that have already proven their effectiveness for environmental
activities. Remote sensing methods (GPS or geolocation) present a comprehensive analysis of various
data. Monitoring methods using 2D and 3D cameras create a “presence effect” in the process of
detecting an animal. They provide an automated, non-contact, and cost-effective way to study animal
behavior. Digital technologies and Big Data allow us to approach wildlife monitoring in a different way
considering its versatility. The integrated use of aerial photography methods with the interpretation
of indirect signs (the number of tracks) contributes to the overall effectiveness of the monitoring.
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The significant cost of visual observation methods using digital technologies does not expand the
possibilities of their application [34,35,38].

Smith et al. determined the migration routes and numbers of elk by observing and collecting
data from global positioning system (GPS) collars [82]. The authors modeled the seasonal selection of
habitat-related resources. Phillips et al. determined the number of elk using a probabilistic model
combined with GPS collar detection data [83]. The reliability of the obtained population size estimates
was recognized as an advantage. The risks include the use of this model in territories with different
characteristics. It is important to consider the factors under which this model is valid. Bergman et al.
jointly analyzed the data obtained from field route observations of elk and GPS collars and came to the
conclusion about the economic efficiency and benefits of their joint use [84].

3.4. Methods of Aerial Survey

Many problems with the previously described methods can be avoided with the help of an
aerial survey. Bristow et al. used several approaches to estimate the number of elk in Arizona: the
efficiency of the hybrid model (double-counting and double-observer methods) was compared to the
traditional tracking by tagging and recording individual animals during helicopter flights [85]. In terms
of economy, the hybrid model is preferable, while in terms of precision, an aerial survey is better.
The development of the hybrid model was more expensive than using traditional counting methods.

The development of unmanned aerial vehicles has opened up new opportunities for using them
to solve civil tasks. Unmanned aerial vehicles (UAVs) and continuous shooting (photo, video, and IR)
are a sustainable and effective group of modern methods of wildlife recording. Monitoring methods
using UAVs can determine the number of animals in a given area. This method can be used for one or
several types of species.

The authors [51,86–91] used unmanned aerial vehicles with consumer-level digital cameras to
count the number of elk. Havens and Sharp used a modified drone “Predator” for this purpose [2].
Patterson et al. used small unmanned aerial systems (UAS) for aerial photography of caribou (reindeer
of North America, Labrador, Canada) and recognized the advantages and capabilities of a small
electric-powered fixed-wing UAS Brican TD100E [92].

Xu et al. [93] used aerial photography from a quadrocopter to estimate the number of large horned
animals, including elk, in combination with a system for processing RGB images. To detect and count
large horned individuals, the RGB image obtained by the drone was processed with a modern machine
learning algorithm.

The authors underlined the performance and efficiency of this model. Shao et al. [94] used the
method of aerial photography using UAVs to count large horned animals, including elk. A system based
on convolutional neural networks (CNNs) using aerial photographs was applied. Witczuk et al. [95]
used drones with thermal infrared imaging to count ungulates. Dziki-Michalska et al. [96] analyzed
data collected by volunteers, hunters, and foresters in combination with aerial photography. Data on
the abundance of large animals, including moose, collected from various sources, were used to construct
regression models. The authors note that the use of aerial photography increases the accuracy of the
modeling, but significant financial costs do not allow its use on an ongoing basis.

UAV aerial photography is very promising with regard to the development of geospatial data
collection methods. They are justified in cases where it is necessary to get accurate information about
the area at a certain time. The main advantages of UAVs are the following: the ability to automatically
detect almost all animals, both in semi-arid savannas and areas with significant vegetation; the
accuracy of the results obtained; high-quality images; and fast data processing. Despite its effectiveness,
the latter method is not often used as it is quite costly, even though they are cheaper to operate
than helicopters and manned fixed-wing aerial vehicles. UAVs require special piloting skills, have
limitations on their use over large spatial and temporal scales, including regulations, and depend on
weather conditions [51,86–91].
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4. Conclusions

Effective monitoring issues are problematic within the framework of foreign and domestic science.
In many territories (Alaska, Canada, Scandinavian countries, and Siberia), biologists, researchers,
and hunting farm employees traditionally walk around the property and count the tracks of animals
(elk, deer, roe, etc.), making an absolute (counting all individuals of the territory) or relative (counting
a part of the animals and obtaining an idea of the entire population using the appropriate conversion
factors) census [73,97,98]. The size of the territories, their inaccessibility, a lack of funding for hunting
farms and natural territories, as well as adverse weather conditions impede the spread of modern
wildlife control and monitoring methods. World practice confirms the need to modernize monitoring
technologies and the readiness to use new methods, if they take into account most of the disadvantages
of the traditional methods (full snow cover, low accuracy, and non-dependence on weather conditions
and vegetation cover), if there is technical support or instructions, and in case they do not exceed the
cost of existing methods.

It has already been proven effective to use several methods simultaneously with specialized
equipment, such as photo traps, video-, or IR cameras. If the observation area is accessible and limited,
and the number of animals is insignificant, to obtain reliable information about the population size,
it is sufficient to mark them, as described in [99], with GPS collars [42]. If the terrain conditions allow,
a stationary camera with a GPS sensor will allow getting almost complete information at a fairly low
cost. However, there are areas with vegetation that does not allow free movement, while there is no
other way to monitor elk or other large animals with UAVs. It is known that the effectiveness of animal
detection by UAVs significantly increases with the use of infrared detectors in low-altitude flights [100].
The use of these technologies to detect and enumerate groups of wild animals in wildlife monitoring
is superior to conventional remote sensing technologies [101], but improvements in detection and
identification technology are needed to exceed the accuracy of traditional aerial photography of
animals [102,103].
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96. Dziki-Michalska, K.; Tajchman, K.; Budzyńska, M. Increase in the moose (Alces alces L. 1758) population
size in Poland: Causes and consequences. Ann. Wars. Univ. Life Sci. -Sggw. Anim. Sci. 2019, 58, 203–214.
[CrossRef]

97. Lavsund, S.; Nygrén, T.; Solberg, E.J. Status of Moose Populations and Challenges to Moose Management in
Fennoscandia. Alces A J. Devoted Biol. Manag. Moose 2003, 39, 109–130.

98. Myslenkov, A.I.; Miquelle, D.G. Comparison of Methods for Counting Hoofed Animal Density in Sikhote-Alin.
Achiev. Life Sci. 2015, 9, 1–8. [CrossRef]

99. Paragi, T.F.; Kellie, K.A.; Peirce, J.M.; Warren, M.J. Movements and sightability of moose in Game Management
Unit 21E. In Final Wildlife Research Report 2017ADF&G/DWC/WRR-2017-2; Alaska Department of Fish and
Game: Juneau, AK, USA, 2017.

100. Crusiol, L.G.T.; Nanni, M.R.; Furlanetto, R.H.; Cezar, E.; Silva, G.F.C. Reflectance calibration of UAV-based
visible and near-infrared digital images acquired under variant altitude and illumination conditions.
Remote Sens. Appl. Soc. Environ. 2020, 18, 100312. [CrossRef]

101. Alladi, T.; Chamola, V.; Sahu, N.; Guizani, M. Applications of blockchain in unmanned aerial vehicles:
A review. Veh. Commun. 2020, 23, 100249. [CrossRef]

102. Gentle, M.; Finch, N.; Speed, J.; Pople, A. A comparison of unmanned aerial vehicles (drones) and manned
helicopters for monitoring macropod populations. Wildl. Res. 2018, 45, 586–594. [CrossRef]

103. Harris, C.M.; Herat, H.; Hertel, F. Environmental guidelines for operation of Remotely Piloted Aircraft
Systems (RPAS): Experience from Antarctica. Biol. Conserv. 2019, 236, 521–531. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

106



Article

Genetic Diversity and Range Dynamics of Helleborus
odorus subsp. cyclophyllus under Different Climate
Change Scenarios

Georgia Fassou 1,†, Konstantinos Kougioumoutzis 1,2,†, Gregoris Iatrou 1, Panayiotis Trigas 3 and

Vasileios Papasotiropoulos 4,*

1 Division of Plant Biology, Laboratory of Botany, Department of Biology, University of Patras, 26504 Patras,
Greece; fassoug@upatras.gr (G.F.); kkougiou@biol.uoa.gr (K.K.); iatrou@upatras.gr (G.I.)

2 Department of Ecology and Systematics, Faculty of Biology, National and Kapodistrian University of Athens,
Panepistimiopolis, 15701 Athens, Greece

3 Laboratory of Systematic Botany, Department of Crop Science, Agricultural University of Athens,
Iera Odos 75, 11855 Athens, Greece; trigas@aua.gr

4 Laboratory of Agricultural Genetics and Breeding, Department of Agriculture, University of Patras,
Theodoropoulou Str, 27200 Amaliada, Greece

* Correspondence: vpapasot@upatras.gr
† These authors contributed equally to this work.

Received: 9 May 2020; Accepted: 27 May 2020; Published: 1 June 2020

Abstract: Research Highlights: The effects of climate change on habitat loss, range shift and/or genetic
impoverishment of mid-elevation plants has received less attention compared to alpine species.
Moreover, genetic diversity patterns of mountain forest herbaceous species have scarcely been
explored in the Balkans. In this context, our study is the first that aims to examine Helleborus odorus
subsp. cyclophyllus, a medicinal plant endemic to the southern part of the Balkan Peninsula. Background
and Objectives: We compare its genetic diversity and structure along the continuous mountain range
of western Greece with the topographically less structured mountains of eastern Greece, and predict
its present and future habitat suitability, using several environmental variables. Materials and
Methods: Inter Simple Sequence Repeat (ISSR) markers were used to genotype 80 individuals from
8 populations, covering almost the species’ entire distribution range in Greece. We investigated
the factors shaping its genetic composition and driving its current and future distribution. Results:
High gene diversity (0.2239–0.3319), moderate population differentiation (0.0317–0.3316) and increased
gene flow (Nm = 1.3098) was detected. According to any GCM/RCP/climate database combination,
Helleborus odorus subsp. cyclophyllus is projected to lose a significant portion of its current distribution
by 2070 and follow a trend towards genetic homogenization. Conclusions: Populations exhibit in terms
of genetic structure a west–east genetic split, which becomes more evident southwards. This is mainly
due to geographic/topographic factors and their interplay with Quaternary climatic oscillations, and to
environmental constraints, which may have a negative impact on the species’ future distribution and
genetic composition. Pindos mountain range seems to buffer climate change effects and will probably
continue to host several populations. On the other hand, peripheral populations have lower genetic
diversity compared to central populations, but still hold significant evolutionary potential due to the
private alleles they maintain.

Keywords: climate alterations; mid-elevation plants; range distribution; genetic variability;
molecular markers
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1. Introduction

Mountains are topographically complex regions undergoing substantial changes over geologically
short time scales [1]. Topographic complexity and elevation per se create a large variety of habitats and
promote speciation processes, resulting in the exceptionally high biodiversity of mountain systems.
Moreover, mountains often harbour aggregations of small-ranged species forming highly diverse
endemism centres [1–3]. Mediterranean mountains, a globally important biodiversity hotspot for plant
species richness and endemism, are expected to experience a severe species loss and turnover in the
near future due to climate warming [4]. Understanding the fluctuating impacts of mountains on the
distribution, diversification and ecological adaptation of individual species is crucial for managing
mountain biodiversity in the face of the impending climate change.

The Balkan Peninsula is a highly important region for European and Mediterranean plant diversity
and endemism [5]. Topographic heterogeneity, climatic diversity and long-term environmental stability
have been proposed as the underlying factors influencing the exceptionally high plant diversity of
the Balkans [6,7]. Divergence in the multiple Pleistocene refugia of the Balkan Mountains has been
highlighted as a key factor generating intraspecific plant diversity [8–10]. Despite the importance
of Balkan plant diversity for plant conservation in Europe and the Mediterranean, the patterns of
intraspecific variability across the Balkan Mountains remain poorly understood. This knowledge gap
becomes even more crucial when considering the large number of socio-economically important plant
species distributed in the Balkans, like crop wild relatives, ornamental and medicinal plants.

The effects of the current climate warming are anticipated to have the strongest deleterious effects
for the cold adapted plants distributed on mountain summits [1,11]. In this respect, the effects of climate
change on habitat loss, range shift and/or genetic impoverishment of mid-elevation plants has received
much less attention compared to the alpine species. Moreover, the influence of topographical mountain
setting in migration corridors of mountain plants, and its fingerprint to species genetic variability has
been largely overlooked. Possibly, the north-south directed Pindos mountain range that dominates
western Greece has acted as a corridor for mountain species migration during Quaternary climatic
oscillations, leading to increased population genetic homogenization. Mountain plants distributed
in the more isolated mountain massifs of the eastern Greek mainland facing the Aegean archipelago,
especially in the south, most likely responded with elevational range shifts in small geographical scales,
resulting in stronger genetic differentiation of eastern-south-eastern populations compared to western
ones. Current climate warming could also strongly affect habitat suitability for mountain species
distributed in small isolated mountains with limited or no chance for upslope range shifts. In many
cases, these changes will probably reduce genetic diversity in populations and species, in extreme
situations to the point where genetic impoverishment will contribute to the diminishment of population
viability [12].

Helleborus L. (Ranunculaceae) is a small genus comprising 22 species, distributed in Europe and
Asia [13], with the Balkan Peninsula being the genus’ diversity centre. Helleborus odorus Willd. is an
outcrossing, insect-pollinated, Balkan species also reaching northern Italy and Hungary, with three
subspecies; among them, subsp. cyclophyllus (A. Braun) Maire & Petitm. is endemic to the southern
Balkan Peninsula [14] and mainly distributed in Greece. The Northern Peloponnese constitutes the
southern edge of this subspecies’ range, which is locally common in Greece in mid-elevation woodlands,
scrubs, and meadows.

Helleborus spp. have been recognized as important herbs for their therapeutic use since antiquity,
e.g., as a cure for mania and depression or as a painkiller and emetic [15]. Recently, some hellebore
compounds, like hellebrin and hellebrigenin seem promising remedies for severe diseases such as
cancer, ulcer, and diabetes [16,17].

The global increase on the demand of medicinal plant species has led to over-exploitation of
natural populations. Understanding the patterns and distribution of genetic variation within and
among populations is essential to ensure efficient conservation management and sustainable use
of medicinal plants’ genetic resources. Moreover, maintenance of sufficient genetic diversity is an
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important consideration in species conservation, because genetic diversity is required for populations to
evolve in response to environmental changes [18]. When the amount of diversity is reduced, inbreeding
depression and higher homozygosity appear, undermining the adaptive potential of populations [19].
Genetic characterization is essential to understand the relationships and assess diversity within and
among species. Molecular marker technologies, which rely on DNA analysis provide powerful tools to
examine biodiversity at different levels. One of the biggest advantages is that they are unaffected by
the environment and the developmental stages of the plants and free of pleiotropic or epistatic effects.
Among them, Inter Simple Sequence Repeats (ISSRs) is a dominant marker system, not influenced by
the presence of organellar DNA, often used in plant conservation genetics and diversity studies, due to
high reproducibility, low cost and universality they exhibit [20,21].

Herein, we examine the genetic structure and variability of Helleborus odorus subsp. cyclophyllus
populations across the Greek mountains, using ISSR markers, and assess climate change impacts on
its current and future distribution and genetic composition. By doing so, we aim to contribute to the
better understanding of the processes shaping mountain biodiversity patterns and to provide new
insights into the range dynamics of mid-elevation mountain species influenced by global warming.

2. Materials and Methods

2.1. Plant Material

Individuals from eight populations of Helleborus odorus subsp. cyclophyllus, covering almost the
entire distribution of the taxon in Greece, were used in the present study (Table 1). The populations
consisted of many individuals, occupying large areas, which makes population size estimation difficult.
All samples were collected from late February until early March 2016. Fresh and healthy leaves from
10 individuals of each population were collected and dried in silica gel.

Table 1. Abbreviations used for the analyses, locality, and collection information of the Helleborus odorus
subsp. cyclophyllus populations under study.

Population
Population

ID
Latitude Longitude Altitude

Part of
Greece

Habitat

Erymanthos ERY 37.9504 21.7669 950 m West Forest openings with
Abies cephalonica

Velouchi VEL 38.9285 21.8683 1400 m West Shrubs

Parnassos PAR 38.5397 22.7038 700 m East Forest openings with
Abies cephalonica

Vourgareli VOU 39.3684 21.1919 750 m West Forest edges with Fagus
sylvatica & Abies borisii-regis

Fragma
Mesachoras FRA 39.4683 21.3199 850 m West Forest edges with Fagus

sylvatica & Abies borisii-regis
Naousa NAOU 40.6548 22.0024 1050 m East Forest edges with Fagus

Olympos OLY 40.1178 22.4881 400 m East Forest openings with
Quercus ilex & Q. rotundifolia

Dirfi DIR 38.6112 23.8602 1100 m East Forest openings with
Abies cephalonica

2.2. Genetic Analysis

2.2.1. DNA Extraction

Total genomic DNA was isolated from individual dried leaves (100 mg) using the DNeasy Plant
Mini Kit (Qiagen). Quality assessment and concentration of the purified DNAs were measured using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), while DNA
integrity was evaluated by agarose gel (0.8%) electrophoresis (Sigma).
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2.2.2. ISSR Genotyping

Initially, we performed preliminary screening of several ISSR markers from the University of British
Columbia UBC primer set # 9 (Vancouver, Canada), to select those exhibiting higher reproducibility
and polymorphism. Based on this, ten ISSR primers were chosen, yielding the maximum numbers of
reliable and reproducible bands for population genotyping (Table 2).

Table 2. Primers used for ISSR analysis; primers’ sequences; annealing temperatures; number and
range of bands scored for each primer used.

Primer ID
Primer Sequence

(5′–3′) Tm (◦C)
No of Bands

Scored
Range (bp)

UBC-807 (AG)8T 52 19 420–2000
UBC-811 (GA)8T 52 22 430–1980
UBC-819 (GT)8A 52 9 650–1190
UBC-821 (GT)8T 48.6 7 950–1780
UBC-822 (CT)8A 45.7 13 680–2000
UBC-826 (AC)8C 52 14 670–1800
UBC-840 (GA)8YT 45.7 17 470–1500
UBC-845 (CT)8RG 45.7 10 1000–2400
UBC-869 (GTT)6 51 9 1100–2470
UBC-880 (GGAG)4 51 14 470–1560

The PCR amplification reactions were performed within a 20 μL volume, containing 20 ng genomic
DNA template, 1X PCR buffer, 1.6 μL of MgCl2 (25 mM), 1.2 μL dNTPs (100 mM each), 10 pmol from
each primer, 1 U thermostable Taq DNA Polymerase (Kapa Biosystems). Reactions were carried out
in MyCycler thermal cycler (Bio-Rad), under the following conditions: an initial denaturation step
at 95 ◦C for 4 min followed by 35 cycles of denaturation at 94 ◦C for 45 s, annealing at 45.7–52 ◦C
(depending on the primer set) for 45 s, extension at 72 ◦C for 2 min. The program was ended with a
final extension step at 72 ◦C for 5 min. The PCR amplified fragments were separated by agarose (2%)
gel electrophoresis and visualized with a GelDocEZ imaging system (Bio-Rad).

Fragments between 420 and 2470 bp, consistently amplified, were scored manually to form a
binary matrix, where the presence of a band was scored as 1 and the absence as 0, assuming that each
one of them corresponds to one locus with two alleles.

2.2.3. Statistical Analysis

For the estimation of the genetic diversity parameters, POPGENE version 1.31 [22], AFLPsurv
version 1.0 [23] and GENALEX 6.5 [24,25] were employed. These parameters included the percentage
of polymorphic bands (PPB, an index equivalent to polymorphic loci), calculated by dividing the
number of polymorphic bands at the population and species levels by the total number of bands
scored, Nei’s gene diversity (Hj) [26] and Shannon’s diversity index (I). Because there was no prior
information regarding the level of inbreeding, we ran AFLPsurv 1.0 with different Fis values (0 assuming
Hardy-Weinberg equilibrium to 1 complete lack of heterozygotes).

The estimation of gene flow (Nm), calculated as the number of migrants entering a population in
each generation, was made by using POPGENE version 1.31 [22].

Pairwise Fst between the Helleborus odorus subsp. cyclophyllus populations was calculated using
AFLPsurv 1.0. To depict relatedness at individual level we constructed a UPGMA polar dendrogram
based on Jaccard’s coefficient of similarity using FREETREE software [27] visualized with FigTree
version 1.4.3 [28]. Two samples of Ranunculus ficaria collected from North Peloponnesus were used
as outgroup.

Analysis of Molecular Variance (AMOVA) and Principal Coordinates Analysis (PCoA) were
performed with Genalex 6.5. For PCoA, the method for dominant data by Huff et al. [29] was followed.
The test of significance for the AMOVA was carried out on 9999 permutations of the data.
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We generated a Moran’s spatial correlogram (9999 permutations) with ‘fossil’ 0.3.7 [30] and
‘vegan’ 2.5.2 [31] packages, to check if there was any correlation between populations’ genetic and
geographic distances.

