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Abstract

The topic of the doctoral thesis is the development of a comprehensive classification
of global environmental systems based on a geographical synthesis of abiotic, biotic
and anthropogenic factors. The dramatic changes in the Earth's natural environment,
the noticeable loss of biodiversity and the increasing impact of human activity in many
different aspects raise the need for a comprehensive classification that provides
an appropriate spatial framework for assessing the impacts of these changes.

Several global classifications have been developed in the past, but most of them only
work with various natural environmental gradients (especially climate or relief). However,
most regions of the world have been so fundamentally affected or even completely
transformed by human activity that the omission of anthropogenic factors in comprehensive
environmental classifications may lead to erroneous conclusions. For this reason, new global
environmental classifications have recently begun to emerge abroad that attempt to deal with
anthropogenic changes to the natural environment and include them in a comprehensive
assessment. The proposal of a methodology and the actual creation of the classification
of global environmental systems based on abiotic gradients, biodiversity distribution
and spatial differentiation of human influence is the main objective of the presented thesis.
The classification is based on 22 datasets characterising abiotic, biotic, and anthropogenic
factors. These factors include climatic conditions, relief characteristics, species richness
of fauna and flora, land cover, population density, intensity of agricultural use, etc.

The input abiotic rasters underwent a principal component analysis (PCA) as a first
step. The resulting multiband raster was subsequently subjected to a segmentation process
which, after further modifications, resulted in a layer of 18,554 segments. The values of all
abiotic, biotic and anthropogenic indicators were calculated for each segment, as well as the
land cover was analysed for each segment. The next step was to perform a cluster analysis
resulting in three classifications of abiotic, biotic and anthropogenic conditions, each with ten
classes. The abiotic and biotic classifications were synthesised to form the classification
of natural conditions, and its subsequent combination with the anthropogenic classification
resulted in the final global environmental systems classification, comprising a total
of 169 global environmental systems classes.

The distribution of biodiversity is significantly affected by global anthropogenic

environmental transformation. The concept of biodiversity hotspots captures biodiversity



gradients, as well as the degree of threat and the urgency of conservation. Biodiversity
hotspots are regions where large numbers of often endemic species face enormous losses
of their original habitat due to intensive human activities. The different sub-classifications —
abiotic, biotic and anthropogenic — as well as the final classification of global environmental
systems were analysed for each of the 36 biodiversity hotspots and for the hotspots
as a whole. The results indicate that globally important hotspot areas are more threatened
by various types of human activity than the rest of the world. Additionally, the most valuable

biodiversity hotspots are currently experiencing significant anthropogenic impacts.

Key words: classification, anthropogenic transformation, global environmental systems,

biodiversity hotspots



Abstrakt

Tématem disertatni prace je vytvoreni komplexni klasifikace globalnich
environmentalnich systéma zalozenych na geografické syntéze abiotickych, biotickych
1 antropogennich faktori. Zasadni zmény pfirodniho prostfedi Zemé, znatelny ubytek
biodiverzity a v mnoha riznych ohledech stale rostouci vliv ¢lovéka vyvolavaji potiebu
vytvofit  komplexni  klasifikaci, kterd bude vhodnym prostorovym ramcem
pro vyhodnocovani dopadu téchto zmén.

V minulosti vznikla celd fada globalnich klasifikaci, které vSak vétSinou pracuji jen
s riznymi pfirodnimi gradienty prostfedi (zejména klima ¢i reliéf). VétSina regiont svéta
je vSak natolik zasadné ovlivnéna nebo dokonce zcela preménéna cinnosti ¢loveka,
ze opomenuti antropogennich faktori v komplexnich klasifikacich prostiedi miize vést
k mylnym zévérim. Z tohoto diivodu v neddvné dobé zafaly v zahrani¢i vznikat nové
globélni environmentalni klasifikace, které se snazi s antropogennimi zménami piirodniho
prostifedi pracovat a zahrnout je do komplexniho hodnoceni. Navrh metodiky a vlastni
vytvoreni klasifikace globalnich environmentélnich systémii, ktera je zalozena na abiotickych
gradientech, distribuci biodiverzity a prostorové diferenciaci vlivu ¢lovéka, je hlavnim cilem
ptedlozené prace. Klasifikace vychazi z 22 datasetli charakterizujicich abiotické, biotické
a antropogenni faktory, jako naptiklad klimatické pomeéry, charakteristiky reliéfu, druhového
bohatstvi fauny i flory, krajinného pokryvu, hustoty zalidnéni, intenzity zemédé€lského
vyuzivéani prostiedi atd.