To infer population structure and assign individuals to populations, we used STRUCTURE version
2.3.1 [32]. We used the admixture model, with correlated allele frequencies and the options RECESSIVE
ALLELES and LOCPRIOR activated. No prior knowledge of the populations was included in the
analysed dataset. To determine the optimal number of groups (K), we ran STRUCTURE with K varying
from 1 to 8 (equal to the number of populations), with ten runs for each K value using a burn-in period
of 100,000 interactions followed by 50,000 additional Markov Chain Monte Carlo (MCMC) interactions.
The ΔK method [33] was used to identify the most likely number of clusters (K) using STRUCTURE
HARVESTER 0.6.94 [34]. Each accession was assigned to its corresponding group based on maximum
membership probability, as indicated by Remington et al. [35].

2.3. Species Occurrence Data

Helleborus odorus subsp. cyclophyllus occurrence data (167 occurrences) were obtained from the
Global Biodiversity Information Facility database through functions from the ‘rgbif’ 1.4.0 [36] package.
Data cleaning and organizing procedure follows Robertson et al. (see Supplementary) [37].

2.4. Environmental Data

Current and future climatic data were obtained from the WorldClim database [38] and the CHELSA
database [39,40] at a 30 s resolution. We used two climate databases to assess the bioclimatic consistency
and congruence of model predictions [41], a crucial source of uncertainty in SDMs [42].

An initial set of 50 predictors was constructed (Supplementary), including:
Sixteen climatic variables based on the 19 bioclimatic variables from WorldClim for current and

future climate conditions.

a. Three Global Circulation Models (GCMs) that are rendered more suitable and realistic for the
study area’s future climate.

b. Four different IPCC scenarios from the Representative Concentration Pathways (RCP) family.
c. Seven soil variables providing predicted values for the surface soil layer at varying depths.
d. Elevation data from the CGIAR-CSI data-portal [43] were aggregated and resampled to match

the resolution of the other environmental variables. Additional topographical variables (slope,
aspect, heat load index, topographic position index and terrain ruggedness index) were computed
based on elevation data using functions from the ‘raster’ 2.6.7 package [44] and ‘spatialEco’ 1.2–0
package [45].

e. Geological data from the Geological Map of Greece [46].

From this set of predictors, only fifteen and seventeen variables (depending on the extent of the
distributional area) were not highly correlated (Spearman rank correlation < 0.7 and VIF < 5 [47]
(see Supplementary).

2.5. Species Distribution Models

2.5.1. Model Parameterization and Evaluation

The realized climatic niche of Helleborus odorus subsp. cyclophyllus was modelled by combining
the available occurrence data to current environmental predictors in an ensemble modelling scheme
(see Supplementary) [48].
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2.5.2. Model Projections

Calibrated models with a TSS score > 0.8 (to avoid poorly calibrated ones) were used to project
the suitable area for Helleborus odorus subsp. cyclophyllus taxon under current and future conditions
through an ensemble forecast approach (see Supplementary) [48].

2.5.3. Area Range Change

To assess whether Helleborus odorus subsp. cyclophyllus will experience range contraction or
expansion under future conditions, we used the ‘biomod’ 3.3.7 package [49]. The taxon was not
assumed to have unlimited dispersal capability, since this assumption could be overoptimistic.

2.6. Bioclimatic Congruence and Consistency

We followed the framework of Morales-Barbero and Álvarez [41] in order to construct the
bioclimatic congruence and consistency maps for Helleborus odorus subsp. cyclophyllus for every time
period that was available in both climate databases.

2.7. Generalized Dissimilarity Modelling

We used Generalized Dissimilarity Modelling (GDM–) [50] in the framework laid out by Fitzpatrick
and Keller [51] to investigate the spatial and environmental drivers of genetic beta diversity, as well as
to explore the potential variation in future genetic diversity patterns due to climate change. We used
the same environmental variables as in the SDM analyses, with the significance of all variables assessed
through a Monte Carlo permutation test (see Supplementary). We followed Fitzpatrick and Keller [51]
to visualise the spatial patterns of genetic variation (see Supplementary). Finally, we projected our GDM
based on current environmental conditions to every GCM/RCP combination we included in our study,
so as to predict the areas where the relationship between genetic composition and future environmental
conditions will experience the greatest change ([51]—‘genetic offset’; see Supplementary).

All GDM analyses were performed with the ‘gdm’ 1.3.7 [52] R package in the R 3.5.3 [53].

3. Results

3.1. Molecular Analysis

After preliminary screening, ten ISSR primers were eventually selected for genotyping. In total
134 bands were scored, with their size ranging from 420 bp to 2470 bp. Among them, primer UBC–811
had the highest number of bands (22), while UBC–821 the lowest (7) (Table 2).

The highest number of bands (115) was observed in Velouchi population, while the lowest (84) in
Olympos. Moreover, the highest number of private bands (26) were revealed in Olympos, while the
lowest (9) in Parnassos. The percentage of polymorphic bands (PPB) per population ranged from
43.28% to 76.87% (Olympos and Velouchi, respectively).

Pairwise Fst values ranged from 0.0317 between Vourgareli and Fragma Mesachoras to 0.3316
between Olympos and Dirfi, while the average Fst value among the eight populations was 0.1505
(Table S1).

There were no significant differences detected for Nei’s gene diversity (Hj) values regardless
populations were in Hardy–Weinberg equilibrium or not. Assuming Hardy–Weinberg equilibrium,
Hj ranged from 0.2239 ± 0.016 (Olympos) to 0.3319 ± 0.013 (Velouchi), which was the richest in terms
of genetic diversity. The average gene diversity within the populations (Hw) was 0.2898 ± 0.013,
while the total gene diversity for the taxon (Ht) was 0.3410. Assuming no Hardy–Weinberg equilibrium,
the population of Velouchi had the highest Hj value (0.3490 ± 0.0158), while the population from
Olympos the lowest (0.2010 ± 0.0183). The average gene diversity within the populations of H. odorus
subsp. cyclophyllus (Hw) was 0.2901 ± 0.019, while the total gene diversity for the taxon (Ht) was 0.3763.
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Shannon’s information index (I) ranged from 0.2322 ± 0.025 (Olympos) to 0.3951 ± 0.022 (Velouchi).
Finally, gene flow (Nm) among populations was 1.3098 (Table 3).

Table 3. Genetic diversity as detected by ISSR markers; N = numbers of individuals surveyed from each
population; No. B = number of scored bands PPB = Percentage of Polymorphic Bands; PrB = private
bands; I = Shannon’s Information index; Hj = Nei’s gene diversity after Lynch and Milligan (1994)
assuming Hw equilibrium (Hj–HWE) or complete shortage of heterozygotes (Hj–non HWE); Nm = estimate
of gene flow among populations.

Population
ID

N No.B
PPB
(%)

PrB I Hj–HWE Hj–non HWE Nm

ERY 10 87 55.22 13 0.3167 ± 0.026 0.2719 ± 0.017 0.2317 ± 0.018
VEL 10 115 76.87 12 0.3951 ± 0.022 0.3319 ± 0.013 0.3490 ± 0.015
PAR 10 98 66.42 9 0.3368 ± 0.024 0.2781 ± 0.015 0.2910 ± 0.017
VOU 10 112 75.37 11 0.3843 ± 0.023 0.3208 ± 0.014 0.3395 ± 0.016
FRA 10 111 75.37 10 0.3788 ± 0.023 0.3131 ± 0.014 0.3274 ± 0.016

NAOU 10 108 71.64 12 0.3745 ± 0.024 0.3171 ± 0.015 0.3214 ± 0.017
OLY 10 84 43.28 26 0.2322 ± 0.025 0.2239 ± 0.016 0.2010 ± 0.018
DIR 10 94 58.96 15 0.2983 ± 0.024 0.2613 ± 0.016 0.2592 ± 0.018

Mean 0.3396 ± 0.009 0.2898 ± 0.013 0.2901 ± 0.019 1.3098

The analysis of molecular variance (AMOVA) showed that most of the genetic diversity was
attributable to differences among individuals within populations (74%), while significantly less was
observed among populations (26%).

Non-significant correlation between the geographic and the genetic distance values was observed
(r = 0.24; p > 0.05) for the populations under study.

The PCoA analysis among individuals (Figure 1), showed that 60.22% of total variation is explained
by the first three axis (26.29%, 18.79% and 15.14%, respectively). The populations from Olympos and
Dirfi, which are separated by the first coordinate are the most homogeneous and divergent ones with
less intrapopulation variability. The populations from Parnassos and Naousa are separated by the
second coordinate, although in some limited cases individuals from these population seem to interact.
The remaining populations from Vourgareli, Velouchi, Erymanthos and Fragma Mesachoras seem to
interact with each other forming a mix.

Figure 1. A two-dimensional plot of the principal coordinates analysis (PCoA) of ISSR data showing
the clustering of the populations.
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The ΔK statistic in the STRUCTURE analysis presented a maximum peak at K = 3 (Figure S1),
suggesting that three different genetic clusters exist. The individuals from Olympos and Dirfi were
categorised into their own unique clusters, while most of the individuals from Parnassos formed a
third one. The individuals from the remaining populations were assigned to Parnassos’ and Olympos’
genetic clusters, except those from Naousa which were assigned to all three existing clusters (Figure 2).

Figure 2. Genetic diversity and structure of eight populations of Helleborus odorus subsp. cyclophyllus
from Greece. Genetic structure derived from Bayesian analysis using STRUCTURE at K = 3. The size of
the dots is directly proportional to the depicted values of Nei’s gene diversity (Hj) for each population.

The polar UPGMA dendrogram obtained using Jaccard’s coefficient of similarity shows that
in most cases all the individuals were clustered in their respective populations. Individuals from
Vourgareli and Fragma Mesachoras populations are grouped together forming a big cluster, while one
individual from Velouchi was positioned separately next to those from Olympos population. The most
distinct clade is the one formed by the individuals from Dirfi, followed by that formed by those from
Parnassos, while the populations from Olympos, Erymanthos and Velouchi belong to a wider clade
(Figure 3).
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Figure 3. UPGMA dendrogram based on Jaccard’s coefficient illustrating the genetic similarities of
80 Helleborus odorus subsp. cyclophyllus individuals from different populations.

The topology obtained is in concordance with the grouping deduced by the 1st coordinate of
PCoA and follows the pattern of diversity clustering revealed by the STRUCTURE analysis.

3.2. Species Distribution Modelling

The ensemble of small models (ESM) framework predictions were very good, with sufficient
predictive power (Figure S2). Overall, the model based on the geographical thinning procedure,
the alpha-hull method and the CHELSA database had the best predictive accuracy (Figure S2).
Only intra-climate database variation was statistically insignificant (KWA: H = 2.18, d.f. = 1,
p = 13.97; Figure S2); all other uncertainty sources varied significantly (KWA: p < 0.01 for all cases;
Figure S2). Mean temperature and potential evapotranspiration of the wettest quarter (MAT and PETWQ,
respectively) had the highest contribution among the response variables for both thinning procedures
for CHELSA and WorldClim, respectively. The resulting habitat suitability maps (Figures S3 and S4)
had high bioclimatic consistency for every combination of the thinning procedures and distribution
areas (Figures S5 and S6).

They were converted into binary maps and then compared to the binary maps obtained for each
Global Circulation Model (GCM), Representative Concentration Pathway (RCP) scenario, time period,
thinning procedure, and climate database. Since the trends for the future potential distribution of
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Helleborus odorus subsp. cyclophyllus were largely identical across all sources of uncertainty, we present
only the area range change for the WorldClim database and the CCSM4 GCM and the RCP 2.6 scenario.

Our results indicate that by 2070 H. odorus subsp. cyclophyllus is projected to lose a significant
portion of its current distribution under any GCM/RCP/climate database combination, with varying
magnitude across GCMs, RCPs and climate databases (3.9%–100.0%; Figure 4 and Figures S7–S17),
but the median range contraction is 29.2%. The median range contraction differs between the two
climate databases (KWA: H = 36.07, d.f. = 1, p < 0.001) and it was significantly higher in the
CHELSA database.

Figure 4. Predicted potential distribution map for 2070 and the CCSM4 GCM and the RCP 2.6 scenario.
Red grid cells: the species currently occupies those areas but will not in the future. Blue grid cells:
the species currently occupies those areas and will continue to occupy them in the future. Grey grid
cells: the species does not currently occupy those areas and it will not occupy them in the future.
The dotted line indicates the distribution area of Helleborus odorus subsp. cyclophyllus based on the
alpha-hull method. Climate data refer to the WorldClim database.

3.3. Generalized Dissimilarity Modelling

GDM helped disentangle the relative contribution of geographic and environmental drivers
of genetic composition across time and space. Our model explained 81.5% of deviance in genetic
composition. The most important gradient for determining genetic diversity turnover was mean
diurnal range (MDR), followed by geographical distance (Figure S18). The fitted functions describing
the turnover rate and magnitude along each gradient were nonlinear, with turnover rate varying with
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position along gradients (Figure S18). The MDR I-spline indicates rapid and abrupt changes in genetic
variation for values above a certain threshold (Figure S18).

Rapid turnover is predicted in the area between the mountain ranges crossing Greece in an
NW–SE axis, as well as in Evvia and NE Greece (Figure S19). Our analyses highlighted five different
geographical clusters (Figures S19–S20) and this situation is predicted to change drastically under
any GCM/RCP (Figures S21–S44), showing a trend towards genetic homogenization. Based on the
V-measure index, the highest and the lowest similarity is observed for the BCC RCP 2.6 and the
HadGEM2 RCP 8.5, respectively (Figure S45; median V-measure index: 0.61).

Under any GCM/RCP, the area in northern Greece and the Pindos mountain range is predicted to
exhibit greater genetic turnover than any other region (Figure 5). These areas harbour populations for
which the genetic offset is predicted to be greatest under climate change (Figure 5). Low genetic offset
is predicted in valleys and low-elevation areas in central Greece, as well as in the southern edge of the
species’ range (Figure 5).

Figure 5. Mean predicted genetic offset from the Generalized Dissimilarity Modelling analyses based
on the four Representative Concentration Pathways and the three Global Circulation Models included
in our study from the WorldClim climate database.

4. Discussion

4.1. Genetic Diversity and Structure

The relationship between species richness and elevation is predominantly hump-shaped across
the mountains of the globe [54], rendering mid-elevation forest plant species as the backbone
of mountain plant diversity. Despite their importance in building biodiversity across different
spatial scales, mid-elevation plants have received minor attention in relation to the factors shaping
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intraspecific variability and range dynamics, compared to high elevation species, especially in the face
of climate change.

Intraspecific genetic variation is the most fundamental level of biodiversity, and provides the
basis for any evolutionary change, being crucial for maintaining the ability of species to adapt to new
environmental conditions [12]. Climatic alterations impact intraspecific genetic diversity by two major
processes, either by inducing plants to contract or expand their ranges and/or by promoting changes
through adaptation to the local selection regime [55,56].

In this study, genetic diversity, and differentiation among Helleborus odorus subsp. cyclophyllus,
populations from various mountainous locations in Greece, were analysed using ISSR markers. A total
of 134 genetic loci were genotyped, which according to Nelson and Anderson [57] are adequate for
dominant markers to yield acceptable results. Within population diversity in terms of percentage of
polymorphic bands, Shannon’s information index (I) and Nei’s gene diversity (Hj) was higher in the
north and northwest populations, except Olympos, becoming lower in the more isolated populations
of east and southern Greece. The average gene diversity within populations was high (Hw = 0.29),
similar to the values reported by Nybom [58] for plants with narrow distribution range (Hpop = 0.28),
and much higher than those reported for endemic plants (Hpop = 0.20) using dominant markers.

The number of private bands was higher in the more isolated population of east and southern
Greece, being remarkably high (26) in the population of Olympos. The Analysis of Molecular Variance
(AMOVA) showed that the most of genetic variation was attributable to differences among individuals
within populations (74%), and less among populations (26%). Genetic differentiation was moderate (Fst
= 0.1505) and in line with AMOVA. Hogbin and Peakall [59] summarized the results of RAPD analysis
(dominant markers like ISSRs) in several species, and identified a similar pattern according to which
genetic variation of outcrossed species as Helleborus odorus subsp. cyclophyllus, is mainly distributed
within populations, while diversity among populations accounted for less than 27%, an observation
that is also in agreement with Nybom [58]. The high value of gene flow (Nm = 1.3098) largely explains
the moderate inter-population genetic differentiation observed. Interestingly, gene flow was much
higher among western (FRA, VOU, VEL, ERY) populations (NmW = 2.408) and relatively limited
among eastern (NAOU, OLY, PAR, DIR) ones (NmE = 1.062). Our analyses based on the spatial
distribution of the species’ genetic diversity identified five different geographical clusters (Figure S19).
This bioregionalization might explain the restricted gene flow observed among the eastern populations
of H. odorus subsp. cyclophyllus compared to the western ones.

The reduced genetic diversity observed for Olympos and Dirfi, could be the result of genetic
drift. Climatic oscillations and resulting migrations along the altitudinal gradient, may have
caused fluctuations in the size of populations promoting the action of genetic drift. Additionally,
range expansions due to a series of repeated founder events and allele surfing may lead to a high
increase in the frequency of specific alleles [60–62]. We cannot, however, rule out the possibility
that under climate change scenarios adaptive micro-evolutionary processes (e.g., selection of local
genotypes better adapted to local environmental conditions) tend to reduce variation on specific loci
upon which natural selection acts, including also regions of the genome that are hitchhiking [56].

The present distribution of Helleborus odorus subsp. cyclophyllus is confined to fragmented
mountainous areas, where most of the studied populations are separated by deep valleys and plains,
and by the sea in the cases of Erymanthos and Dirfi, unfavourable for species growth. The moderate
among populations genetic differentiation indicates a more continuous distribution in the recent past,
at least for a part of its distribution range. During Quaternary glacial episodes numerous European
mountain plant species managed to survive by shifting their ranges downwards in elevation and/or
southwards in latitude, followed by the opposite elevational and latitudinal range shifts during
interglacial periods [9,62–64]. It is reasonable to assume that during cold stages H. odorus subsp.
cyclophyllus was distributed in lower elevation than today, allowing in some cases contacts of genetically
divergent populations and inter-population hybridization.
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Phylogeographic studies have provided evidence that postglacial secondary contact has also led
to climate-driven hybridization events in several species increasing local genetic diversity [56].
Connectivity among populations might have been maximal during the glaciation periods and
interrupted in the post-glacial period with remigration to higher altitudes, resulting in significant and
moderate levels of genetic differentiation among populations. In these cases, admixed populations
(e.g., Naousa in our study) are expected to occur, combining different gene pools. All populations of
Helleborus odorus subsp. cyclophyllus distributed along the mountains of western Greece combine the
same two gene pools, represented in their pure forms in Olympos and Parnassos as deduced by the
STRUCTURE analysis. The close connection of the Erymanthos population to the populations of the
Pindos mountain range confirms previous evidence that the Corinthian Gulf that separates mainland
Greece from the Peloponnese is only a weak biogeographical barrier [65]. The Dirfi population was
most probably isolated for the longest time. It shares a common ancestral population only with the
distant population of Naousa. The latter population is the only that combines all detected gene pools,
indicating the northern origin of the studied subspecies.

Helleborus odorus is a mainly Balkan species with a distribution centre at the Dinaric Alps, and subsp.
cyclophyllus occupies the southern range limits of the species. The Greek populations of H. odorus
subsp. cyclophyllus exhibit a west–east genetic split in terms of genetic structure, supported by the ISSR
data, which becomes more evident southwards, indicating more effective genetic barriers separating
western from eastern populations at the southern range limits of the subspecies. The Pindos mountain
range, which runs through western mainland Greece southwards to the Peloponnese, is separated
from the mountains of eastern Greece by low mountainous areas in the north, replaced by extensive
plains to the south. It is possible that the low mountainous areas of northern Greece have allowed
dispersal of mid-elevation plants, like H. odorus subsp. cyclophyllus, during Pleistocene glacial periods,
while the plains of southern Greece have acted as more effective barriers, triggering genetic divergence
of the southeast populations. The marked climatic differences between west and east Greece, especially
regarding annual precipitation [66], could further promote divergent selection.

4.2. Climate Change Vulnerability

Contemporary climate change is influencing species distribution and population structure,
with important consequences for patterns of genetic diversity and species’ evolutionary potential [67].
The climatic factors (MAT, PETWQ and MDR) emerged as the most significant variables in shaping the
species’ distribution and its genetic diversity turnover. Our analyses were robust and bioclimatically
consistent (Figures S2–S6), for every source of uncertainty. We were able to discern the physiological
threshold above which the species’ local adaptation and genetic make-up seems to change drastically
(Figure S18) and is responsible for the differences in within and among population genetic diversity
observed in the northern and southern populations of Helleborus odorus subsp. cyclophyllus. It is very
likely that the species is going to experience a moderate to severe decline in its distribution under any
GCM/RCP/climate database combination (Figure 4 and Figures S7–S17). These changes will probably
be more pronounced in the species’ southern and NE range edge in Greece (Figure 4 and Figures
S7–S17). The Pindos mountain range seems to buffer the climate change effects and will probably
continue to host several populations of H. odorus subsp. cyclophyllus.

The species’ local adaptation seems to be driven by MDR and as such, areas with
high MDR differences constitute steep barriers for gene flow (e.g., the vast plains in Central
Greece–Figures S19–S44). Analysis based on the spatial distribution of the species’ genetic diversity
identified a strong bioregionalization comprised of five different geographical clusters (Figure S19),
which might be accounted for the restricted levels of gene flow. However, we predict a trend towards
genetic homogenization (Figures S21–S44) under any GCM/RCP combination, with highest similarity
between the current and the future scheme observed in the BCC 2.6 GCM/RCP combination based on
the V-measure index (Figure S45).
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Overall, the highest similarity is anticipated for the RCP 2.6 group of climate scenarios and the
lowest for the RCP 8.5 group (they represent the best–and worst–case climate scenarios, respectively).
Our results indicate that the area in northern Greece is predicted to exhibit greater genetic turnover
than any other region (Figure 5). These areas harbour populations for which the genetic offset is
predicted to be greatest under climate change (Figure 5). Low genetic offset is predicted in the southern
edge of the species’ range and the Pindos mountain range (Figure 5).

According to the SDM predictions, the species is probably going to experience a reduction in both
of its edges in Greece, yet the genetic offset seems to be more pronounced in its NE Greek edge, where
the Olympos and Naousa populations are predicted to experience the highest genetic diversity decline
(Figure 5). Thus, the species’ adaptive genetic variability seems to be more resilient in the species’
core distribution in Greece (the Pindos mountains) and the southern limits of its overall distribution.
This aligns with the fact that leading edge populations provide the majority of surviving lineages
and persisting alleles, while trailing edge lineages and alleles are probably facing higher extinction
risk [56,68]. These areas may harbour populations that through adaptive micro-evolutionary processes
could enhance the species’ ability to cope with climate change, as well as reveal locations expected to
be highly diverse in genetic composition, and thus, if sampled, help ensure its genetic diversity and its
long-term survival, due to their ecological plasticity and/or adaptation [55,69,70]. The populations in
the NE edge of the species’ range should also be prioritized in terms of conservation concern, since they
exhibit both high genetic diversity and extinction risk.

Moreover, the species’ peripheral populations are characterised by lower genetic diversity and
higher genetic differentiation compared to its central populations, as expected (‘abundant-centre
hypothesis’) [71,72], but they seem to contain a large number of PrBs (especially the Olympos
population), and thus they hold significant future evolutionary potential.

5. Conclusions

Our work aims to assess genetic diversity and population differentiation in Helleborus odorus
subsp. cyclophyllus, and to investigate the influence of climate change on the distribution range and
habitat suitability for this species, as a case study for mid-elevation plants in the Balkan Peninsula.
The Greek populations of H. odorus subsp. cyclophyllus exhibit significant gene flow, which largely
explains the moderate inter-population genetic differentiation observed, while most of the genetic
variance is attributed to individuals within populations. Genetic structuring revealed the existence of
three genetic clusters. The populations based on genetic structuring exhibit a split in the W-E axis,
which becomes more evident in the southern part of the species’ distribution.

This differentiation is due to environmental constraints, which are projected to have a negative
impact on the species’ future distribution and genetic composition. Apart from contemporary drivers,
historical processes such as the Pleistocene climate oscillations might have contributed to the genetic
structure of the species’ populations in Greece, since it is reasonable to assume that the low mountainous
areas separating high mountains of northern Greece have allowed dispersal of mid-elevation plants,
while the plains of southern Greece have acted as more effective barriers, triggering genetic divergence
of the southeast populations. These leading-edge populations, along with the ones present in
the species’ core distribution in Greece (the Pindos mountains), seem to be more resilient against
environmental/climate change in terms of their adaptive genetic variability.

Helleborus odorus subsp. cyclophyllus is a typical mid-elevation forest plant species, a group that
has caused less attraction and remained away from the research spotlight regarding the climate-change
agenda. In this respect it might be prudent and cost-effective to focus any conservation initiatives
regarding this type of species to their leading-edge populations, as they might be highly diverse in
genetic composition and better-suited to cope with the effects of climate change.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/6/620/s1.
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Abstract: Research Highlights: The developed National Set of Indicators for the Mapping and
Assessment of Ecosystems and their Services (MAES) implementation in Greece at the national level
sets the official, national basis on which future studies will be conducted for MAES reporting for
the achievement of targets within the National and the European Union (EU) biodiversity Strategy.
Background and Objectives: Greece is currently developing and implementing a MAES nation-wide
program based on the region’s unique characteristics following the proposed methodologies by the
European Commission, in the frame of the LIFE-IP 4 NATURA project (Integrated actions for the
conservation and management of Natura 2000 sites, species, habitats and ecosystems in Greece). In this
paper, we present the steps followed to compile standardized MAES indicators for Greece that include:
(a) collection and review of the available MAES-related datasets, (b) shortcomings and limitations
encountered and overcome, (c) identification of data gaps and (d) assumptions and framework
setting. Correspondence to EU and National Strategies and Policies are also examined to provide an
initial guidance for detailed thematic studies. Materials and Methods: We followed the requirements
of the EU MAES framework for ecosystem services and ecosystem condition indicator selection.
Ecosystem services reported under the selected indicators were assigned following the Common
International Classification of Ecosystem Services. Spatial analysis techniques were applied to
create relevant thematic maps. Results: A set of 40 MAES indicators was drafted, distributed in
six general indicator groups, i.e., Biodiversity, Environmental quality, Food, material and energy,
Forestry, Recreation and Water resources. The protocols for the development and implementation of
an indicator were also drafted and adopted for future MAES studies in Greece, providing guidance
for adaptive development and adding extra indicators when and where needed. Thematic maps
representing ecosystem services (ES) bundles and ES hotspots were also created to identify areas of
ES importance and simultaneously communicate the results at the national and regional levels.

Keywords: biodiversity; forestry; agriculture; recreation; water resources; natural resources
management; adaptive monitoring; EU Green deal
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1. Introduction

Reaching the end of the European Union (EU) Biodiversity Strategy to 2020 [1], and seven years
after the publication of the multi-cited master document for Mapping and Assessment of Ecosystem
and their Services (MAES) in the EU [2], many EU Member States (MS) have developed methods (e.g.,
References [3–7]) and conducted case studies (e.g., References [8–10]) towards the implementation of
Action 5 of Target 2 of the EU Biodiversity Strategy. From 2015 to 2018, the Horizon 2020 Coordination
and Support Action, ESMERALDA (Enhancing ecoSysteM sERvices mApping for poLicy and Decision
mAking), aimed at developing guidance and a flexible methodology to support the EU member
states in the MAES implementation; more specifically, the main objective of ESMERALDA was to
provide guidance for integrated mapping and assessment of ecosystem services (ES) that can be
used for sustainable decision-making in policy, business, society, practice and science at EU, national
and regional levels [11,12]. In parallel, a collection of papers by Burkhard and Maes [13] provides
a comprehensive guidance for MAES implementation and in combination with the ever-updating
MAES Explorer online [14,15], that supports ecosystem ES research and proposes systematic ways of
assessment, mapping and reporting for biophysical, economic and social aspects of ES applications
(as well as for their possible wider integration). Furthermore, an operational framework for integrated
MAES, developed by Burkhard et al. [16], builds on the MAES common assessment framework [2] and
re-organizes it on the basis of specific, practical steps needed to be followed to ensure an integrated
result, at EU and national levels.

For graphical representation and mapping of ES, a tiered approach is proposed by
Grêt-Regamey et al. [17], and updated in Burkhard and Maes [13] (Chapter 5.6.1), to support MAES
studies at standardized scales of detail and data availability. Thus, it is obvious that the methods and
tools available for operationalizing Action 5 of Target 2 of the EU Biodiversity across and within MS
should be urgently elaborated. However, Albert et al. [18] highlighted that even with this guidance,
national implementation of MAES requires the development of adapted sets of indicators that are most
applicable to each respective context [19]. Due to this need, a debate on national indicators [20,21] and
how they can be incorporated into policy, planning and management [22–25] is still ongoing.

Indicators are also fundamental elements for ES monetary valuation and Natural Capital (NC)
accounting. Some have continued to argue that monetary valuation of ES and NC is inappropriate,
and we should preserve and protect nature strictly ‘for its own sake’, for its ‘intrinsic values’ [26,27].
Costanza et al. [28] point out that this perspective is itself an implicit valuation: it is simply arguing that
nature is more valuable than any possible alternative. While in many cases this may be true, society
has made decisions implying that this is not always the case [29]. Through our historical and current
interactions with the environment, in order to develop infrastructure and produce the goods necessary
for contemporary life and well-being, we exploit ecosystems and impact NC. Thus, being more explicit
about the value of ES and NC can help society make better decisions in the many cases in which
trade-offs and complex conflicts exist [30,31].

Simultaneously, everything in applied science, management and decision-making is
data-dependent, as well as in need of interpretation. Throughout the relevant literature
(e.g., References [7,32–34]), it is highlighted that the crucial step for a successful MAES implementation
is the identification, selection, elaboration and/or development of the appropriate indicators which
capture in space and time ecosystems’ performance regarding their condition and the multitude of
services and benefits they provide. Selecting the appropriate indicators is identified as one of the
fundamental steps of the operational framework as proposed by Burkhard et al. [16] and comprises a
selection of (a) indicators for ecosystem condition (EC) and (b) indicators for ES.

The purpose of indicators is to measure and ascribe a value to the various dimensions [35,36] of
the complex ES concept [37]. Simultaneously, the indicator and indicandum (i.e., the phenomenon of
interest reflected by the indicator) should be correlated with one another and the variance should be
low [33]. It is clear that a common set of indicators cannot be applied across all the different ecosystem
types; however, a standardized way of reporting ecosystem condition and ecosystem services at local,
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regional and national levels is important to support decision-making and strategic planning at MS and
EU levels [2,38]. MAES indicators should have specific characteristics in order to support robust ES
studies and should be applicable for policy-relevant interpretation, with the capacity to inform a broad
array of policies related to the use, conservation and preservation of natural resources [38].

During the past five years, various studies guided by the MAES conceptual framework [2] have
been conducted in Greece, providing information for different types of ecosystems and applying different
methodologies and tools for mapping and assessing ES at local (e.g., Reference [39]), regional [40]
and national levels [41–44]. In 2017, a group of scientists who believed in the importance of the
MAES implementation (forming the Hellenic Ecosystem Partnership—HESP [45]) drafted the National
Agenda for the MAES implementation in Greece [34] and set an Action Plan to 2020, including short-
and mid-term objectives. Development and testing of a national set of indicators, by the end of 2020, is
one of the mid-term objectives of the Agenda’s Action Plan needed to be accomplished for further
MAES implementation in Greece. The Life Integrated Project with the acronym “LIFE-IP 4 Natura” [46],
led by the Hellenic Ministry of Environment and Energy, incorporates MAES implementation Actions
at national, as well as at local (case-study) levels. These important developments towards standardizing
MAES applications will also support NC accounting based on the System of Environmental Economic
Accounting (SEEA)—Experimental Ecosystem Accounting [47].

This work aims to (a) collect and review all available data from national, regional and local
authorities, which can be used to identify, assess and map ES at the national scale, (b) evaluate the
potential usability of these data directly, after sorting and processing, or consider part of them as
inappropriate for further use, and (c) identify ES data hot-spots and data-scarce areas in Greece.
The final goal of the study is to provide a pre-defined National Set of Indicators for the MAES
implementation at the national level. This set of Indicators will form the official, national basis on
which future studies will be conducted for MAES, reporting towards supporting the targets of the
National and the EU biodiversity Strategy.

2. Materials and Methods

2.1. Preparatory Actions

The initial overview of potential national indicators involved the following steps:

i. Identification of ecosystem types (terrestrial): using the Ecosystem type map of Europe [48],
the Corine Land Cover dataset [49], the Natura 2000 Standard Data Forms and monitoring
results [50,51] and spatial data for habitat types [52], and following the European Environment
Agency (EEA) guidelines [53] and recent survey results [42,43], we have identified and classified
the ecosystem types present in the Greek territory; a detailed ecosystem type mapping for
Greece, i.e., MAES level 3 (sub-categories of MAES level 2 [2] ecosystem types in Greece) is an
ongoing procedure of the LIFE-IP 4 NATURA project, summarized in Section 2.2.

ii. Literature review for ES indicators in Greece: we reviewed the provided list of primary and
secondary ES indicators used for the site-level assessment of ES supply at mountainous Natura
2000 sites in Greece [42]. The overview on ecosystem condition indicators was based on the EU
ecosystem condition assessment framework [38] and recent work for Greece [43].

iii. Exploration of data availability and quality: to identify and select possible indicators for
(a) mapping and assessing ecosystem condition and ES, and (b) establishing a national set
of indicators for future MAES studies, we revised and assessed (regarding their thematic
detail and spatial scale) all available datasets for terrestrial ecosystems (based on the
review by Dimopoulos et al. [34] and on datasets freely available by state authorities
(Supplementary Table S1)), updated by the input of recent datasets and information from
the relevant national and regional offices/authorities, after an official request by the Hellenic
Ministry of Environment and Energy (leader of the LIFE-IP 4 Natura project).
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iv. Response to policy needs: using the guidance provided by Maes et al. [2,38] and in combination
with the targets of (a) the EU Green Deal [54], (b) the Greek Biodiversity Strategy [55], (c) the
Forest Strategy, (d) the Regional Policy, (e) the Agricultural Policy, (f) the Climate Policy and (g)
the Water Policy, each indicator was evaluated and assigned with a “1” (yes) or “0” (no) mark
regarding its direct relation with the above-mentioned strategies and policies.

v. Supporting valuation and NC assessments: using a simple scaling method, experts from the
LIFE-IP 4 NATURA consortium rated each indicator’s dataset for its ability to support valuation
and NC studies (i.e., 0—not relevant, 1—very low, 2—low, 3—medium, 4—high, 5—ready
for use). This allowed the co-authors to decide on final indicators and to explore the uncertainty,
data availability and applicability.

2.2. Drafting the National Set of Indicators

The selection of indicators to be drafted for the National Set was based on the requirements
of the MAES indicator framework for ecosystem condition [38] (Table 1). These are considered
as appropriate also for ES indicators, since ES are directly dependent on the condition of
ecosystems (e.g., References [56–58]). Each indicator has been assessed for its compliance with
the predefined requirements.

Table 1. Requirements for the Mapping and Assessment of Ecosystem and their Services (MAES)
indicator framework on ecosystem condition assessment [38]. Numbers in column “Code” are used to
assign the requirements with each one of the assessed indicators for the present study.

Requirements Description Code

Scientifically sound
Indicators should be based on the best available
knowledge while giving a good representation of the
ecosystem characteristics addressed.

1

Supporting environmental legislation Indicators should support the implementation of
environmental legislation in the European Union (EU). 2

Policy-relevant

Indicators should be policy-relevant: they have multiple
policy uses and can support a policy narrative which
links pressures, ecosystem condition, ecosystem services
and policy objectives.

3

Include habitat and species
conservation status

The conservation status of habitats and species (and in
particular the parameters “area” and “structure and
function”) reported under Art.17 of the EU Habitats
Directive should constitute a major indicator for
assessing ecosystem condition.

4

Include soil-related information
Terrestrial ecosystems are not in good condition if their
soils are not in good condition. Specific indicators which
assess the condition of soils should therefore be included.

5

Applicable for natural capital accounts
The indicator framework should support the
development and testing of ecosystem extent and
condition accounts.

6

Spatially explicit

Ecosystem condition is not equal across space. Different
spatial gradients of pressures and differences in the
response of ecosystems to pressures result in spatial
variance of ecosystem condition, which needs to be
acknowledged in the indicator selection.

7

Baseline Indicators should be measurable relative to a baseline
year (e.g., 2010). 8

Sensitive to change Indicators should be able to detect change over time. 9

The Common International Classification of Ecosystem Services (CICES ver. 5.1) [59] was used to
assign ES reported under the selected indicators, with the international and EU practice of reporting ES.
The selected indicators are also assigned to the corresponding categories of ES indicators, proposed
in the second MAES report [32], followed by the designation of the relevant terrestrial MAES level 2
ecosystem type (i.e., Urban, Cropland, Grassland, Woodland and forest, Heathland and shrub, Sparsely
vegetated land, Wetlands, Rivers and Lakes).
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Moreover, each indicator is selected and tagged on the basis of its potential for application at
the different tier assessments, i.e., tier 1 approach relies on widely available data and can be used to
provide a rough overview of ES, tier 2 approach includes more specific information for the case study
area, while tier 3 is the most data- and resource-demanding approach and is appropriate for large-scale
and highly detailed assessments [13,17]. The steps followed to draft the final set of MAES indicators
are presented in Figure 1.

 
Figure 1. Steps followed for drafting the National Set of MAES Indicators. CICES: Common
International Classification of Ecosystem Services.

Analysis of indicator-related data availability in space, time and scale has also been conducted
and represented in thematic maps, identifying areas with data gaps, as well as areas where MAES
implementation can be operationalized.

The above-mentioned procedure is the core part of the MAES implementation in Greece under
the LIFE-IP 4 NATURA project and the relevant procedure flowchart is presented in Figure 2.

Development and Implementation of Indicators’ Protocols

Following Kettunen et al. [60], Ferrari and Geneletti [61] and Nedkov et al. [62], we propose
structured protocols for (a) the development and (b) the implementation of MAES indicators in Greece.
This is to provide guidance on how to develop and implement indicators at various scales in future
MAES studies. More precisely:

a. Development of the indicator protocol fields: (i) Indicator name (name of the index for
national use), (ii) Definition (summary definition of the index), (iii) Description (summary
description of the index), (iv) Application (for ES and/or EC assessments), (v) Use and
interpretation (local, regional, national), (vi) Measurement units (e.g., m3/ha), (vii) Data source
(e.g., Ministry of Environment and Energy), (viii) Calculation method (detailed description of
the method used to calculate the index).

b. Implementation of the indicator protocol fields: (i) Indicator name (name of the
index for national use), (ii) Responsible, coordinating authority for the implementation
(authority/organization, etc., and person responsible for indicator calculation and
communication), (iii) Use and interpretation (includes: key questions to which the indicator
responds, (iv) Users of the indicator, (v) Appropriate scale for the implementation, (vi) Potential
for aggregation (interpretation of increasing or decreasing trends, possible causes for these
trends), (vii) Impact of indicator alterations/change to management, (viii) Measurement unit,
(ix) Data source, (x) Calculation method, (xi) Presentation of the index (maps, graphs, tables,
etc., appropriate for communication purposes), (xii) Limitations of index utility and accuracy,
(xiii) Update/revision of the index (frequency and procedure), (xiv) Relative indicators (report
relevant indices if available), (xv) Additional information and comments (free text).

The proposed development protocol was used for the indicators of the present study.
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Figure 2. Flowchart for the MAES implementation in Greece, during the LIFE-IP 4 NATURA project
(Integrated actions for the conservation and management of Natura 2000 sites, species, habitats and
ecosystems in Greece). SAC: Special Areas of Conservation, ES: ecosystem services.

2.3. Thematic Maps

2.3.1. ES Indicators Bundles

To pinpoint ES hotspot areas, as well as areas where multiple ES are likely to be supplied
simultaneously (ES bundles) in space and/or time, thematic maps have been prepared, by depicting
indicator-related data overlaps; by this, areas of ES importance (high to low) are identified and
the relevant priority MAES maps (priority areas maps) have been drafted. To identify areas where
multiple ES are simultaneously supplied (or potentially supplied) in spatial and/or temporal terms,
we used spatial analysis, and layer-overlay techniques, at the 10 × 10 km EEA reference grid for
Greece [63], using Geographic Information Systems; thus, we highlighted areas where ES bundles
are present and further study is needed at a more detailed level (i.e., regional and local levels). This
methodology is based on the following assumptions: (a) each indicator layer was considered as of
equal importance and its presence in each grid cell is assigned to a binary value, i.e., 0: not present, 1:
present, in cell, (b) summing all values from the overlaying layers in each cell, represents each cell’s
importance for ES (higher values at cell represent higher importance and vice versa), (c) the available,
spatial-referenced datasets were used for: (i) forest-management studies, (ii) wind-energy stations, (iii)
hydroelectric-energy stations, (iv) solar-energy stations, (v) national forests, (vi) Natura 2000 areas
and/or wildlife refuges, (vii) “blue flag” beaches, (viii) thermal springs, (ix) inland boating and rafting,
(x) mountain shelters, (xi) cropland area and (xii) water resources, (d) these datasets were used as
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single or combined categorical variables, by recording their presence in each 10 × 10 EEA reference
grid cell of Greece. By this, a matrix calculating the presence of the various datasets per grid cell has
been created. The categorization of the total sum of the various datasets’ availability in each grid cell,
using GIS software, resulted in a thematic ES bundles national map, based on MAES-related available
datasets for Greece. To support MAES knowledge at the administrative, regional-management level,
the representativity of ES bundles at the regional (NUTS 2) level has also been prepared and presented
using the analytics and visualization Tableau online platform (ver. 2020.1) [64] for the six general
groups (i.e., Biodiversity, Environmental quality, Food, material and energy, Forestry, Recreation, Water
resources) of the proposed set of indicators. The area of each region is also integrated in the analysis in
order to encapsulate the relative importance of each region regarding the potential ES provision.