Nejprve byla na zakladé vstupnich abiotickych rastri provedena analyza hlavnich
komponent (PCA). Vznikly vicepasmovy rastr prosel nasledné¢ procesem segmentace, jejimz
vysledkem byla po dalSich Upravach vrstva citajici 18 554 segmentti. Hodnoty vsech
abiotickych, biotickych a antropogennich ukazatelti byly stanoveny pro kazdy jednotlivy
segment, stejn¢ tak byl pro kazdy segment analyzovan krajinny pokryv. Dal§im krokem bylo
provedeni clusterové analyzy, jejimz vysledkem byly tfi klasifikace abiotickych, biotickych
a antropogennich poméri, kazda o deseti tfidach. Syntézou abiotické a biotické klasifikace
vznikla klasifikace pfirodnich podminek, jeji naslednou kombinaci s antropogenni klasifikaci
pak findlni klasifikace globalnich environmentalnich systému ¢itajici celkem 169 tiid
globalnich environmentalnich systémi.

Dilezitou sférou, které se globalni antropogenni transformace prostfedi vyznamné

dotyka, je rozloZeni biodiverzity. Jeji gradienty, ale i miru ohroZeni a naléhavost ochrany



dobte vystihuje koncept tzv. horkych skvrn biodiverzity. Horké skvrny biodiverzity jsou
oblastmi, kde velkd mnozstvi ¢asto endemickych druhl celi enormnim ztratdm rozlohy
puvodniho habitatu vlivem intenzivni lidské ¢innosti. Jednotlivé dil¢i klasifikace - abioticka,
bioticka a antropogenni, stejn¢ jako finalni klasifikace globalnich environmentalnich systému
byly analyzovény pro kazdou z 36 horkych skvrn biodiverzity i pro horké skvrny jako celek.
Z vysledkt vyplyva, Ze celosvétoveé vyznamné oblasti hotspotll jsou vice ohrozeny riznymi
druhy lidské ¢innosti nez zbytek svéta a taktéz, Ze nejcennéjsi horké skvrny biodiverzity celi

zasadnimu antropogennimu vlivu.

Klicova slova: klasifikace, antropogenni transformace, globalni environmentalni systémy,

horké skvrny biodiverzity
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1. Introduction

The Earth’s natural environment is naturally divided into specific zones. These have
been classified in many different ways in the past. In 1949, Allee presented biome types
(Allee et al., 1949), in 1961, Kendeigh came up with different terrestrial and marine biomes
(Kendeigh, 1961), later Whittaker presented a classification of biome types (Whittaker,
1975), and Goodall edited a book on ecosystem types or biomes: terrestrial, aquatic
and underground (Goodall, 1977). In the not so distant past, Schultz created the classification
of eco-zones (Schultz, 1988) and Bailey developed a biogeographical classification system
of ecoregions (Bailey, 1989). In 1998, Olson and Dinnerstein presented biogeographic realms
and biomes (Olson and Dinnerstein, 1998; Olson et al., 2001). All of these classifications
have been primarily driven by key abiotic environmental gradients, such as climate,
topography, or productivity. They have not taken into account the increasing human
domination of Earth's systems.

People have been changing ecosystems and their processes for a very long time
(Goudie, 2013), the first evidence of such activity is over 3 million years old (Gosden, 2003).
The Technological-Scientific Revolution was an important milestone, the development
of modern industrial and urban civilizations enabled global ecosystem changes (Takécs-
Santa, 2004; Goudie, 2013). Environmental issues that used to be local are becoming issues
of regional or global importance (Hoekstra et al., 2010; Goudie, 2013; Ruddiman, 2013).
Currently, nature and the natural environment are undergoing a major crisis on a global scale
and the number of ways in which humans are affecting the environment is multiplying
(Vitousek et al., 1997). Landscape fragmentation, climate change, pollution, natural resource
use, invasive species, intensification of land use and significantly increasing anthropogenic
pressure are eroding biodiversity, causing loss of ecosystems and species, and changing
nature on a global scale (Newbold et al., 2015; Diaz et al., 2019; Di Minin et al., 2022).
The 20th century was an epoch of very exceptional change (McNeill, 2003) and the current
period is called by some scientists as the Anthropocene (Crutzen and Stoermer, 2000;
Crutzen, 2002; Steffen et al., 2011; Waters et al., 2016). At least 75% of the Earth’s land
surface is experiencing measurable human pressures (Venter et al., 2016; Williams et al.,
2020; Ellis et al.,, 2021). Human interventions are increasingly complex and extensive.
According to WWF, the ecological footprint has doubled in just under 50 years at the turn
of the 20th century (Sanderson et al., 2006; WWF, 2010; Goudie, 2013). Therefore, several
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global classifications were presented in recent years to reflect the intensity of human
influence covering a wide range of aspects of anthropogenic transformation of the natural
environment.