2.3.2. ES Hotspots

Using the 10 × 10 km EEA reference grid, ES hotspots are also depicted in thematic maps,
representing areas at which a particular ecosystem service is provided (potential supply) in large
proportions [65]. Large proportions refer to a high spatial density and extent of ES indicator spatial data.

2.3.3. Compliance with the MAES Indicator Framework

Maps of compliancy with the indicators’ requirements [38] and as presented in Table 1 are also
drafted using the total number of requirements simultaneously provided at each 10 × 10 km EEA
reference grid cell.

2.3.4. Data Gaps

Since this exercise depicts current knowledge and is based on the best available datasets, data
gaps must sometimes be overlooked to expedite applications. However, defining data gaps is crucial
for concrete management and decision-making; thus, data-gap maps have also been drafted on the
basis of the 10 × 10 km EEA reference grid. The overlay method, as described above, was also used to
pinpoint the data-scarce areas by creating the relevant readiness maps for the MAES implementation
in Greece, regarding (a) the indicator groups and (b) indicator groups’ cumulative importance, in each
region of Greece (NUTS 2).

2.3.5. Relevance to Policies

Indicator relevance with national strategies and polices (i.e., biodiversity strategy, forest strategy,
regional policy, agricultural policy, climate policy and water policy) and with the EU “Green deal” set
of transformative policies (i.e., clean energy, sustainable industry, building and renovating, sustainable
mobility, biodiversity, “from farm to fork”, eliminating pollution) is also considered. A thematic
representation of the indicators relevance (as approached in Section 2.1, iv) was drafted to initially
assess the indicators’ potential use for implementing and evaluating various policies, across the Greek
terrestrial territory.

3. Results

3.1. Classification Scheme of Terrestrial Ecosystem Types in Greece

The results of the drafted classification scheme for terrestrial ecosystem types in Greece proposes
28 MAES level 3 ecosystem types, included in eight MAES level 2 categories. More precisely, 110 habitat
types are distributed along 19 MAES level 3 ecosystem types:

• Grassland: 13 habitat types in Natural grasslands.
• Woodland and forest: (i) seven habitat types in Temperate deciduous forests, (ii) seven habitat

types in Mediterranean deciduous forests, (iii) five habitat types in Floodplain forests (Riparian
forest/Fluvial forest), (iv) six habitat types in Temperate mountainous coniferous forests, (v) four
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habitat types in Mediterranean coniferous forests, (vi) four habitat types in Mediterranean
sclerophyllous forests and (vii) one habitat type in Mixed Forest.

• Heathland and shrub: (i) five habitat types in Moors and heathland and (ii) 10 habitat types in
Sclerophyllous vegetation.

• Sparsely vegetated land: (i) 11 habitat types in Sparsely vegetated areas and (ii) eight habitat
types in Beaches, dunes, sands.

• Wetlands: (i) three habitat types in Inland freshwater marshes, (ii) six habitat types in Inland
saline marshes, (iii) four habitat types in Peat bogs and (iv) eight habitat types in Marine wetlands.

• Rivers and lakes: (i) five habitat types in Rivers and (ii) four habitat types in Lakes.

A detailed crosswalk among habitat types and ecosystem type levels is presented in Table 2.
This typology will be used for the national scale MAES level 3 ecosystem type mapping and will
provide a base-line map for the MAES implementation in Greece, under the LIFE-IP 4 Natura project.

3.2. Indicators for ES and EC Assessments

3.2.1. Selection of Indicators

A set of 40 indicators (Table 3) which comprises six groups of indicators, i.e., (i) Biodiversity, (ii)
Environmental quality, (iii) Food, material and energy, (iv) Forestry, (v) Recreation and (vi) Water
resources, has been drafted for Greece. The selected indicators cover all the three CICES sections as
follows:

• Provisioning services: 15 indicators, corresponding to 10 CICES codes.
• Regulating and maintenance services: 18 indicators, corresponding to 22 CICES codes.
• Cultural services: 6 indicators, corresponding to 3 CICES codes.

Most of the indicators can be used for ES assessments, as well as for EC assessments; more precisely,
33 indicators comply for ES assessments (nine of them are exclusively applicable for ES assessments),
while 30 indicators are suitable for EC assessments (four of them are exclusively applicable for EC
assessments) (Table 3).

Figure 3 and Supplementary Table S1, present the correlations among ecosystem types and the
proposed national set of MAES indicators. Regarding their utility per MAES level 2 ecosystem type,
the proposed indicators are distributed as follows:

• Urban: 9 indicators (two from Biodiversity, three from Environmental quality, two from Food,
material and energy and two from Recreation).

• Cropland: 11 indicators (four from Biodiversity, three from Environmental quality, two from Food,
material and energy and two from Recreation).

• Grassland: 11 indicators (three from Biodiversity, three from Environmental quality, two from
Food, material and energy, one from Forestry and two from Recreation).

• Woodland and forest: 20 indicators (three from Biodiversity, eight from Environmental quality,
one from Food, material and energy, five from forestry and three from Recreation).

• Heathland and shrub: 17 indicators (four from Biodiversity, six from Environmental quality, three
from Food, material and energy, two from forestry and two from Recreation).

• Sparsely vegetated land: 11 indicators (three from Biodiversity, three from Environmental quality,
two from Food, material and energy, five from forestry and three from Recreation).

• Wetlands: 8 indicators (three from Biodiversity, three from Environmental quality and two
from Recreation).

• Rivers and lakes: 15 indicators (three from Biodiversity, one from Environmental quality, one from
Food, material and energy, three from Recreation and seven from Water resources).

• Marine inlets and transitional waters: 7 indicators (two from Biodiversity, three from Environmental
quality and two from recreation).

132



Forests 2020, 11, 595

Table 2. Classification of the ecosystem types (MAES level 3), for mapping and assessment in terrestrial
areas of Greece.

MAES Ecosystem
Category (Level 1)

Ecosystem Type for
Mapping and

Assessment (Level 2)

Ecosystem Type for Mapping and
Assessment in Greece (Level 3)

Habitat Type Codes

Terrestrial

Urban

Dense to medium dense Urban Fabric (IM.D.
30%–100% + industrial, commercial, public,
military and private units)

-

Low-density Urban Fabric (IM.D. 0%–30%) -

Other/Transport -

Cropland

Arable land -

Permanent crops -

Heterogeneous agricultural areas -

Grassland

Managed grassland -

Natural grasslands prevailingly without trees
and scrubs (T.C.D. < 30%)

6110 *, 6170, 6220 *, 6230 *,
6290, 62A0, 62D0, 6420, 6430,

6510, 651A, G628, G645

Natural grasslands with trees and scrubs
(T.C.D. > 30%)

6110 *, 6170, 6220 *, 6230 *,
6290, 62A0, 62D0, 6420, 6430,

6510, 651A, G628, G645

Woodland and forest

Temperate deciduous forests 9110, 9130, 9140, 9150, 9180,
G91K, G91L

Mediterranean deciduous forests 91M0, 9280, 9250, 9310, 9350,
9260, 925A

Floodplain forests (Riparian forest/Fluvial
forest)

92A0, 92C0, 92D0, 91E0 *,
91F0

Temperate mountainous coniferous forests 9530 *, 951B, 91BA, 91CA,
9410, 95A0

Mediterranean coniferous forests 2270, 9540, 9560, 9290

Mediterranean sclerophyllous forests 9340, 934A, 9320, 9370

Mixed Forest 9270

Heathland and shrub
Moors and heathland 4060, 4090, 5360, 5420, 5430

Sclerophyllous vegetation 2250 *, 5110, 5150, 5160, 5210,
5230, 5310, 5330, 5340, 5350

Sparsely vegetated land

Sparsely vegetated areas
8130, 8140, 8210, 8220, 8230,
8310, 8320, 8330, 2240, 2260,

9620

Beaches, dunes, sands 1210, 1240, 1410, 2110, 2120,
2220, 2230, 2210

Bare rock -

Burnt areas -

Glaciers and perpetual snow -

Mines, dumps, land without current use -

Wetlands

Inland freshwater marshes 72A0, 72B0, 2190

Inland saline marshes 1310, 1410, 1420, 1430, 1510,
1440

Peat bogs 7140, 7210, 7220, 7230

Marine wetlands 1110, 1120, 1130, 1150, 1160,
1170, 1180, 1310

Freshwater Rivers and lakes
Rivers 3240, 3250, 3260, 3280, 3290

Lakes 3130, 3140, 3150, 3170 *

IM.D.: Impervious Degree, T.C.D.: Total Canopy Density, *: Habitat types of conservation priority in Europe.
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Table 3. National Set of indicators for the MAES implementation in Greece, their correspondence with
the Common International Classification of Ecosystem Services (CICES) sections and codes and their
utility for ES and/or EC assessments.

Indicator
Group

Indicator Name
CICES
Section

CICES Code
ES

Indicator
EC

Indicator

MAES Framework
Requirements
(See Table 1)

Biodiversity

Diversity of agro-ecosystems
with natural ecosystems (IB1)

Regulating
and

Maintenance

2.2.2.1,
2.2.2.3,
5.1.2.1,
5.2.2.1

Yes Yes 1, 3, 8, 9

Floristic diversity (IB2) 2.2.2.3 Yes Yes 1, 2, 3, 4, 6, 7, 8, 9

Micro-refugia of floristic and
endemic diversity (IB3) 2.2.2.3 Yes Yes 1, 2, 3, 7, 8, 9

Network of crop limits with
natural vegetation (IB4)

2.1.2.3,
2.2.2.1,
2.2.2.3,
5.1.2.1

Yes Yes 1, 3, 8, 9

Total biodiversity (IB5) 2.2.2.3 Yes Yes 1, 2, 3, 4, 5, 6, 7, 8, 9

Environmental
quality

Change of upper forest limits
(IE1)

Regulating
and

Maintenance

- No Yes 1, 2, 3, 5, 7, 8, 9

Conservation status at various
scales (IE2) - No Yes 1, 2, 3, 4, 5, 7, 8, 9

Forest fires (density) (IE3) - No Yes 1, 3, 5, 7, 8, 9

Forest fires (frequency) (IE4) - No Yes 1, 3, 5, 7, 8, 9

Fractional vegetation cover
(IE5) Yes 1, 2, 3, 5, 7, 8, 9

Natural regeneration (for
woodland and forest) (IE6)

2.2.2.3,
2.2.6.1,
5.1.2.1,
5.2.2.1

Yes Yes 1, 2, 3, 4, 6, 7, 8, 9

Riparian area alteration (IE7)

2.2.1.3,
2.2.1.5,
2.2.2.3,
5.1.2.1,
5.2.1.2,
5.2.2.1

Yes Yes 1, 2, 3, 4, 5, 6, 7, 8, 9

Soil corrosivity (IE8)

2.2.1.1,
2.2.1.2,
2.2.4.1,
2.2.4.2,
5.2.1.1

Yes Yes 1, 2, 3, 5, 7, 8, 9

Urban green space (IE9)

2.1.2.2,
2.1.2.3,
2.2.1.4,
2.2.2.2,
2.2.2.3,
2.2.6.2,
5.2.1.3,
5.2.2.1

Yes Yes 1, 3, 6, 7, 8, 9

Urban temperature (IE10) 5.2.2.1 Yes Yes 1, 3, 7, 8, 9

Food, material
and energy

Cropland area (IM1)

Provisioning

1.1.1.1 Yes No 1, 3, 6, 7, 8, 9

Cropland efficiency (IM2) 1.1.1.1 Yes Yes 1, 3, 6, 7, 8, 9

Firewood energy value (IM3) 1.1.6.3 Yes No 1, 3, 6, 7, 8, 9

Solar energy (IM4) 4.3.2.4 Yes No 1, 2, 3, 6, 7, 8, 9

Water for energy production
(IM5) 4.2.1.3 Yes No 1, 2, 3, 6, 7, 8, 9

Wind energy (IM6) 4.3.2.3 Yes No 1, 2, 3, 6, 7, 8, 9
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Table 3. Cont.

Indicator
Group

Indicator Name
CICES
Section

CICES Code
ES

Indicator
EC

Indicator

MAES Framework
Requirements
(See Table 1)

Forestry

Available firewood (IF1)

Provisioning

1.1.5.3 Yes Yes 1, 3, 6, 7, 8, 9

Pasture productivity (IF2) 1.1.5.1 Yes Yes 1, 3, 6, 7, 8, 9

Standing volume (IF3) 1.1.5.2 Yes Yes 1, 3, 6, 7, 8, 9

Technical wood (IF4) 1.1.5.2 Yes Yes 1, 3, 6, 7, 8, 9

Total annual increment (IF5) 1.1.5.2 Yes Yes 1, 3, 6, 7, 8, 9

Wood harvest (IF6) 1.1.5.2 Yes Yes 1, 3, 6, 7, 8, 9

Recreation

National forests (IR1)

Cultural

6.2.2.1 Yes No 1, 2, 3, 6, 7, 8, 9

Inland waters rafting and
boating (IR2) 6.1.1.1 Yes No 1, 3, 6, 7, 8

Organized beaches (IR3) 6.1.2.1 Yes Yes 1, 3, 6, 7, 8

Thermal springs (IR4) 6.1.2.1 Yes No 1, 3, 6, 7, 8

Trial walking systems (IR5) 6.1.1.1 Yes No 1, 3, 6, 7, 8

Visitors’ preferences (IR6) 6.1.2.1 Yes Yes 1, 3, 6, 7, 8

Water resources

Ability to satisfy demand by
water use (IW1) Provisioning 4.2.1.1,

4.2.1.2 Yes Yes 1, 3, 6, 7, 8

Chemical condition of surface
water (for rivers and lakes)
(IW2)

Regulating
and

Maintenance

2.2.5.1,
5.2.2.1 Yes Yes 1, 2, 3, 4, 5, 6, 7, 8, 9

Chemical condition of
underground water (IW3)

Regulating
and

Maintenance

2.2.5.1,
5.2.2.1 Yes Yes 1, 2, 3, 4, 5, 6, 7, 8, 9

Demand (total use) (IW4) Provisioning 4.2.1.1,
4.2.1.2 Yes Yes 1, 3, 6, 7, 8

Ecological condition of surface
water (for rivers and lakes)
(IW5)

Regulating
and

Maintenance
4.2.2.4_W1 Yes Yes 1, 2, 3, 4, 5, 6, 7, 8, 9

Quantity of underground water
(IW6) Provisioning 4.2.2.4_W2 Yes Yes 1, 3, 6, 7, 8, 9

Water exploitation index—WEI
(IW7) Provisioning 4.2.2.4_W3 Yes Yes 1, 3, 6, 7, 8

W1, W2, W3: working code for Greece (following the guidelines of the CICES regarding the creation of additional
working codes).

3.2.2. Data Quality and Suitability for Tiers

Due to the methodology applied for the indicators’ selection, most indicators are suitable for
tier 1 and tier 2 mapping (except for the indicators “Conservation status at various scales”, “Demand
(total use)” of water, “Water exploitation index—WEI” and “Ability to satisfy demand by water
use”, which are applicable for national-scale mapping). This is because spatial information for each
indicator is provided at the level of the management unit (e.g., available stock for each managed
forest class, cultivation and product type by each land parcel, kilometers of trails with georeferenced
trace, etc.). However, most of the indicators cannot be used for tier 3 ES assessments and further
elaboration (e.g., modelling) or field work is needed (e.g., for biodiversity assessment at the local
level). Supplementary Table S1 (a) provides in detail all the available information for the National
Set of Indicators and highlights their readiness for each tier-oriented study by a characteristic color
coding, (b) simultaneously summarizes all the available knowledge from official designated sources of
information and (c) is drafted as a baseline for the future steps of the MAES implementation in Greece.
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Figure 3. National set of indicators for Greece and their relationship with ecosystem types. IB:
Biodiversity indicator, IE: Environmental quality indicator, IM: Food, material and energy indicator, IF:
Forestry indicator, IR: Recreation indicator, IW: Water resources indicator (for a detailed abbreviations’
reference, e.g., IB1, IB2, etc., see Table 3).

3.2.3. Indicator Development and Implementation

The drafted pre-defined protocols for the development and implementation of an indicator are
presented in Supplementary Tables S2 and S3, respectively.

3.3. Thematic Mapping

3.3.1. MAES-Related Dataset Availability and Potential ES Bundles and Hotspots

ES Bundles

The thematic representation of co-existing MAES-related datasets, with spatial reference, at the
10 × 10 km EEA reference grid-cell level (Figure 4), highlights that the available, ready-for-use
information follows a terrain-, relief-oriented pattern, as follows: (i) cells of mountain ranges, especially
in the northern Peloponnese and further north, contain information from five or more of the available
datasets (yellow to red colors), an area accounting for 751 out of 2215 cells (34% of the total extent).
This is due to a lack of typical (timber-oriented) forest management and subsequently, to a lack of the
relevant datasets, at the mountainous, forest and woodland areas of north-central Peloponnese and
further south. (ii) Plain areas are dominated by cultivated land (designated by the “cropland area”
dataset), e.g., western Peloponnese and Thessaly, and represent main agricultural areas of the country
(dominated by greenish cells), (iii) island areas (Ionian Islands, Crete and Aegean Islands) are also
dominated by cells of four or less MAES-related datasets. The distribution of the cumulative presence
of MAES-related data in the grid cells throughout Greece is given in Table 4. These results pinpoint
serious data gaps, since only twelve datasets are available to be directly used for the national scale
assessment. The most complete and detailed datasets are those for cropland and forestry. The detailed
information at each cell is provided in Supplementary Table S4.
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Figure 4. Ecosystem services bundles’ map of Greece: a thematic representation of the co-existence of ES
indicators at 10 × 10 km EEA reference grid cell level. Indicators taken into account and rated: (i) forest
management studies, (ii) wind energy stations, (iii) hydroelectric energy stations, (iv) solar energy
stations, (v) national forests, (vi) Natura 2000 areas and/or wildlife refuges, (vii) “blue flag” beaches,
(viii) thermal springs, (ix) inland waters boating and rafting, (x) mountain shelters, (xi) cropland area
and (xii) water resources.

Table 4. Distribution of the cumulative presence of MAES-related data in the terrestrial 10 × 10
European Environment Agency (EEA) reference grid cells of Greece.

Number of MAES-Related Datasets Number of Corresponding Cells % of Total Cell Number

0 14 0.63
1 98 4.42
2 166 7.49
3 474 21.41
4 712 32.14
5 482 21.76
6 195 8.80
7 69 3.12
8 5 0.23

Total 2215 100
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ES bundling regions of Greece were also identified by analyzing the representativity of the various
cell categories (i.e., cells rated from 0 to 6, representing the utility of zero to six ecosystem indicator
groups) in each of the 13 administrative regions of Greece (NUTS 2 level) (i.e., Attica, North Aegean,
South Aegean, Crete, Eastern Macedonia and Thrace, Central Macedonia, Western Macedonia, Epirus,
Thessaly, Ionian Islands, Western Greece, Central Greece and Peloponnese). By this, for each indicator
group, readiness-data-gap maps have been drafted for the MAES implementation in Greece (Figure 5),
as well as for their cumulative importance (Figure 6). These maps integrate each region’s area as
a parameter. In Figure 6, pie slices represent the percentage (%) of EEA reference grid cells that
include data for the application of zero, one, or more (numbers on the map) MAES indicator groups in
each region of Greece. Pie size represents the relative percentage weighted by the NUTS 2 area size
(i.e., number of 10 × 10 EEA reference grid cells included in the region). Grey tones also represent
regions’ area size (i.e., darker = bigger, lighter = smaller).

 
Figure 5. Readiness map for the MAES implementation in Greece, regarding the indicator groups of
(i) Biodiversity, (ii) Environmental quality, (iii) Food material and Energy, (iv) Forestry, (v) Recreation
and (vi) Water resources. Pie size represents the percentage (%) of EEA reference grid cells that include
data for the application of each indicator group in each region of Greece (NUTS 2). Greyscale shading
per region refers to the number of cells in each region with data of each indicator group (darker shades
represent regions with a higher total number of cells with relevant data). Data gaps for the particular
indicators can be inferred from both percentage and relative shadedness. This combination provides a
proxy of relative “readiness” for MAES studies.
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Figure 6. Readiness map for the MAES implementation in Greece. Pie slices represent the percentage
of EEA reference grid cells that include data for the application of zero, one, or more MAES indicators
(pie slice numbers) in each region of Greece (NUTS 2). Pie size represents the relative percentage
weighted by NUTS 2 area size (i.e., number of 10 × 10 EEA reference grid cells included in the region).
Grayscale shading represents the summation of the number of one or more indicator groups’ data within
the regions’ grid cells. NUTS 2 Regions: Attica (EL30), North Aegean (EL41), South Aegean (EL42),
Crete (EL43), Eastern Macedonia and Thrace (EL51), Central Macedonia (EL52), Western Macedonia
(EL53), Epirus (EL54), Thessaly (EL61), Ionian Islands (EL62), Western Greece (EL63), Central Greece
(EL64), Peloponnese (EL65).

The results of these maps suggest the following for the different indicator groups:

a. Biodiversity: most administrative regions are covered by an adequate number of
biodiversity-related datasets (their majority is rated above 80%). The regions of South Aegean,
East Macedonia and Thrace and Crete are covered at highest rates (91.5%, 90.7% and 89.3%,
respectively). The region of Attica, hosting the metropolitan center and capital of Greece—Athens,
is in the last position of the classification, with 69.1% of its area covered by biodiversity-related
datasets. Overall, area-size differentiations are not of significant importance.

b. Environmental quality: in most regions (nine out of thirteen), more than 70% of their surface is
covered with data relevant to environmental quality. The region of Attica, including Athens,
ranks in the last position of the list. Area-size differentiations are not of significant importance.

c. Food, material and energy: all regions are considered to have adequate spatial coverage
regarding the available datasets for food, material and energy. Area-size differentiations are not
of significant importance.

d. Forestry: regions of northern Greece, Western Macedonia, East Macedonia and Thrace and
Central Macedonia are the first in the list with 71.0%, 63.7% and 62.2% cover of their surface,
respectively. The Metropolitan region of Attica and island regions are placed last in the list:
Attica 7.4%, South Aegean 1.6%, North Aegean and the Ionian Islands at 0%. Area size is
considered important and follows the pattern of area covered by the datasets.
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e. Recreation: most areas covered by recreation-related data are present in the Ionian Islands
(47.4%), Crete (34.9%) and Central Macedonia (29.5%). Regions’ area size is important; for
example, for the Ionian Islands region, it is highlighted that 47.4% of the area cover is of high
importance regarding the relatively small area of the region.

f. Water resources: all regions are relatively well covered by water resources-related datasets and
this is due mainly to the recent monitoring and assessment networks established for the EU
Water Framework Directive. Although not apparent at this regional scale analysis, some local
fine-scale data is still poorly compiled or surveyed, due to the country’s high geographical
fragmentation (many small river basins and small isolated wetlands). Area-size differentiations
among regions are not of significant importance.

Central Macedonia, South Aegean and East Macedonia and Thrace are depicted (Figure 6) as the
regions with larger areas, where, simultaneously, more than 4 indicators can be assessed. Regions of
Central Greece, Peloponnese, Western Greece and Crete, follow. Epirus, North Aegean and Ionian
Islands are depicted as of low importance in comparison with other regions, when considering areal
extent (ha) for interpretation purposes. Area size is important for the interpretation of the results and
highlights that larger area (e.g., Central Macedonia, Central Greece) is not a parameter linked to the
available data diversity (e.g., Epirus, Ionian Islands, Attica).

ES Hotspots

Screening of the spatial distribution and density of the available datasets revealed areas which can
be considered as ES hotspots. The following results were pinpointed for the three major ES categories
(CICES sections):

a. Provisioning services: (i) 39% of the terrestrial area is covered by agricultural areas, Thessaly,
Western Greece, Central Macedonia, East Macedonia and Thrace and Crete can be considered
as hotspots of agriculture-related provisioning services, (ii) approximately 15% of the country
is under forest management control for timber and other forest products: Pindos, Rhodopi
and Evros mountain ranges are considered as hotspots, (iii) most wind parks are developed
in Central Greece, followed by Crete and East Macedonia and Thrace, and a local hotspot can
be identified in Southern Evvoia (Central Greece), (iv) proposed and developed hydroelectric
power plants from small dams hotspots are located throughout the mountain range of Pindos
and continue southwards to the mountains of Northern Peloponnese: secondary hotspots are
located lengthwise of north Greek borders, (v) a hotspot of solar energy production is identified
at the surrounding area of Ptolemaida (Western Macedonia), while most solar energy units are
developed in Thessaly and Central Greece.

b. Regulating and maintenance services: Most high-altitude mountains of Greece, wetland areas,
lakes and numerous coastal areas can be perceived as hotspots for regulating and maintenance
services. Although some regions are characterized by relative higher proportional area coverage
by Natura 2000 sites and wildlife refuges than others (e.g., East Macedonia and Thrace versus
Attica, respectively), the spatial distribution pattern of these hotspot areas designates them as of
equal importance for every region.

c. Cultural services: Using the currently limited number of indicators the spatial pattern of the
related information pinpoints Central Macedonia, Crete and the Ionian Islands as hotspot regions
for cultural ecosystem services, hosting a dense concentration of high-quality mountain and
coastal areas for recreational and spiritual activities/interactions (i.e., identified by a necessarily
limited number of proxy indicators, being mountain shelters, “blue flag” beaches, thermal
springs, fresh-water sports). This initial review shows that the restricted number of country-wide
Cultural Ecosystem Services indicators should be increased and further developed.

Supplementary Figure S1 presents the thematic representation of the above-mentioned spatial
distribution of ES-related datasets, for the hotspot identification.
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Relevance to Policies

The screening assessment to identify relevance among the adopted indicators and national and
EU strategies and policies came up with the following results (Figures 7 and 8):

a. Biodiversity strategy: 21 relevant indicators, including 5 from Biodiversity, 8 from Environmental
quality, 1 from Forestry, 4 from Recreation and 3 from Water resources groups.

b. Forest strategy: 25 relevant indicators, including 3 from Biodiversity, 7 from Environmental
quality, 1 from Food, material and energy, 6 from Forestry, 4 from Recreation and 4 from Water
resources groups.

c. Regional policy: 19 relevant indicators, including 7 from Environmental quality, 2 from Food,
material and energy, 5 from Recreation and 5 from Water resources groups.

d. Agricultural policy: 21 relevant indicators, including 4 from Biodiversity, 4 from Environmental
quality, 4 from Food, material and energy, 1 from Forestry, 1 from Recreation and 7 from Water
resources groups.

e. Climate policy: 26 relevant indicators, including 2 from Biodiversity, 9 from Environmental
quality, 4 from Food, material and energy, 4 from Forestry, 2 from Recreation and 5 from Water
resources groups.

f. EU Green Deal: All (40) proposed indicators are relevant to the EU Green Deal policy. However,
specific relevance is present among indicators and the thematic targets of the EU Green Deals.

 
Figure 7. Correspondence matrix among indicators and national policies.
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Figure 8. Correspondence matrix among indicators and the EU Green deal.

4. Discussion

Inventory, classification and standardized description of ES is the basis for any effort to measure,
map or value them, and it is also the basis of being transparent regarding our methods and findings, so
that we may effectively communicate and critique results [66]. However, the sheer number of ES and
the correspondingly high number of indicators and large amounts of data needed for their assessment
and valuation requires a pragmatic approach, such as the one proposed in the MAES indicators report,
which focuses on using indicators supported by the available data [33]. At the same time, other criteria,
such as validity and policy relevance, also need to be fulfilled regardless of data availability: ignore
these and the usefulness of the indicators is seriously compromised [37,38,67,68]. Heink et al. [33]
claim that (a) it is essential to show how indicators are related to goals and to conceptual frameworks
and (b) the validity and relevance of indicators is just as important as data availability, as well as to the
extent that the policy makers understand them.

The present study complies with the above-mentioned requirements and follows the CSLF
(Credibility, Salience, Legitimacy, Feasibility) approach, which provides criteria for developing
ecosystem service indicators [69]. Feasibility is of high importance in national ES assessments, since
MS should (a) rapidly proceed with the baseline MAES status in their territory, (b) identify issues of
importance regarding data gaps, management practices, trade-offs and/or sector policy conflicts and (c)
move forward to detailed management-oriented and applied studies. Using available and feasible
indicators and identifying data gaps avoids “paralysis by analysis” situations; taking such initiatives to
apply indicators in practice also requires studying data gaps, risks, cultural idiosyncrasies and possible
dysfunctions involved [70].

Our proposed MAES indicator framework does have some limitations since we are at the
beginning of its state-wide development in Greece. Some of the available data are based on an
uneven sampling distribution, and there are data-scarcity and data-consistency issues in many
areas [34,41,71]; for example, higher quality information is available for some high-profile protected
areas relative to the smaller and newer ones (e.g., Reference [72]), and this is broadly evident in
our ecosystem bundles analysis (Figure 4). Moreover, work in the marine sector cannot at this
time be fully integrated in this assessment framework since heterogeneity in data requirements,
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wide knowledge gaps and methodological limitations exist [34,73]. Although there are numerous
challenges in applying policy-relevant ecosystems services with standardized methods in marine
ecosystems, these problems are actively being explored [74–76]. Especially, in the Mediterranean
MS, assessment approaches require careful considerations due to the diversity and intricacy of
natural variability and cultural complexities [77]. A particular challenge among the ES types are
Cultural Ecosystem Services, especially their streamlined assessment at the national and regional
scales [78,79]. In our proposed MAES application, these are treated primarily within recreational
values since it is difficult to survey other cultural services with any consistency on a state-wide scale
(e.g., Reference [21]). CES are important in providing various methods to engage stakeholder and local
applications (where conflict areas may also be identified) (e.g., References [80,81]). Obviously, we do
not mean to degrade or denigrate other types of cultural ecosystem services [82,83], and important
aspects such as landscape quality, including aesthetics and other landscape-scale attributes, are being
actively investigated (e.g., References [84–86]). Many new methods and tools for landscape-scale
analyses (e.g., References [87,88]) and approaches incorporating assessments of non-material benefits
to societal well-being are being developed and new indicators should be incorporated in our adaptive
national framework in the near future.

Despite some limitations, based on the results of the study, we consider that the available data
in Greece are appropriate for national scale MAES studies (tier 3 and tier 2) and are sufficiently
informative to support decision-making for many forms of natural resources management. Especially
within the Natura 2000 sites (27.5% of the terrestrial territory), data availability, administrative support
and human resources are considered as of high capacity and the potential is high to prioritize the
implementation of MAES studies within protected areas in the near future. In the frame of the LIFE-IP
4 Natura Project, detailed MAES studies will be implemented in selected sites, and the proposed
indicators can be modified or altered to comply with local-level needs [89]. Also, due to a variety
of recently applied policy-relevant monitoring programs promoted in Greece, such as water body
ecological quality monitoring applications [90,91], the quality and quantity of perpetually updated
data should rapidly increase. The drafted set of indicators and their spatial representation within
an adaptive framework provide an adequate guide to support case-study sites’ selection and future
ameliorations of assessment accuracy and precision.

Moreover, it was considered important to develop a standardized reporting methodology to EU
authorities based on the 10 × 10 km EEA reference grid. Indicators’ thematic maps on ES, data gaps
and compliance with policy-related requirements produced in this study serve as an appropriate way
of reporting the MS status on ES. Using the common ES coding provided by the CICES system, relevant
maps at the EU level can be produced and in this way, we can identify ES bundles and hotspot areas
across EU territory.

The next steps should be to conduct a nation-wide field assessment of ES and EC, using a
web-based platform that has been developed by the University of Patras, for the LIFE-IP 4 NATURA
project [92]. Plots within each EAA reference grid cell and for each ecosystem type are collected and
this plots’ dataset will: (a) support data validation and update, (b) thematic representation of ES
actual and potential supply, based on field data (c) spatial trim literature ES supply and demand data
and (d) assist the identification of ecosystems in degraded condition. This action, combined with
the National Set of Indicators assessments, is expected to provide the best available knowledge for
ecosystem types and their services in Greece and thus support decision- and policy-making with robust
scientific information. Elaborated trade-off analysis is also needed and highlighted as a next step for
the LIFE-IP 4 NATURA project, at least at the national scale. Fully developed trade-off analyses at this
preliminary stage of MAES applications should proceed with extra care, since some types of ES, such as
cultural services, may not be adequately represented by the current indicator set in all ecosystem types.
However, displaying ES indicators makes trade-offs explicit and this may help facilitate management
plans and project planning decisions; also, through stakeholder participation [28], this approach should
promote sound value judgments at national and regional scales.
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To summarize, drafting and implementing a National Set of Indicators in each MS is crucial at
the country, as well as at the EU level, and provides (complementary to MAES): (a) assistance for
implementing other Actions of the EU Biodiversity Strategy, (b) guidance on how to use information on
ecosystem services in impact assessments or for policies needs and (c) the existing link of biodiversity
and ecosystem condition to ecosystem services and human well-being. However, this set of indicators
is not a “passe-partout” for the MAES implementation, and modifications and alterations should be
welcome, assessed and considered for use at different scales. In fact, and as stated by Costanza et al. [28],
“there is not one right way to assess and value ecosystem services. There is, however, a wrong way,
that is, not to do it at all”. We consider this must be an adaptive process that should involve incremental
steps towards evolution, amelioration and frequent review of the efficiency, consistency and usefulness
of the first set of chosen indicators.

5. Conclusions

This study introduced the National Set of MAES indicators for Greece, a set of 40 indicators, aiming
to support and promote ES and EC assessments throughout the Greek territory. The methodology
complies with EU MAES frameworks and the ES classification system and through this, contributes to
standardized ES reporting purposes at the MS level. This work is a synthesis of a multidisciplinary
review of the available datasets in Greece, evaluated by experts representing national authorities,
various university departments and research centers; thus, ensuring administrative validity and a
broad scientific background. The results presented at the national and the regional level (NUTS 2
administrative regions) of Greece, highlight areas where: (a) MAES studies can be directly applied
by implementing the proposed indicators and (b) MAES preparatory actions are needed (e.g., field
surveys, data collection from non-digital/non-digitized sources, modelling) due to the explored data
gaps. Finally, this set of indicators forms the official national basis on which future studies will be
conducted for MAES reporting and implementation towards supporting the targets of the National
and the EU Strategies and Policies.
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Targets, National Strategies and Policies.
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Abstract: Research Highlights: This is the first review of existing knowledge on the Lamiaceae taxa
of Greece, considering their distribution patterns and their linkage to the ecosystem services they
may provide. Background and Objectives: While nature-based solutions are sought in many fields, the
Lamiaceae family is well-known as an important ecosystem services provider. In Greece, this family
counts 111 endemic taxa and the aim of the present study is to summarize their known occurrences,
properties and chemical composition and analyze the correlations between these characteristics.
Materials and Methods: After reviewing all available literature on the studied taxa, statistical and GIS
spatial analyses were conducted. Results: The known properties of the endemic Lamiaceae taxa
refer mostly to medicinal and antimicrobial ones, but also concern nutritional and environmental
aspects. Essential oils compositions with high concentrations in molecules of interest (e.g., carvacrol,
caryphyllene oxide, etc.) have been found in some taxa, suggesting unexploited applications for
these taxa. Distribution patterns show a higher concentration of endemic Lamiaceae on the island
of Kriti and southern Peloponnisos; patterns of the endemics’ properties are also highlighted in
the biodiversity hotspot of Kriti. However, the lack of data for two thirds of the taxa, regarding
their properties or specific distribution, shows a gap of knowledge. Results on endemic Lamiaceae
properties and composition are correlated with the supply or potential supply of ecosystem services
and the relevant hotspots have been identified. Conclusions: The Greek endemic Lamiaceae taxa
are proved to be of great importance, regarding their chemical composition and the properties they
confer. The distribution analysis suggests the existence of clustering patterns of plant species with
common properties. Finally, this study highlights knowledge gaps that should be filled in order to
ensure the conservation of the endemic Lamiaceae taxa and the preservation of the ecosystem services
they provide or could potentially provide.

Keywords: biodiversity management; endemic taxa; Greek flora; knowledge gaps; MAES
implementation

1. Introduction

The biological resources of medicinal and aromatic plants have been used extensively for health
care and healing practices across history and cultures [1–6]. Hundreds of millions of people, especially
in developing countries and regions, collect plant and animal material to fulfil their needs for substances
for personal uses or for trade as a complementary or primary income [7,8]. Characteristically, the World
Health Organization reports that medicinal and aromatic plants still form the basis of traditional or
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indigenous health systems of the populations in most of the developing countries [9]. The collection
and use of nature products and especially medicinal and aromatic plants is a common practice also
in developed countries for cultural reasons as well as for trade commodities that meet the demand
of often distant markets [10]. Moreover, medicinal and aromatic plants represent the largest natural
resource (in terms of taxa number) used for its properties and compounds, especially in the growing,
international market of plant-based cosmetics, spices, medicine and health products [11].

Subsequently, intensive pressure on natural resources is placed on the populations of the
medicinal and aromatic plants, due to increasing demand, most of which are still collected in the wild.
Uncontrolled overexploitation of wild plants, their habitat loss and alteration are the main reasons
why medicinal plants, their study, evaluation, utilization and conservation have become essential
parts of research programs [12] and increasing recommendations by many agencies that wild species
should be brought into cultivation [13–15]. Although cultivation of medicinal plants can reduce the
harvesting pressures on wild populations, it could also result to habitat and ecosystem degradation,
genetic diversity reduction and the loss of incentives for the conservation of wild populations [16].
On the other hand, wild plant populations are affected by disturbance processes and positive links are
identified among medicinal plant diversity and disturbance factors; the example of Arnica montana is
typical, where traditional grazing practices in European meadows supports the conservation of rare
plant populations [17,18].

The trade-off documentation (e.g., among conservation and production benefits) for medicinal
and aromatic plant exploitation is crucial for supporting management decisions and policy-making
processes on species conservation options and actions needed to be implemented [19–21]. In situ
and ex situ conservation (field, seed and in vitro collections), which are complementary conservation
strategies, are being implemented in Europe and other continents in the world for plant genetic
resources in general, and medicinal and aromatic plants species in particular [22]. During recent
decades, the demand and need for natural products and their substances, instead of safety-questionable
synthetic compounds, has guided numerous studies regarding wild plant chemical composition,
properties and uses [23–25].

The ecosystem services (ES) approach [26–28] recognizes that humans, characterized by their
cultural and economic diversity, form an integral component of the natural environment. This strong
relationship among human activities and ecosystems is the core of the sustainable development
framework and highlights the dependence of human society on ecosystems [10,29], as well as that
human and ecosystem “prosperity” need to be jointly assessed [30]. When the human condition and
the condition of the ecosystem are favorable or improving jointly, then sustainable society functioning
should be achieved [31,32]. Plant and animal population and distribution trends are indicators of
sustainable resource use. Subsequently, a sustainable harvesting system, including medicinal and
aromatic plants, proposes the collection of plant material from a certain area without impact on the
structure and functions of the harvested plant population [33,34].

The capacity of nature to provide medicinal and aromatic plant resources depends on the species
richness of medicinal/aromatic plants. Several areas in Europe and Central Asia are characterized by
high medicinal plant species richness, including the Mediterranean region, the Alps and the Pyrenees,
the Massif Central in France, the Balkan Peninsula, the Crimean Peninsula and the Carpathian
Mountains [35]. Bogers et al. [36] concluded that the use of naturally available resources is of high
priority in areas where climatic conditions and environmental attributes permit it, and Greece is
considered as one of the globally important places where medicinal and aromatic plants constitute
an important natural resource [37,38]. An outstanding example of a plant family with important
medicinal and aromatic plants in Greece is the Lamiaceae, colloquially known as the “mint family”;
it includes many ethnobotanically renowned species such as sages, thymes, lavenders, “mountain teas”
and oreganos [39].

Under the key targets of the Mapping and Assessment of Ecosystems and their Services (MAES)
implementation in Greece [40] and in the frame of the currently in progress Flora of Greece project,
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this paper provides an overview of the endemic Lamiaceae medicinal and aromatic plants of Greece,
by using all the available literature data for each taxon’s uses and attributes. More precisely, this work
aims to: (a) provide a catalogue of the endemic Lamiaceae medicinal and aromatic plant species and
subspecies (taxa) with country-wide distributional data, assigned to ecosystem types and followed by
their properties and components characteristics, (b) summarize the distribution patterns for Lamiaceae
medicinal and aromatic plants in Greece, (c) highlight diversity and endemism hotspots for the
Lamiaceae plants, (d) support MAES implementation, by assigning each taxon to the actual or potential
supply of one or more ecosystem services and (e) pinpoint data gaps and further steps needed for the
sustainable exploitation and management of medicinal and aromatic plants’ wild populations.