Ellis and Ramankutty presented a global classification of anthropogenic biomes based
on an empirical analysis of direct human-nature interaction in 2008. Just two years later, Ellis
et al. presented a slightly different classification of anthromes. Letourneau et al. proposed
a new classification based on land-use systems, which express specific combinations
of interactions between the natural environment and humans. In the same year Van Asselen
and Verburg came up with the classification of land systems. In 2013, Vaclavik et al.
proposed a new approach for representing human-environment interactions and created
a classification of land system archetypes. In 2020, Sayre et al. described a new map
of terrestrial world ecosystems, where no socioeconomic data were used in the classification,
and Keith et al. created a hierarchical classification: The IUCN Global Ecosystem Typology
(Ellis and Ramankutty, 2008; Ellis et al., 2010; Letourneau et al., 2012; van Asselen
and Verburg, 2012; Vaclavik et al., 2013; Sayre et al., 2020; Keith et al., 2020).

The main objective of this thesis is to develop a new classification of global
environmental systems (GES) based on a range of abiotic, biotic, and anthropogenic factors.
This dataset is intended to be freely accessible. The results are presented in detail in journal
articles, tables and maps. A secondary aim is to analyse the individual sub-classifications
and the classification of global environmental systems within biodiversity hotspots

as an important concept of nature protection.

12



2. Scientific background

Anthropogenic transformation of the natural systems is of such great importance
in the contemporary world that it is difficult not to include human influence in modern global
classifications. Human impact on the natural environment used to be simplified or ignored
(Alessa and Chapin, 2008; Ellis et al., 2010), but in recent years new classifications have
begun to emerge abroad that include anthropogenic influences, either directly or indirectly.
This includes global classifications of anthropogenic biomes, anthromes, land-use systems,
land systems, land system archetypes, world ecosystems or global ecosystems (Ellis
and Ramankutty, 2008; Ellis et al., 2010; Letourneau et al., 2012; van Asselen and Verburg,
2012; Vaclavik et al.,, 2013; Sayre et al., 2020; Keith et al., 2020). The individual
classifications differ in their structure, approach, quantity and types of datasets used,
resolution, possibilities of use, etc., but all provide a useful tool for exploring a changing

world.

2.1. Anthropogenic biomes

Ellis and Ramankutty (2008) presented a classification and a global map
of anthropogenic biomes. They used a multi-stage empirical procedure for the identification
and mapping of anthropogenic biomes. Global datasets of land use: area of pastures, area
of crops (Ramankutty et al., 2008), irrigated area (Siebert et al., 2007) and rice area
(Monfreda et al., 2008); land cover: area of trees and bare earth (Hansen et al., 2003);
and population (Dobson et al., 2000), which played a primary role in the classification, were
used. The resolution of the data is 5 arc minutes. The classification consists
of 18 anthropogenic biome classes in five categories (dense settlements, villages, croplands,

rangelands and forested) and 3 wild biome classes in one category (wildlands).

2.2. Anthromes

Ellis et al. (2010) used a new anthrome classification algorithm for classifying these
variables: population density; urban area, cropland area, pasture area (Klein Goldewijk, 2006)
and irrigated area (Siebert et al., 2007); rice cover (Monfreda et al., 2008) and land cover
(Ramankutty and Foley, 1999). The new classification has the same resolution, uses the same

basic classification levels but the system is slightly simplified. Anthrome levels are
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aggregated into three categories: used anthromes (dense settlements, villages, croplands,

rangelands), semi natural anthromes and wildlands.

2.3. Land-use systems

Specific combinations of interactions between the natural environment and humans
resulted in a new classification based on land-use systems by Letourneau et al. (2012). Land-
use systems work with the heterogeneity of land cover and land use intensity. The resolution
is the same, 5 arc minutes. The input data characterises land cover / land use (bare soil area,
tree cover area (Hansen et al., 2003), build-up area (Elvidge et al., 2007), croplands area,
pastures area (Ramankutty et al., 2008); crop areas (Monfreda et al., 2008) and irrigated areas
(Siebert et al., 2005)), accessibility (Verburg et al., 2011), population density (Dobson et al.,
2000) and livestock density (sheep, goats, chicken, pigs, buffaloes, and bovines (FAO,
2007)). A two-step cluster analysis was employed to identify land-use systems,
the classification has 24 classes grouped into six categories (densely populated systems,

cropland systems, pastoral systems, mosaic systems, forested systems, and bare soil systems).

2.4. Land systems

In the classification of land systems by van Asselen and Verburg (2012) the land-use
intensity plays a crucial role. Land cover (tree cover and bare soil cover (Hansen et al., 2003),
cropland cover (Ramankutty et al., 2008), built-up area (Schneider et al., 2009)), livestock
(FAO, 2007) and agricultural intensity data (Neumann et al., 2010) were used
for classification, population was not used at all. All the input datasets were transformed into
a spatial resolution of 5 arc-minutes. Van Asselen and Verburg used a hierarchical procedure
for the classification and delineation of land systems, which comprise a total of 30 different
classes in eight categories (cropland systems, mosaic cropland and grassland systems, mosaic
cropland and forest systems, forest systems, mosaic (semi-)natural systems, grassland

systems, bare systems, and settlement systems).

2.5. Land system archetypes

Viaclavik et al. (2013) proposed a different approach for representing human-
environment interactions. They used a bottom-up approach driven by the data, which
is a difference from previous classifications. Global land system archetypes are defined
as unique combinations of land-use intensity (cropland and pasture data (Klein Goldewijk

etal., 2011) and their trends, irrigation (Siebert et al., 2007), soil erosion (van Oost et al.,
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2007), use of N fertiliser (Potter et al., 2010), yields and yield gaps for wheat, maize and rice
(ITASA/FAO, 2012), total production index and the human appropriation of net primary
production (Haberl et al., 2007)), environmental conditions (5 bioclimatic variables (Kriticos
et al., 2012), climate anomalies (Menne et al., 2009), NDVI (Tucker et al., 2005), soil organic
carbon (Batjes, 2006) and species richness from the [IUCN database), and also socioeconomic
factors (population density and its trend (CIESIN, 2005), GDP, GDP from agriculture,
the capital stock in agriculture (FAO), political stability (Kaufmann et al., 2010)
and accessibility (Uchida and Nelson, 2009)). Vaclavik et al. (2013) have chosen a higher
number of 32 indicators, spatial resolution was the same — 5 arc-minutes. A self-organising
map algorithm in R software was used — an unsupervised neural network. The classification
of Land system archetypes differs a lot in its structure; there are only 12 classes, which
are neither subdivided nor grouped: forest systems in the tropics, degraded forest/cropland
systems in the tropics, boreal systems of the western world, boreal systems of the eastern
world, high-density urban agglomerations, irrigated cropping systems with rice yield gap,
extensive cropping systems, pastoral systems, irrigated cropping systems, intensive cropping

systems, marginal lands in the developed world, and barren lands in the developing world.

2.6. World ecosystems

The map of terrestrial world ecosystems (Sayre et al., 2020) was derived from
the objective development and integration of global landforms (Karagulle et al., 2017), global
temperature domains (Fick and Hijmans, 2017), global moisture domains (Trabucco
and Zomer, 2009), and global vegetation and land use (ESA, 2017) at a spatial resolution
of 8 arc-seconds. Global temperature domains (tropical, subtropical, warm temperate, cold
temperate, boreal, and polar class) and global moisture domains (moist, dry, and desert class)
were combined to derive a world climate regions layer of a total of 18 classes. The climate
regions data were then combined with a world landforms data layer (mountains, hills, plains,
and tablelands), resulting in 72 world climate and terrain settings. Sayre et al. (2020)
combined this layer with the world vegetation and land cover data layer (forest, shrubland,
grassland, cropland, sparsely or non-vegetated (bare) area, settlements, snow and ice,

and water classes) and identified 431 world ecosystems.

2.7. TUCN Global ecosystem typology
(Keith et al., 2020) created this typology as a hierarchical classification with 6 levels.