2. Materials and Methods

The Lamiaceae taxa present in Greece and their status as Greek endemics and/or range-restricted
are identified and designated following Dimopoulos et al. [41,42] and the related Flora of Greece Web
database portal [43]. In the present study, taxa are defined as comprising species and subspecies.
Separation of the terrestrial Greek territory into floristic regions follows Strid and Tan [44] and the
specific biogeographical region names are used. The implementation of the study consists of the
following eight steps (Figure 1):

Figure 1. Flowchart of the study.

Step 1: Data on the existing knowledge for each endemic Lamiaceae taxon are collected by using
“taxon name” and/or “Lamiaceae + Greece” as key words in the Google Scholar, Science direct, Scopus
and Web of Science databases. The goal was to gather all existing literature for each Lamiaceae taxon
referring to: (a) the chemical constituents of its essential oils, (b) its medicinal uses, (c) its environmental
value, (d) its culinary uses and (e) the last discoveries about its biochemical, potential applications.
In addition, the knowledge about the endemic taxa has been completed by data concerning closely
related, non-endemic species (e.g., Lamium garganicum subsp. striatum (Sm.) Hayek, Satureja montana
subsp. pisidia (Wettst.) Šilic, Teucrium chamaedrys subsp. lydium O. Schwarz). As a result, 741 papers
have been assessed, including 356 studies dealing with molecules’ properties;

Step 2: The gathered information was filtered on the basis of the main component (e.g., 1.8-cineole,
alpha-cadinol, alpha-copaene, alpha-pinene, bêta-caryophyllene, carvacrol, etc.) at the genus level;
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Step 3: Main components were assigned to one or more properties (i.e., risk of toxicity, genotoxicity,
antiviral, antifungal, antibacterial, anti-parasite, cat attractant, insect attractant, insect repellent or
insecticide, antioxidant, anti-tumor, anti-ulcer, anti-inflammatory, antinociceptive, cardiovascular
benefits, brain benefits, skin penetrant, immune-modulator, other medical properties, flavoring or
fragrance, fuel, materials, solvents, herbicidal or plant protection;

Step 4: Properties identified in Step 3 were assigned under five general categories, i.e., (i) aromatic
uses: this category points out the species with known uses as aromatic oils, food, spices or cosmetics; (ii)
medical properties: this category refers to plant extracts that have been scientifically proved to possess
properties of medical interest (antioxidant, antitumor, antidiabetic, anti-leukemic, immuno-stimulating,
etc.), some of them may already be exploited and commercialized for medical purposes (treatments,
essential oil, etc.); (iii) traditional medicine: this category includes plants that have been used for a long
time by the locals, and have been empirically known for their medical properties; (iv) antimicrobial
applications: this category refers to plant extracts presenting antibacterial, antifungal, anti-yeast or
antiviral potential applications; and (v) environmental interest: this category includes plants presenting
ornamental or landscaping interests, or plants which can have beneficial applications when used or
utilized as a living organism (educational value in botanical gardens and protected areas, ecotourism
value, habitat indicator, habitat or soil restoration, honey plant, etc.) and/or as a natural extract
(insecticidal, herbicidal, etc.);

Step 5: For identifying the properties per taxon, a matching table (matrix) for the main components,
the relevant properties and the general categories was drafted for each taxon;

Step 6: Using distribution data for each taxon, thematic maps were prepared focusing on the
spatial distribution of the endemic and non-endemic Lamiaceae taxa and of their properties. Gradients
patterns and heatmaps are used to distinguish hotspots and data gaps for each map. This analysis
includes endemic and non-endemic Lamiaceae taxa of Greece, aiming to compare with the taxa of
interest (i.e., endemic);

Step 7: Correspondence to the Common International Classification of Ecosystem Services (CICES
ver. 5.1) [45] sections (i.e., Provisioning, Regulating and Maintenance, Cultural) and the relevant
codes is also presented and assigned to the relevant categories of the IPEBS [46], Millenium Ecosystem
Assessment (MA) [30] and TEEB [47]. Ecosystem types supporting these ES are highlighted and ES
bundles regarding the identified ES are depicted in thematic maps;

Step 8: Results interpretation and management implications, suggestions for future actions and
support to policy making.

3. Results

3.1. Flora Statistics and Distribution

A list of 414 Lamiaceae taxa, including 111 Greek endemics, has been exported from
Dimopoulos et al. [41,42] and the Flora of Greece Web online database [43]. These 111 taxa belong to
88 species, from 19 genera. Stachys is the richest in endemics genus with 24 endemic taxa (18 species),
followed by Scutellaria (13 taxa from 7 species) and Teucrium (12 taxa from 11 species). The endemism
rates (i.e., count of endemic taxa/total count of taxa) at the family and the genus level in relation to
their species and taxa are as follows:

i. Family level: 26.8% (111 out of 414 taxa) when considering the taxa and 34% (88 of the
262 species) when considering the species;

ii. Genus level: Origanum is characterized by the highest endemism rate (70%) with 7 endemic
species out of 10, followed by Satureja (60%), Nepeta and Teucrium (58%) (Figure 2a). Nepeta
presents the highest rate with 10 endemic taxa out of 18 (56%), mostly due to the numerous
endemic Nepeta argolica subspecies, followed by Origanum (54%) and Scutellaria (46%) (Figure 2b).
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Figure 2. Endemism rates of Lamiaceae genera, at their species (a) and taxon (b) level.

The distribution patterns of the Lamiaceae in Greece for total taxon and endemic taxon richness,
as thematically represented on gradient maps, highlight the following:

a. Areas rich in Lamiaceae (orange to red cells) are located in northern and southern Pindos
(NPi, SPi), Stereas Ellas (StE) and Peloponnisos (Pe), North Central Greece (NC) and Kriti (Kr)
(Figure 3);

b. Hotspot regions of Lamiaceae endemics are located on the Kriti (Kr) and Karpathos (Kp) islands
and in Peloponnisos (Pe), especially in the southeast part of the region; Mt Athos (NE) can also
be considered as a local hotspot (Figure 4).

3.2. Main Components and Properties

3.2.1. Main Components

For 57 out of the 111 endemic Lamiaceae taxa, the components have been detected from previous
studies, testing a total of 134 samples of these taxa (Table 1). When focusing on the major component of
each of these 57 taxa, we find that the more frequent one is carvacrol, detected in 12 taxa and especially
in Satureja with 4 taxa, followed by thymol (6 taxa, including 3 Satureja and 2 Thymus), alpha-pinene
(5 taxa, including 4 Sideritis and 1 Phlomis) and p-cymene (5 taxa, including 2 Origanum and 3 Thymus).
Other molecules have been also detected and some have only been found as main components for two
taxa (six molecules including bêta-elemene, delta-cadinene, linalool, nepetalactone derivatives) or for
one taxon (11 molecules including (E)-nerolidol, alpha-copaene, gamma-terpinene and spathulenol,
among others). For some taxa, the content of metabolites like iroids, flavonoids or neoclerodanes has
been investigated, especially for eight taxa for which these lists are the only available information
about their essential oils’ composition (including two Marrubium taxa). For four other taxa, only
one to two compounds have been detected, in order to compare these taxa with others in their own
genus. However, the composition of the essential oils for 54 endemic taxa are still unknown and could
only be deduced from the composition of similar species belonging to the same genus (e.g., Acinos,
Ballota, Clinopodium).
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Figure 3. Distribution of the Lamiaceae taxa in Greece (10 × 10 km, EEA reference grid). Dotted lines
delineate the floristic regions of Greece [44].

Figure 4. Distribution of the endemic Lamiaceae taxa in Greece (10x10 km, EEA reference grid). Dotted
lines delineate the floristic regions of Greece [44].
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Table 1. Main components of Greek endemic Lamiaceae, assigned to number of taxa and genus/genera
represented. Genera in bold characters represent the genus with most taxa per main component.

Main Components Number of Taxa Genus (Genera) Represented

(E)-caryophyllene 4 Satureja, Stachys
(E)-nerolidol 1 Stachys
1,8-cineole 5 Nepeta

Alpha-cadinol 1 Stachys
Alpha-copaene 1 Stachys
Apha-pinene 5 Phlomis, Sideritis

Bêta-caryophyllene 2 Sideritis, Teucrium
Bêta-copaene 1 Sideritis
Bêta-elemene 2 Stachys

Carvacrol 12 Origanum, Satureja, Sideritis, Stachys, Teucrium, Thymbra, Thymus
Caryophyllene oxide 4 Nepeta, Stachys

Delta-cadinene 2 Stachys
Gamma-terpinene 1 Satureja

Geraniol 1 Thymus
Germacrene D 4 Phlomis, Teucrium, Thymus

Isoabienol 3 Sideritis, Stachys
Limonene 1 Stachys
Linalool 2 Scutellaria, Thymus

Nepetalactone derivatives 2 Nepeta
p-cymene 5 Origanum, Thymus

Piperitenone oxide 1 Calamintha
Piperitone oxide 2 Calamintha

Spathulenol 1 Satureja
Terpinen-4-ol 1 Origanum

Thymol 6 Origanum, Satureja, Thymus
Viridiflorol 1 Stachys

Only flavonoid, iroid, phenolic or
neoclerodane contents available 8 Marrubium, Scutellaria, Stachys, Teucrium

Only one or two compounds known 4 Origanum, Scutellaria, Teucrium, Thymus

Unknown 54 Acinos, Ballota, Clinopodium, Lamium, Micromeria, Prunella,
Salvia, Scutellaria, . . .

3.2.2. Properties

The review of the existing scientific literature enabled this study to identify noticeable properties
for the components (Table 2) of 37 Lamiaceae taxa among the 111 Greek endemics and assign
them to general property categories (Tables S1 and S2 of the supplement). In addition, two more
types of information enriched the review: (i) some studies suggested properties, without scientific
evidence or proof, but considered their traditional use, and (ii) certain properties proved to exist
within a species, which have been attributed as suggested properties for closely related subspecies
(i.e., the properties suggested by scientists without proven scientific demonstration). In the latter case,
for example, Nepeta argolica subsp. dirphya (Boiss.) Strid & Kit Tan has been documented as antibacterial,
which suggests that the endemics Nepeta argolica Bory & Chaub. subsp. argolica and Nepeta argolica
subsp. malacotrichos (Baden) Strid & Kit Tan could also possess this property. With the inclusion of
these different sources, 74 taxa out of the 111 have been assigned to one or several general property
categories (66%). At the same time, more than one third of the total number of taxa still has not been
studied with regard to their properties; an additional one third has only been proved to possess a single
property. Some more documented taxa are suspected to have two properties (24%) or more (12%).
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Among the 74 taxa documented as of interest, the most recurrent property is the scientifically
documented medicinal aspect; the literature review enabled to list 22 taxa as being of interest for human
health, and 10 as suspected to be so. Nevertheless, commercial use as a medicinal drug has only been
quoted for Origanum dictamnus L. Another main property is the antimicrobial aspect, proved to exist
in 21 taxa, and suspected in 16 taxa. The more represented antimicrobial taxa belong to the Sideritis
and Stachys genera. The environmental benefit by the Lamiaceae species is also frequently quoted (18
proved, 5 suspected), especially for Scutellaria or Thymus species, whose extracts can have insecticidal
effects, or can be used for ornamental purposes. The aromatic aspect has mostly been quoted but not
yet established, explaining the list of 20 suspected taxa. However, based on their culinary or cosmetical
uses, 11 Lamiaceae taxa endemic to Greece have been proved to have this property. In addition to
these four categories, Origanum, Satureja and Sideritis have been quoted among the seven proved and
the six suspected taxa used in traditional medicine.

Gradient Maps

The thematic representation of the spatial distribution of each general property category per
endemic taxon is depicted in Figure 5a–e; five gradient maps, one for each general property category,
have been drafted, where the different hotspots are visible, according to the presence of endemic plants
of interest for each property. The results of the analysis per category are as follows:

i. Aromatic properties: mountainous areas of SW Kriti (KK) are considered as the main hotspot
for endemic taxa with aromatic properties, followed by the mountains of southern Peloponnisos
(Pe). Secondary hotspots can be considered the areas of the Pindos mountain range (NPi and
SPi) and Mt Olimbos (NC) (Figure 5a);

ii. Medical properties: mountainous areas of Greece are pinpointed as hotspots for endemic plants
with medical properties. Kriti (KK) is the main hotspot (especially the eastern part of the island),
followed by the mountains of Peloponnisos (Pe), Sterea Ellas (StE), southern Pindos (SPi) and
Mt Olimbos (NC). Mt Athos (NE) is considered as a local hotspot (Figure 5b);

iii. Antimicrobial properties: all the mountains of Peloponnisos (Pe) are hotspots for the Greek
endemic taxa with antimicrobial properties. Kriti (KK) follows, with one or more Greek
endemics with antimicrobial properties occurring almost throughout the island. Mountains of
Sterea Ellas (StE) are also highlighted as important, alongside the local hotspots of Mt Olimbos
(NC) and Mt Athos (NE) (Figure 5c);

iv. Traditional medicine: Mt Olimbos (NC), Mt Parnon (Pe) and Mt Lefka Ori (KK) are the
prevailing hotspots; other mountain ranges throughout Greece follow. It should be mentioned
that the lack of well documented traditional uses of Greek endemic Lamiaceae in the literature
is probably giving a weak signal with regard to the traditional uses of the Greek endemic
Lamiaceae and thus biases the result of their spatial representation (Figure 5d);

v. Environmental interest: Mt Taigetos (Pe), Mt Lefka Ori (KK), Mt Vourinos (NC) and the island
of Kefallinia (IoI) are the main hotspots. A weak signal is also present for this category, due to
the lack of extensive literature sources (Figure 5e).

The cumulative result of the above-mentioned categories is presented in the map of Figure 5f.
Most significant hotspots of the co-existing Greek endemic Lamiaceae have been depicted and include
Kriti (KK), Peloponnisos (Pe), southern and northern Pindos (SPi and NPi). Local hotspots are present
throughout Greece, in the mainland and secondary to the islands, mainly at the Ionian Islands (IoI),
and secondary in the Aegean (EAe, NAe) (Symi, Ikaria and Thasos). Mt Olimbos (NC) and Mt Athos
(NE) are also pinpointed as cumulative local hotspots.
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Figure 5. Distribution of the reported properties per endemic taxon using the 10x10 km EEA reference
grid; (a) aromatic properties, (b) medical properties, (c) antimicrobial properties, (d) traditional
medicine, (e) environmental interest, (f) cumulative representation of the different properties present
per cell.

3.2.3. Ecosystems and Ecosystem Services

Habitat Categories and Ecosystem Types

The habitat preferences analysis of the Greek endemic Lamiaceae taxa assigned them to the
different habitat categories [41,42] and their correspondence to the relevant MAES level ecosystem
types [28] (Table 3) and highlighted the following:
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i. The majority of the endemic Lamiaceae (41%, i.e., 45 taxa out of 111) occurs on cliffs, rocks,
walls, boulder surfaces and ravines, a habitat category corresponding to the sparsely vegetated
land MAES ecosystem type (level 2); 31 of these taxa (28% of the total) are exclusively found in
this habitat category;

ii. A total of 31 taxa (28%) occur in xeric Mediterranean phrygana and grasslands (Mediterranean
dwarf shrub formations, annual-rich pastures and lowland screes), a habitat category
corresponding to the heathland and shrub MAES ecosystem type (level 2); 15 of these taxa (14%
of the total) are exclusively found in this habitat category;

iii. A total of 30 taxa (28%) occur in high mountain vegetation (i.e., mountain- and
oro-Mediterranean grasslands, screes and rocks, scrub above the tree line), a habitat category
corresponding to the grasslands and sparsely vegetated land MAES ecosystem types (level 2);
20 of these taxa (18% of the total) are exclusively found in this habitat category;

iv. A total of 21 taxa (19%) occur in temperate and sub-Mediterranean grasslands, i.e., lowland
to montane dry and mesic meadows and pastures, rock outcrops and stony ground, grassy
non-ruderal verges and forest edges; these habitats correspond to the grasslands and sparsely
vegetated land MAES ecosystem types (level 2); 12 of these taxa (11% of the total) are exclusively
found in this habitat category;

v. A total of 13 taxa (12%) are found exclusively in woodlands and scrub, i.e., broadleaved and
coniferous forests, riparian and mountain forests and scrubs, hedges and shady woodland
margins; these habitats correspond to the woodland and forest MAES ecosystem types (level 2);
two of these taxa (2% of the total) are exclusively found in this habitat category;

vi. Finally, two taxa (2%) are found in agricultural and ruderal habitats (fields, gardens and
plantations, roadsides and trampled sites, frequently disturbed and pioneer habitats), habitats
corresponding to the cropland and urban MAES ecosystem types (level 2); one of these taxa
(1% of the total) is exclusively found in this habitat category.

Table 3. Number of Greek endemic Lamiaceae taxa per habitat category and Mapping and Assessment
of Ecosystems and their Services (MAES) ecosystem type (level 2). Numbers in the parenthesis indicate
number of taxa exclusively present in the corresponding habitat category.

Habitat Category [41,43] MAES Ecosystem Type (Level 2) [28]
Number of Greek Endemic

Lamiaceae Taxa

C: Cliffs, rocks, walls, ravines, boulders Sparsely vegetated land 45 (31)
G: Temperate and sub-Mediterranean

grasslands (lowland to montane dry and
mesic meadows and pastures, rock outcrops

and stony ground, grassy non-ruderal
verges and forest edges)

Grasslands/Sparsely vegetated land 21 (12)

H: High mountain vegetation (mountain-
and oro-Mediterranean grasslands, screes

and rocks, scrub above the tree line)
Grasslands/Sparsely vegetated land 30 (20)

P: Xeric Mediterranean phrygana and
grasslands (Mediterranean dwarf shrub

formations, annual-rich pastures and
lowland screes)

Heathland and shrubs 31 (15)

R: Agricultural and ruderal habitats (fields,
gardens and plantations, roadsides and
trampled sites, frequently disturbed and

pioneer habitats)

Cropland/Urban 2 (1)

W: Woodlands and scrub (broadleaved and
coniferous forest, riparian and mountain

forest and scrub, hedges and shady
woodland margins)

Woodland and forest 13 (2)
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It is evident that sparsely vegetated land hosts most of the Greek endemic Lamiaceae and the
majority of these taxa are exclusively present in this ecosystem type (i.e., 31 taxa) or are present in
sparsely vegetated land and in grasslands (32 taxa), a total of 63 taxa. This fact pinpoints grasslands as
the second richest ecosystem type in Greek endemic Lamiaceae; heathland and shrubs, woodland and
forest follow.

Ecosystem Services

Assigning the general (summarizing) categories of the Lamiaceae endemics to the CICES categories
and to the relevant ecosystem services categories of the MA and TEEB (Table 4), we present the following:

i. Aromatic uses correspond to (a) two CICES codes of provisioning services, (b) three IPEBS
categories, (c) four MA categories and (d) three TEEB categories;

ii. Medical properties correspond to (a) one CICES code of provisioning services, (b) two IPEBS
categories, (c) three MA categories and (d) two TEEB categories;

iii. Traditional medicine corresponds to (a) one CICES code of provisioning services and to three
CICES codes of cultural services, (b) three IPEBS categories, (c) seven MA categories and (d)
five TEEB categories;

iv. Antimicrobial applications correspond to (a) one CICES code of provisioning services, (b) one
IPBES category, (c) three MA categories and (d) two TEEB categories;

v. Environmental interest corresponds to (a) three CICES codes for regulating and maintenance
services and to four CICES codes of cultural services, (b) seven IPBES categories, (c) fourMA
categories and (d) one TEEB category.

The localization of the areas of Greece where the highest numbers of endemic Lamiaceae have
been recorded, i.e., different taxa records and different records from the same taxon, set the scientific
basis for the ecosystem services hotspot areas and the ecosystem services cumulative importance
(ecosystem services bundles) documentation. The results of this analysis are presented in Figure 6,
combined with the delineated Natura 2000 sites to identify possible conservation needs and protection
status. We pinpoint the following:

i. The island of Kriti is the main hotspot and especially its mountainous regions and
mountain summits;

ii. The mountain summits of the southern Peloponnisos Peninsula (especially Mt Taigetos and
Mt Parnon), Evvoia Island (Mt Dirfis), Mt Olimbos and Mt Athos (Chalkidiki peninsula) are
assessed as local hotspots. Secondary local hotspots have been assessed on the mountains
of northern Peloponnisos (Mt Chelmos, Mt Killini), Sterea Ellas (Mt Parnis, Mt Parnassos,
Mt Giona) and of northern and southern Pindos (Mt Timfi, Mt Peristeri, Mt Tzoumerka);

iii. The extent of the Natura 2000 network in Greece covers all identified ecosystem services supply,
or potential supply hotspots, as well as areas of lower importance based on the endemic
Lamiaceae records.
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Figure 6. Ecosystem services hotspots in Greece, based on the recordings of the Greek endemic
Lamiaceae. Natura 2000 sites in Greece are also depicted.

4. Discussion

Endemic taxa of Lamiaceae are distributed among 19 genera out of the 35 present in Greece.
The most endemic taxon-rich genera are Stachys, Scutellaria and Teucrium, representing 45% of the
endemic taxa of Lamiaceae, as well as 30% of the total Lamiaceae taxa in Greece. At the taxon (species
and subspecies) and the species level, other genera such as Nepeta, Origanum and Satureja contain less
taxa but a higher proportion of endemics. Thus, two groups of genera could be highlighted: (a) genera
with a high number of endemics and (b) genera with a high proportion of endemics. These two groups
could be used for plant conservation purposes, but also for management of commercial exploitation.
More precisely, the main focus for the first group could target variations in the components proportions
in each genus, whereas the second group would tend to offer more new active compounds or properties.

4.1. Properties and Components

Two thirds of the endemic taxa in Lamiaceae have no proven human-interest applications,
according to the current state of knowledge. Nevertheless, other taxa included in the same genus
or species, endemic or not, have already been investigated and documented as having properties of
interest. As an example, from the review data extracted, Teucrium montanum subsp. helianthemoides
(Adamović) Baden is a yet uninvestigated subspecies of Teucrium montanum L., whereas the latter has
been quoted as having antifungal and antioxidant properties, and is already used in traditional medicine
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and for culinary purposes [48–50]. Moreover, for the currently documented species, studies have
focused on certain properties, whereas others, not yet explored, might also be of interest. Medicinal and
antimicrobial uses are the most recurrent properties studied. These properties can be proved by
experiments led in a restricted time in the laboratory. The environmental aspects dealing with habitat
restoration or indicators are rarely considered, and the social aspects as traditional remedies or garden
plants are only approached through ethnobotany and ethnopharmacology.

The properties of the endemic Lamiaceae taxa are due to the presence of one or a combination
of essential oil components. In order to obtain a better understanding of the properties
and active compounds that the taxa could provide, a review of the molecules was necessary.
Some already well-known essential oil components, such as carvacrol and thymol, as their precursors
gamma-terpinene and p-cymene, were expected to be found and are part of many of the investigated
species, as main or secondary compounds. However, other species proved to be rich in more uncommon
components, e.g., Thymus holosericeus Čelak. for geraniol, Stachys spruneri Boiss. for limonene
and Calamintha cretica (L.) Lam. for piperitenone oxide. This information could be of great
importance to identify naturally provided sources of these compounds. Indeed, the three molecules
previously quoted as examples have all been targeted as presenting positive attributes, i.e., geraniol
could have applications in insect repellency and for anti-tumor treatments [51–54], limonene has
significative antinociceptive effects [55] and piperitenone oxide is investigated for insecticidal uses
and cardiovascular protection [56–58]. However, research gaps are still present, since each component
has not yet been studied (e.g., beta-copaene, isoabienol), and some kinds of properties are still to be
investigated for all the components (e.g., antiviral, immuno-stimulant, cardiovascular protection).
It should be mentioned that the widespread molecules like carvacrol or caryophyllene oxide, which have
already been deeply examined, have demonstrated efficiency in a wide range of applications [59,60].

4.2. Limitations of the Study

This study identified two main data gaps in the knowledge of the properties of the endemic
Lamiaceae: (i) the first one is geographical and refers to the lack of surveys in some areas of Greece
(shown as without-color patches on the thematic maps), either due to low biodiversity in these areas,
or due to the better accessibility or reputation of other areas; (ii) the second one concerns the focus of
the studies; knowledge is missing on the chemical composition and on the existence of properties in
some taxa. In particular, the data gap concerns the choice of the studied aspects, i.e., some properties
are more prone to be investigated than others, while other properties may still be discovered as they
have been found in other taxa of the same genus. Certain knowledge gaps are also apparent at the
links between the molecules and the properties, especially when more than one component needs to be
combined to be more efficient. Subsequently, this demonstrates the importance of conducting further
research to explore more about the endemic taxa, their specific distributions and their uses.

Other limitations include the following: (a) some species that are found in different locations
may have different chemical compositions and properties depending on specific ecological conditions
(e.g., altitude, soil, climate, season) [61–63], (b) some non-endemic taxa of particular genera have
been proved to contain major compounds, which have not yet been detected in endemic ones,
e.g., hexadecanoic acid in the Scutellaria genus and bêta-thujone in Satureja species [64,65], (c) the
clusters produced by the spatial analysis are based on the restrictive hypothesis that the attributes
of the taxa are the same at all times and all places. Future steps for improving the method used in
this study could take into account more precise spatial and temporal data, especially since essential
oils compositions have been proven to vary depending on the season [66–68]. Still, having a
perfect description of the essential oils would necessitate handling too much data at once, e.g., plant
organ considered, plant development stage, interactions with predators and with the ecosystem and
modifications due to cultivation, which provide more limitations for a holistic approach and thus the
segmentation of the analysis to specific-oriented parts.
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4.3. Ecosystem Services and Management Implications

The Greek endemic taxa of Lamiaceae as ecosystem services providers are significant, since
they can (a) support traditional harvesting methods and trade, and (b) act as genetic resources for
reproductive materials of cultivated plants. Moreover, Heinrich [69] proposed that these results support
guidance on modern and efficient research for bioactive components. Additionally, data collected
during herbal market surveys, e.g., [5,70,71], regarding the origin and collection sites of each plant
taxon can provide important ecological (e.g., population sites and size) and economic information
(e.g., contribution to local economy). By this, management and policy decisions can be supported for
the sustainable use of wild resources, as well as for the development of the cultivation of aromatic and
medicinal plants, towards the protection of wild populations from overexploitation [5]. The need to
protect natural populations has become much more urgent in recent years, since the overexploitation
or even the fatal damage of aromatic plants (i.e., by inappropriate harvesting methods), especially
the herbaceous ones, mainly for trade, is repeatedly reported by the state authorities (Forest Service).
Overharvesting and lack of enforcement even in protected areas are serious problems for many targeted
endemic species, e.g., Origanum dictamnus L. in Kriti [5] and the "mountain teas" (including Sideritis spp.)
on the mainland.

As Solomou et al. [4] concluded, medicinal and aromatic plants have a crucial role in the utilization
of the natural wealth and biodiversity conservation in the country; moreover, due to the selective and
multifaceted biological activity of essential oils, considerable potential on the use of aromatic plants
for novel applications in sustainable agriculture exists, valuable uses are possible and medicinal and
aromatic plant diversity represents attainable new, environmentally and economically sustainable
opportunities for agricultural areas.

The results revealed that all known endemic hotspots for Lamiaceae taxa in Greece are included
in the Natura 2000 network. However, only four of the endemic plants of Lamiaceae (Micromeria
taygetea P.H. Davis, Nepeta argolica subsp. dirphya (Boiss.) Strid & Kit Tan, Nepeta sphaciotica P.H.
Davis, Origanum dictamus L.) are included in Annex II of the EU Habitats Directive (Dir. 92/43/EE) and
monitored for their conservation status. Aromatic plants and especially the local endemics should
be considered as an important and unique part of the country’s natural capital; thus, quantitative
data for the ecosystem services supply (or potential supply) by the plant species (e.g., of components,
properties, material, spiritual, aesthetic importance) are needed to develop natural capital accounts
and integrate them into local, regional and national decisions and policy-making processes.

5. Conclusions

The Lamiaceae family is represented in Greece by 111 endemic taxa. Most of them are located in
southern Greece and Kriti. Many endemic taxa have not been studied in depth. However, according
to existing documentation and the non-endemic plants assigned to the same genera, numerous and
various properties are to be expected, ranging from medicinal applications to ethnobotanical and
environmental interest. Moreover, their essential oils are rich in compounds that could be extracted for
pharmaceutical uses, such as antimicrobials or insect repellents. From the ecosystem services point
of view, the potential benefits of the endemic Lamiaceae are documented, including as molecule or
other chemical properties providers. Additionally, this study also points out patterns of the endemics’
properties in the biodiversity hotspot of Kriti. This information could be useful to concentrate measures
for the sustainable exploitation of plants occurring in zones of special interest, but also to improve
species and ecosystem-based conservation management.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/6/661/s1,
Table S1: Properties and components of the Greek endemic Lamiaceae; Table S2: Components correspondence to
the general properties’ categories.
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Abstract: Research Highlights: This is the first approach that integrates biodiversity data into
Mapping and Assessment of Ecosystem and their Services (MAES) implementation and natural
capital accounting process, at the national scale, using an extensive vascular plant dataset for
Greece. Background and Objectives: The study aims to support the MAES implementation in
Greece, by assessing, as a pilot, the woodland and forest ecosystem type; the targets of the study are:
(a) Identify and map ecosystem type extent; (b) identify ecosystem condition using biodiversity in
terms of plant species richness (i.e., total, ecosystem exclusive, endemic, ecosystem exclusive endemic
diversity); (c) develop ecosystem asset proxy indicators by combining ecosystem extent and ecosystem
condition outcomes; (d) identify shortcomings; and (e) propose future steps and implications for the
MAES implementation and natural capital accounting, based on biodiversity data. Materials and
Methods: Following the national European Union’s and United Nations System of Environmental
Economic Accounts-Experimental Ecosystem Accounting (SEEA-EEA) guidelines and the adopted
National Set of MAES Indicators, we developed a set of four proxy ecosystem asset indicators to
assess ecosystem types with respect to ecosystem area extent and ecosystem condition. This was as
interpreted by its plant diversity in terms of species richness (total, ecosystem exclusive, endemic,
and ecosystem exclusive endemic diversity). Results: The results revealed that when indicators use
well-developed biodiversity datasets, in combination with ecosystem extent data, they can provide
the baseline for ecosystem condition assessment, ecosystem asset delineation, and support operational
MAES studies. Conclusions: The relation among biodiversity, ecosystem condition, and ecosystem
services is not a linear equation and detailed, fine-scale assessments are needed to identify and
interpret all aspects of biodiversity. However, areas of importance are pinpointed throughout Greece,
and guidance is provided for case-study selection, conservation strategy, and decision-making under
the perspective of national and EU environmental policies.

Keywords: ecosystem condition; ecosystem extent; ecosystem asset; SEEA-EEA; Greek flora; national
set of indicators; LIFE-IP 4 NATURA

1. Introduction

The benefits that derive from economic, social, cultural, or other human activities performed
on ecosystems are defined as Ecosystem Services (ES)—which have been introduced in the scientific
forefront, during the 1970s and 1980s [1–3], and have been established as an environmental advisory
tool for policy- and decision-making during the 2000s [4–7]. Biodiversity is in the epicenter of the ES
approach (see Millennium Ecosystem Assessment (MEA) [8], Mapping and Assessment of Ecosystem
and their Services (MAES) [7,9], Intergovernmental Science-Policy Platform on Biodiversity and
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Ecosystem Services (IPBES) [10]). It is considered as the cornerstone for future wellbeing, particularly
with respect to equity and fairness in the socio-economic system, which guides the direct drivers
of change [8]. In the European Union (EU), the EU Biodiversity Strategy for 2030 [11], and the
EU Green Deal [12] highlight the important role of biodiversity, the need for its assessment and
recording its spatial extent (i.e., mapping biodiversity and its attributes) to support conservation
measures and management strategies needed for sustainable development. A growing concern on
ES maintenance and its sustainable use is rising, since the documented biodiversity loss may affect
ecosystem functioning and alter the provision of various ES threatening human wellbeing [1–3].
However, assessing and documenting the importance of ES delivery in the social sphere has proven
difficult, with major challenges being the complexity of the topic and the availability of applicable
approaches [13]. Moreover, the relationship between biodiversity and ES is considered as confused
and is hindering the efforts for the development of coherent policy [14].

Braat and ten Brink [15] demonstrate how changes in biodiversity affect different types of ecosystem
services, while Harrison et al. [16] in their literature review study found that the relationships between
biodiversity attributes and ecosystem services are, in their majority, positively correlated. This is
also highlighted by the work of Grunewald et al. [17], in which regulating ES is found to be usually
positively correlated with higher biodiversity. However, detailed studies at various area-extent and
dataset scales are needed to provide robust information; Steur et al. [18] studied plant diversity
relationship with tropical forest ecosystem services, which were often found inconclusive, or showed
both positive and negative correlations.

As the concept of ES gained popularity [6], the demand for appropriate indicators, quantification,
and spatial localization methods has increased [19–21]. Various biodiversity indicators have been
proposed to interpret ecosystem services provision at different ecosystems and at various spatial
scales (e.g., [20,22]), as well as for ecosystem condition assessments (i.e., utilizing species diversity and
abundance) as described by Maes et al. [23] in the analytical framework for mapping and assessment
of ecosystem condition in the EU. In Europe, many EU Member States have already developed or are
currently developing indicators to support MAES studies, some of which are focusing on different
types of biodiversity and/or its spatial extent and distribution (e.g., [24–26]).

The need to measure ecosystems and their ES led to the broadly applicable system of the
United Nations System of Environmental Economic Accounts-Experimental Ecosystem Accounting
(SEEA-EEA) [27,28], which includes a set of accounts such as ecosystem extent, ecosystem services
(supply and use), ecosystem assets, and biodiversity. The biodiversity accounts focus on species
richness, abundance, and threats [29]. It is worth mentioning that biodiversity monitoring and
biodiversity accounting systems have substantial differences; accounting methods are to be informative
at an aggregated level with a limited set of indicators, that will capture biophysical information and at
the same time the outcomes to be easily communicated to policy- and decision-makers [30].

In Greece, MAES implementation is already in progress, since 2018, via the LIFE-IP 4 NATURA
project [31], which is coordinated by the Ministry of the Environment and Energy and incorporates
a national set of indicators that includes six indicator groups, comprised by 40 indicators of which
five are dealing with biodiversity, i.e., (i) diversity of agro-ecosystems with natural ecosystems, (ii)
floristic diversity, (iii) micro-refugia of floristic and endemic diversity, (iv) network of crop limits with
natural vegetation and (v) total biodiversity [26]. From the mentioned indicators, “floristic diversity”
and “total biodiversity” are also considered as applicable for natural capital accounting, under the
SEEA-EEA approach.

Woodland and forest is the dominant, natural terrestrial ecosystem type in Greece, covering ca.
29% [32] of the terrestrial area; woodland and forest ecosystem type is highlighted as of particular
importance in Greece, including seven forest categories (Temperate deciduous forests, Mediterranean
deciduous forests, Floodplain forests, Riparian forest/Fluvial forests, Temperate mountainous coniferous
forests, Mediterranean coniferous forests, Mediterranean sclerophyllous forests, Mixed forests) [26,33],
and distributed among 34 habitat types. Woodland and forests provide a variety of ecosystem
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services [34], which are proposed to be initially assessed by 20 indicators (three from Biodiversity,
eight from Environmental Quality, one from Food, Material, and Energy, five from Forestry and three
from Recreation indicator groups) [26].

This study aims to contribute to the efforts for overcoming the aforementioned challenges and
support the MAES implementation in Greece, by assessing, as a pilot, woodland and forest ecosystem
type; the EU and National guidelines for assessing and mapping ecosystem extent, ecosystem condition,
and ecosystem asset, as described by SEEA-EEA and the relevant literature, e.g., [27,29,35,36] have
been followed for the assessment. More precisely, the targets of the study are: (a) Identify and map
ecosystem type extent; (b) identify ecosystem condition using biodiversity in terms of plant species
richness (i.e., total, ecosystem exclusive, endemic, ecosystem exclusive endemic diversity); (c) develop
ecosystem asset proxy indicators by combining ecosystem extent and ecosystem condition outcomes;
(d) identify shortcomings; and (e) propose future steps and implications for the MAES implementation
and natural capital accounting, based on biodiversity data.

2. Materials and Methods

Using the following guidance—(a) the analytical framework for mapping and assessment of
ecosystems and their services in EU [7]; (b) the analytical framework for mapping and assessment of
ecosystem condition in EU [23]; (c) SEEA and EU guidance on incorporating biodiversity into natural
capital accounting (measuring the condition of ecosystem assets) [35,36]; and (d) the National Set of
MAES Indicators for Greece [26]—we developed a species-richness based methodology to develop
proxy indicators for ecosystem asset assessment and support the MAES implementation efforts in
Greece. In general, the proposed methodology incorporates the ecosystem type area and the species
richness in a given ecosystem type, at the 10 × 10 km European Environment Agency (EEA) reference
grid [37] scale.

2.1. Datasets and Typology

For the analysis, we used the CORINE Land Cover (CLC) dataset for Greece [38] and the floristic
records from the Flora of Greece Web project [39]. Species distribution, chorology, and habitat
preferences follow Dimopoulos et al. [40,41] and the relevant information provided by the Flora of
Greece Web portal [39]; the term ‘species’ includes both plant species and subspecies. Subsequently,
a typology to assign species’ habitats and MAES level 2 ecosystem types [7] has been developed
following the concept by Kokkoris et al. [26].

2.2. Methodological Procedure

The methodological procedure of the present study consists of the following three steps:
Step 1: Ecosystem extent. It includes the identification of each ecosystem types’ area spatial extent

using the 10 × 10 km EEA reference grid for Greece [37] and based on the proposed typology for
MAES [7], by which each CLC class is matched to one of the MAES level 2 ecosystem types and applied
on the Greek terrestrial area using Geographic Information Systems (GIS). Subsequently, each grid
cell includes one or more polygons of different ecosystem types. For the present study, we used two
metrics for the ecosystem type extent per cell: (a) The actual area of the ecosystem type in the cell and
(b) the relative area of the ecosystem type in the cell, with respect to the total area of the ecosystem type
in the floristic region [39,42], where the cell belongs to. For example, and for interpretation purposes,
let us assume that the cell of interest is as presented in Figure 1 and the ecosystem type of interest is D
with the area at the given cell equal to d ha and its total area in the floristic region where the cell belongs
to is x ha; thus, the relative ecosystem area extent for ecosystem type D in the given cell is d/x ha.
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Figure 1. Graphical representation of a 10 × 10 EEA (Experimental Ecosystem Accounting) reference
grid cell that includes four different ecosystem types, i.e., A, B, C, D.

By this, the normalized, relative area of each MAES level 2 ecosystem type [32] is calculated in
each grid cell, with respect to the total area extent of the given ecosystem type in each floristic region of
Greece [29,33] and all cells are scored in a common scale (0 to 1). In the present study, we followed this
procedure for the woodland and forest ecosystems.

Step 2: Ecosystem condition. It includes the identification and assessment of plant diversity with
respect to species richness at each grid cell, including only species assigned to the under-assessment
ecosystem type. For example, for woodland and forest ecosystem type assessment, we analyzed only
records from species present in woodland and forests. This analysis continues to a more detailed
assessment using species exclusively present in the given ecosystem type. The same analysis is
applied for endemic species, as well as for endemic species present only in the given ecosystem type.
All calculations refer to normalized (0 to 1), relative species number with respect to each category’s
(i.e., total species richness, richness of species exclusively present in the ecosystem type, endemic species
richness, richness of endemic species exclusively present in the ecosystem type) total species number
in each floristic region of Greece. Table 1 provides a detailed description of the proposed calculations.

Table 1. Description of the proposed method for species-richness calculations for the four plant
diversity categories.

Plant Diversity Categories Calculation

Total species richness Number o f species supported by the ecosystem at the cell level
Number o f species supported by the ecosystem in the f loristic region

Richness of species exclusively present in
the ecosystem type

Number o f species present exclusively in the ecosystem at the cell level
Number o f species present exclusively in the ecosystem in the f loristic region

Endemic species richness Number o f endemic species present in the ecosystem at the cell level
Number o f endemic species present in the ecosystem in the f loristic region

Richness of endemic species exclusively
present in the ecosystem type

Number o f endemic species exclusively present in the ecosystem at the cell level
Number o f endemic species exclusively present in the ecosystem at the f loristic region

Step 3: Ecosystem asset proxy indicators. Normalized values of ecosystem type area extent and
ecosystem condition (plant diversity) outcomes are combined per grid cell by summing their cell value.
The sum has been subsequently normalized in a 0 to 1 scale, and the result is the proxy indicator for
each one of the four possible combinations.

The abovementioned methodology for developing and assessing ecosystem asset proxy indicators
is presented in Figure 2.

Thematic representation of the results has also been performed, by producing gradient maps
in Geographic Information Systems (GIS), using a five-rating scale (i.e., very low, low, medium,
high, very high). By this, areas of importance are highlighted, hotspots (i.e., areas where high
concentration occurs of cells rated as “high” and/or “very high”) are identified, and the results are
better communicated to the non-expert community.
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Figure 2. Methodological flowchart for developing and assessing ecosystem asset proxy indicators.

3. Results

3.1. Plant Habitats Categories to MAES Ecosystem Types Typology

The eight habitat categories for the vascular plants of Greece and as identified for the Greek flora
by Dimopoulos et al. [40,41] have been assigned to the relevant MAES level 2 ecosystem types [7].
For most ecosystem types, including woodland and forests, the correspondence is straightforward;
only ‘heathland and shrub’ and ‘sparsely vegetated land’ ecosystem types correspond to two different
habitat categories, i.e., (a) Temperate and sub-Mediterranean grasslands (G), Xeric Mediterranean
phrygana and grasslands (P) and (b) Cliffs, rocks, walls, ravines, boulders (C) and Coastal habitats
(M), respectively. Subsequently, the total number of species has been assigned to each ecosystem type
(Table 2). The woodland and forest ecosystem type hosts 1506 species out of 6760 species present in
Greece [39], i.e., 22% of the Greek flora.

Table 2. Correspondence between ecosystem types (MAES level 2), Corine Land Cover classes
ecosystem types, and habitats of the vascular plants of Greece. The total number of species present in
each category is also presented.

Ecosystem Types
(MAES Level 2) [7]

CORINE Land Cover Classes
[7,43]

Habitats of Vascular Plants
of Greece (Code) [39–41]

Plant Species
(Number)

Cropland 2.1.1., 2.1.2., 2.1.3., 2.2.1., 2.2.2.,
2.2.3., 2.4.1., 2.4.2., 2.4.3., 2.4.4.

Agricultural and ruderal
habitats (R) 1868

Grassland 2.3.1., 3.2.1. High mountain
vegetation (H) 1385

Woodland and forest 3.1.1., 3.1.2., 3.2.4. Woodlands and scrub (W) 1506

Heathland and shrub 3.2.2., 3.2.3

Temperate and
sub-Mediterranean

grasslands (G)
1927

Xeric Mediterranean
phrygana and grasslands (P) 1608

Sparsely vegetated land
3.3.2., 3.3.3., 3.3.4. Cliffs, rocks, walls, ravines,

boulders (C) 959

3.3.1. Coastal habitats (M) 483

Wetlands 4.1.1., 4.1.2., 4.2.1., 4.2.2. Freshwater habitats (A) 931
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3.2. Woodland and Forest Extent

Woodland and forest ecosystem type covers in total 40,735 km2 throughout the Greek territory.
Mainland Greece hosts 89.82% of the ecosystem type’s area, while the remaining 10.18% is scattered
throughout the island regions. More precisely and based on the floristic regions’ division of Greece,
North-East Greece (NE) hosts the 25.82% of its area, followed by North Central Greece (NC) (14.64%)
and North Pindos (NPi) (12.10%). Floristic regions with the smallest area cover are Kiklades (KiK)
(0.05%), North Aegean islands (NAe) (0.43%), and Ionian Islands (IoI) (0.74%) (Table 3).

Table 3. Woodland and forest area (km2) and cover (%) in each floristic region of Greece.

Floristic Regions of
Greece (Code)

Woodland and Forest Area
Per Floristic Region (km2)

Woodland and Forest
Cover Per Region (%)

East Aegean islands (EAe) 1398.72 3.43%

East Central Greece (EC) 1119.01 2.75%

Ionian Islands (IoI) 301.12 0.74%

Kriti and Karpathos (KK) 680.63 1.67%

Kiklades (KiK) 20.08 0.05%

North Aegean islands (NAe) 175.34 0.43%

North Pindos (NPi) 4927.72 12.10%

North Central Greece (NC) 5961.83 14.64%

North-East Greece (NE) 10,518.52 25.82%

Peloponnisos (Pe) 4610.17 11.32%

South Pindos (SPi) 4911.51 12.06%

Sterea Ellas (StE) 4539.95 11.15%

West Aegean islands (WAe) 1570.03 3.85%

Total 40,734.63 100.00%

Data source: CORINE Land Cover dataset, 2018 [38].

The distribution of woodland and forest ecosystem type is thematically presented in Figure 3a,
under the EEA 10 × 10 km reference grid, and depicts the actual area cover of the ecosystem type at
each grid cell under the “very low” to “very high” rating scale. Darker cells highlight areas where
woodland and forest ecosystem type is abundant; mountain tops in the mainland host the majority of
cells with “high” or “very high” designation, while lowlands and island regions follow. More precisely,
the overwhelming majority of cells characterized as “Very high” (for woodland and forest) for area cover
are located northern of Peloponnisos, and only two of them are present in Peloponnisos, at Mt. Menalo
and Mt. Taygetos. We should pinpoint the presence of two cells characterized as “Very high” in the
region of West Aegean Islands, and in particular, on the mountain ranges of northern Evia (WAe).
In general, island regions are found to have a significantly low cover of woodland and forest area
compared to the mainland regions; however at Evia (WAe), at three major EAe islands (i.e., Lesvos,
Samos, and Rhodes) and in southwest Crete (at the surrounding area of Samaria river gorge) (KK)
there are cells with a high area cover of woodland and forests.

In Figure 3b, each cell depicts the relative woodland and forest area with respect to a given
floristic region total area cover for woodland and forest. Since all values are normalized to a 0 to
1 scale, the results of each cell can be directly compared with any other cell of the grid. This thematic
representation highlights areas (cells) within each floristic region that are important for woodland
and forest assessments in the region; and by this, each cell’s rating is considered as a score for MAES
studies prioritization. The most characteristic example lies in the floristic region of Kiklades (KiK),
where areas in the central and northern part (i.e., at Naxos, Tinos, and Andros islands) are scored as
important (“medium” to “very high” scores) for their woodland and forest area cover in the region.
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Detailed data information for each grid cell is provided in the Supplementary Materials (Table S1).

 

Figure 3. Thematic representation for ‘woodland and forest’ ecosystem type extent at the 10 × 10
EEA reference grid level: (a) Ecosystem extent expressed as the total area of woodland and forest
per cell; (b) ecosystem extent expressed as the relative area of woodland and forest per cell, i.e.,
woodland and forest area per cell divided by the total area of woodland and forest in each floristic
region (normalized). Floristic regions of Greece [40,42] are also depicted: East Aegean islands (EAe),
East Central Greece (EC), Ionian Islands (IoI), Kriti and Karpathos (KK), Kiklades (KiK), North Aegean
islands (Nae), North Pindos (Npi), North Central Greece (NC), North-East Greece (NE), Peloponnisos
(Pe), South Pindos (Spi), Sterea Ellas (StE), West Aegean islands (Wae).

3.3. Ecosystem Condition and Plant Diversity

Plant diversity is considered as a proxy for ecosystem condition, and the results of the analyses
are summarized, as follows.

Figure 4 depicts the thematic representation for total plant diversity, in terms of species richness
within the woodland and forest ecosystem type. Figure 4a presents a gradient map for the total
number of species present in each grid cell, classified under the “very low” to “very high” rating
scale. Cells rated as “very high” or “high” consist of 3.2% (226 out of 7112 cells) of the total number,
distributed scattered throughout all floristic regions, and highlight mountainous areas of various
altitudes. When we applied a similar analysis using the relative total species richness, as described in
the methodology, the pattern changes (Figure 4b) and 4.7% (337 out of 7112 cells) of the cells are rated
as “very high” or “high”. More precisely, different cells are now considered important with respect
to their relative species richness; characteristic examples are found in the regions of Kiklades (KiK),
Peloponissos (Pe) and Kriti and Karpathos (KK), where cells with “low” or “very low” species richness
(Figure 4a), are now pinpointed as of significant importance for the region (Figure 4b) (e.g., cells in
Kiklades, southern Peloponnisos and northwestern Kriti). Detailed data information for each grid cell
is provided in the Supplementary Materials.
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Figure 4. Thematic representation for ‘woodland and forest’ ecosystem type species richness at
the 10 × 10 EEA reference grid level: (a) Number of species present in woodland and forest per
cell; (b) relative number of species present in woodland and forest per cell, i.e., number of plant
species present in woodland and forest per cell divided by the number of plant species present in
woodland and forest in each floristic region (normalized). Floristic regions of Greece [40,42] are
also depicted: East Aegean islands (EAe), East Central Greece (EC), Ionian Islands (IoI), Kriti and
Karpathos (KK), Kiklades (KiK), North Aegean islands (NAe), North Pindos (NPi), North Central Greece
(NC), North-East Greece (NE), Peloponnisos (Pe), South Pindos (SPi), Sterea Ellas (StE), West Aegean
islands, (WAe).

Figure 5 presents the thematical representation of the assessment results for three additional
biodiversity (plant diversity) categories selected for the present study. More precisely:

(a) Relative number of plant species exclusively present in woodland and forest (Figure 5a):
This analysis highlights 250 cells (3.5% of the total) as of “high” (165 cells) or “very high”
(85 cells) importance. The distribution is scattered throughout the floristic regions, with a
significant concentration in Pindos mountain range (NPi, SPi), North Central Greece (NC),
Sterea Ellada (StE), southwestern Peloponisson (Pe) and in western Kriti (K). Thasos (NAe),
Samos (EAe) and Kerkira (IoI) islands are considered as local hotspots.

(b) Relative number of endemic plant species present in woodland and forest (Figure 5b): This analysis
highlights 160 cells (2.2% of the total) as of “high” (126 cells) or “very high” (34 cells) importance
considering Greek endemic species. The distribution pattern suggests as hotspots the central
part of the Pindos mountain range (NPi, SPi), central and southern Peloponissos (Pe), Kriti (KK),
Kiklades (KiK) and East Aegean Islands (EAe) and in particular the island of Rhodes in the
southeastern part of the region.

(c) Relative number of endemic plant species exclusively present in woodland and forest (Figure 5c):
This analysis highlights 171 cells (2.4% of the total) as of “high” (105 cells) or “very high” (66 cells)
importance considering Greek endemics exclusively present in woodland and forest. Cells of
Ionian islands (IoI) include 50% (33 cells) of the cells rated as “very high” in the Greek territory,
and it is notable that all cells in the IoI are rated as “very high”. The general pattern follows the
one described for the endemic plant species (Figure 5b), suggesting almost identical hotspots
among the floristic regions.

178



Forests 2020, 11, 956

 

Figure 5. Thematic representation for ‘woodland and forest’ ecosystem type species richness categories
at the 10 × 10 EEA reference grid level: (a) Relative number of species exclusively present in woodland
and forest per cell, i.e., number of plant species exclusively present in woodland and forest per cell
divided by the number of plant species exclusively present in woodland and forest in each floristic region
(normalized); (b) relative number of endemic plant species present in woodland and forest per cell, i.e.,
number of plant species present in woodland and forest per cell divided by the number of endemic
plant species present in woodland and forest in each floristic region (normalized); (c) relative number of
endemic plant species exclusively present in woodland and forest per cell, i.e., number of endemic plant
species exclusively present in woodland and forest per cell divided by the number of endemic plant
species exclusively present in woodland and forest in each floristic region (normalized). Floristic regions
of Greece [40,42] are also depicted: East Aegean islands (EAe), East Central Greece (EC), Ionian Islands
(IoI), Kriti and Karpathos (KK), Kiklades (KiK), North Aegean islands (Nae), North Pindos (Npi),
North Central Greece (NC), North-East Greece (NE), Peloponnisos (Pe), South Pindos (Spi), Sterea Ellas
(StE), West Aegean islands, (Wae).
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Detailed data information for each category per grid cell is provided in the Supplementary Materials.

3.4. Ecosystem Asset Proxy Indicators

The combination of the ecosystem extent (relative area cover) with the plant diversity categories
resulted in the calculation of four relevant ecosystem asset proxy indicators and is thematically
presented in Figure 6 and in detail is presented for each grid cell in the Supplementary Materials.
For each proxy indicator the results are as follows:

(a) Proxy indicator 1 (total plant species): The application of this indicator highlights 337 cells (4.7%)
as of “high” (252 cells) or “very high” (85 cells) importance. Hotspots are scattered throughout
the mountainous areas of Greece and especially in the Pindos mountain range (Npi, Spi), in the
northeastern mountains of Peloponnisos (Pe), in southern Evia (Wae), on Mts Pelion, Olympus
(EC), Athos (NE), in southwestern Kriti (KK) and in Rhodes island (Eae) (Figure 6a).

(b) Proxy indicator 2 (total plant species exclusively present in woodland and forest): The application
of this indicator provides similar results with proxy indicator 1, i.e., 334 cells (4.75% of the total)
are rated as of “high” (247 cells) or “very high” (87 cells) importance, following almost identical
spatial patterns (Figure 6b).

(c) Proxy indicator 3 (endemic species): The application of this indicator highlights 339 cells (4.8%
of the total) as of “high” (234 cells) or “very high” (105 cells) importance. Similar spatial
distribution patterns occur, and Pindos mountain range (NPi, SPi) continues to be the main
hotspot; however secondary, but equally important hotspots are now more clearly highlighted
and represented by cells rated as of “very high” importance, e.g., mountain tops of northeastern
Peloponnisos (Pe) and Rhodes island (EAe) (Figure 6c).

(d) Proxy indicator 4 (endemic species exclusively present in woodland and forest): The application
of this indicator highlights 325 cells (4.5%) as of “high” (261 cells) or “very high” (64 cells)
importance. The general spatial pattern of hotspots is similar to the results of the proxy indicators
2 and 3; particular importance of specific areas is highlighted, e.g., Kafalonia (IoI) and Samothraki
islands (NAe).

4. Discussion

This is the first approach of a national-scale assessment that combines spatial, plant diversity data
with area cover, and acts as a pilot, baseline assessment, and a starting point for future studies on the
MAES implementation and natural capital accounting in Greece. It is highlighted how an extensive
and detailed biodiversity dataset (i.e., vascular plants of Greece dataset [39]) can be incorporated into
MAES procedure towards scientific documentation, environmental consulting, and decision-making.
The development of proxy indicators adds value to the adopted National Set of MAES Indicators in
Greece [26] and identifies advantages, limitations, and shortcomings, through the ‘woodland and forest’
ecosystem type pilot. Given the availability of the extensive floristic database in Greece, the selection
of plant diversity for our study is also supported by the conclusions of Quijas et al. [44] who highlight
the paramount role of plant diversity in the provision of ecosystem services and to conservation
planning and management. Moreover, Balvanera et al. [45] pinpoint the role of plant diversity on
ecosystem function and ecosystem services, while at large spatial scales, Costanza et al. [46] used plant
species richness to show that over half of the spatial variation in net productivity in North America
could be explained by biodiversity patterns (if the effects of temperature and precipitation were taken
into account).
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Figure 6. Thematic representation of the four ecosystem asset proxy indicators: (a) Total plant species
index; (b) total plant species exclusively present in woodland and forest index; (c) endemic species
index; (d) endemic species exclusively present in woodland and forest index. Floristic regions of
Greece [31,34] are also depicted: East Aegean islands (EAe), East Central Greece (EC), Ionian Islands
(IoI), Kriti and Karpathos (KK), Kiklades (KiK), North Aegean islands (NAe), North Pindos (NPi),
North Central Greece (NC), North-East Greece (NE), Peloponnisos (Pe), South Pindos (SPi), Sterea Ellas
(StE), West Aegean islands, (WAe).

4.1. Ecosystem Extent and Condition

The baseline dataset for implementing any MAES related study is the ecosystem area extent
and its condition, of which any kind of ES is supplied or potentially supplied. A key feature of the
SEEA-EEA accounting model is the delineation of these spatial areas and their ecosystem assets within
these areas [35]. In this study, we presented the actual area extent of woodland and forest at the cell
level, which is a straightforward way to express the extent of the ecosystem. Moreover, the inclusion

181



Forests 2020, 11, 956

in the methodology of the relative ecosystem area with respect to total ecosystem area in each given
floristic region is considered as of high importance, since it provides information for conservation and
decision-making integrating each floristic regions’ specific characteristics. For example, cells including
small woodland and forest areas in forest-poor regions are designated as of equal importance with
cells including more extensive areas in forest-rich regions. This is also the case for the ecosystem
condition based on plant diversity assessment, which highlights the importance for conservation and
management even of areas (grid-cells) with minimum woodland and forest area cover, but of very
high plant diversity (e.g., endemic species exclusively present in woodland and forest). Moreover,
the integration in the analysis of total ecosystem area extent, as well as species richness based on
each floristic region’s data, encapsulates a comparison to an ideal best-case situation, which can be
considered as the reference value.

4.2. Ecosystem Services

The provision (or potential provision) of ecosystem services is directly related to ecosystem
condition, which indicates the state of the ecosystem and its capacity to generate ES flows [47], and thus,
is strongly linked to human wellbeing [7,23]. The results of the study suggest areas (rated as “high
or “very high”) where fine-scale MAES studies should be implemented, including the potential to
supply provisioning, regulating and maintenance and cultural services [48] and proceed to valuation
methods for the prevailing and/or most important ones. Ecosystem services management and climatic
scenarios should also be developed at the local and regional scale following the methods proposed by
References [49–51].

4.3. Limitations of the Study

The ecosystem extent is calculated using the CORINE Land Cover dataset, which also provides
time-series data since 1990, and thus, is useful for accounting purposes. However, this dataset can
only be used for national and regional MAES studies, due to its scale. To overcome this limitation,
Greece prepares the ecosystem type map of Greece, via the LIFE-IP 4 NATURA project [31], using a
typology for ecosystem types, corresponding to 30 MAES level-3 ecosystem types [26]. Moreover,
the use of various categories of plant species diversity may be a commonly used measure for biodiversity,
however, more study is needed on the other dimensions of biodiversity, i.e., functional, structural,
and taxonomic diversity [52], which should be integrated into the ecosystem condition studies.

4.4. Future Steps and Management Implications

Based on the results of the study, scientists and conservation practitioners should begin
incorporating at the 10 × 10 km EEA reference grid-cell level, all available information for biodiversity
in Greece. A characteristic example with ready-for-use, compatible data, is the recent work by Cheminal
et al. [53] which provides the first review of existing knowledge on the Lamiaceae species in Greece
and presents the results under the 10 × 10 km EEA reference grid-cell; it provides information for
Lamiaceae diversity and its potential to provide services, based on each species components and
characteristics. The results from endemic species categories should be further studied, due to their
importance of hosting genetic, medicinal, functional, and morphological characteristics, most of
them unexplored or underexplored; these results highlight areas where relevant studies should focus.
Moreover, and as underlined by Kallimanis et al. [54], the adoption of higher-taxon surrogacy can
be applied in cases when detailed biodiversity data are not available, or full biodiversity survey is
not feasible. For instance, for other living organisms, such as the invertebrates, where extensive and
detailed datasets are missing, diversity richness at the genus or family level can be used as an indicator
and also contribute to the total biodiversity index development as proposed in the National Set of
MAES Indicators in Greece [26]. Additionally, research on species abundance and relative abundance is
also needed, as a proposed indicator for MAES assessments [23]; however, this information is missing
at the scale of our study and is mainly available at a local level (e.g., from case-study assessments in
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conservation studies) and in most cases only for selected species (e.g., Annex II species of the Habitats’
Directive or for other endangered, e.g., Red Data Book species). One the other hand, it is also important
to incorporate data that correspond to potential ecosystem disservices [55], such as ruderal and alien
species information. For example, the work on ruderal plant species of Greece, also deployed under
10 × 10 km EEA reference grid-cell, highlights the positive correlation among the various ruderal
species categories with the different ecosystem types (including forest) [56]. Simultaneously, alien tree
species are found to have invasive behavior, threatening native plant communities; e.g., Eucalyptus
camaldulensis Dehnh. poses a threat on alluvial forests [57], thus, its spatial distribution is needed
for future ecosystem condition assessments. Subsequently, non-native plants are important to be
assessed at all ecosystem types in terms of invasiveness, regarding ecosystem condition as well in
terms of functioning (for non-invasive species) alongside native plants and other organisms. More
efforts are also needed to identify the intra- and inter-ecosystem flows and in combination with
ecosystem characteristics identification, e.g., extent, structure, and condition will provide the adequate
information to delineate ecosystem asset, the baseline of the general ecosystem accounting model of
SEEA-EEA [28] (Figure 7), which finally leads to individual and societal wellbeing.

 
Figure 7. The general ecosystem accounting model, as proposed by SEEA-EEA [28] (redesigned).

This study also contributes to the thematic target for biodiversity set by the European Green
Deal [12], as well as to the national forest policy, which sets forest biodiversity conservation among its
priorities [58].

5. Conclusions

This study presents a methodological approach for integrating plant diversity data into MAES
implementation, using woodland and forest ecosystem type as a pilot case-study. It is based on the
national set of MAES indicators in Greece and provides the first test of its guidelines. The results
revealed that indicators using well-developed biodiversity datasets in combination with ecosystem
extent data could provide the baseline for ecosystem condition assessment, ecosystem asset delineation,
and support operational MAES studies. The relation among biodiversity, ecosystem condition,
and ecosystem services is not a linear equation and detailed, fine-scale assessments are needed to
identify and interpret all aspects of biodiversity. The results pinpoint areas of importance throughout
Greece and provide guidance for case-study selection, conservation strategy, and decision-making
under the perspective of national and EU environmental policies.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/9/956/s1,
Table S1: Detailed data information for each grid cell used for the analyses.
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