The upper three levels are based on functional variation among ecosystems that are defined
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by their convergent ecological functions and they are developed from the top-down approach.
The lower three levels are based on compositional variation, ecosystems with differing
groups of species influencing those ecological functions are defined. The fourth level
is developed top-down by division of ecosystem functional groups, the fifth and sixth level
facilitate integration of established local classifications into the global framework and use
the bottom-up approach. The first level consists of five global realms (terrestrial,
subterranean, freshwater, marine, and atmospheric). At the second level, there are 25 biomes
ranging from anthropogenic biomes to tropical forests. At the third level, the classification
splits into 108 ecosystem functional groups. The fourth level units are called biogeographic
ecotypes, level five units global ecosystem types and level six units are known as sub-global

ecosystem types.

2.8. Biodiversity hotspots

Biodiversity hotspots are areas with the highest concentrations of endemic species
and at the same time they are facing huge loss of natural habitat. The concept of biodiversity
hotspots was introduced by the British ecologist Norman Myers in 1988 (Myers, 1988).
A year later, the concept was adopted by Conservation International (Mittermeier et al.,
1998). To qualify as a biodiversity hotspot, two strict criteria must be met. Firstly, each
biodiversity hotspot must contain at least 1500 endemic vascular plant species and secondly,
must have lost at least 70 percent of its primary natural habitat. Currently, there are
36 biodiversity hotspots, with the newest one established in 2016 in North America.
Biodiversity hotspots cover 2.4% of the Earth's land area and harbour approximately 42%
of endemic terrestrial vertebrate species and 50% of endemic plant species (CEPF, 2024).

Among the biodiversity hotspots, there are significant and even more significant
hotspots. Myers et al. (2000) analysed the importance of biodiversity hotspots based on two
criteria: species endemism and degree of threat. They considered five different factors.
Hrdina and Romportl (2017) considered thirteen factors: numbers of endemics
and endemic/species ratios for different groups of animals and for plants, and habitat loss.
Of these two analyses, the following six biodiversity hotspots emerged as the most
significant: Madagascar and the Indian Ocean Islands, Sundaland, the Philippines,
the Caribbean Islands, Indo-Burma, and Atlantic Forest. The most important biodiversity

hotspots face a great anthropogenic impact.
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3. Applied methods and data

The methodological procedure of creating a complex classification of global
environmental systems consists of several sequential steps. There is a need to classify both
the distribution of biodiversity and the environmental conditions as well as the degree
of anthropogenic impact. The classification of GES is based on abiotic, biotic,
and anthropogenic factors.

The initial stage of the preparations involved searching for and acquiring appropriate
abiotic data that characterises the Earth's landmass. Datasets characterising climatic
conditions come from the WorldClim database (Hijmans et al., 2005). This database provides
19 different temperature and precipitation indicators that characterise seasonality, annual
trends, and extreme or limiting environmental factors. The spatial resolution of all these data
layers is 30 seconds (0.93x0.93 = 0.86 km” at the equator). Seven of them were eventually
selected for further use, four representing temperature conditions: annual mean temperature,
mean temperature of the warmest quarter, mean temperature of the coldest quarter,
and temperature annual range. The remaining three represent precipitation conditions: annual
precipitation, precipitation of the wettest quarter, and precipitation of the driest quarter.
Among the unused variables were, for example, isothermality, mean diurnal range or monthly
precipitation and temperature values. From the same source (Hijmans et al., 2005) an altitude
data layer was obtained too. The analysis also considered topographic position index (TPI)
and vertical heterogeneity as the last two abiotic factors. These variables were derived
in ArcGIS.

Once these ten input abiotic rasters were prepared, they needed to be standardised.
Their values were reclassified to a range of 0-100. With the standardised datasets, a principal
component analysis (PCA) was performed. PCA is a procedure that allows the identification
of a smaller number of uncorrelated variables, known as principal components, from a large
set of data. The goal of the analysis is to explain the maximum possible amount of variance
with the fewest number of the above-mentioned principal components. The result
of the principal component analysis was a multiband raster with four principal components.
That was the most suitable number of principal components.

With the multiband raster ready, I could proceed to the segmentation process.
The multiresolution segmentation was carried out in eCognition software. This process was

iterated several times with fixed settings of image layer weights based on the principal
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component analysis (L1: 77.4, L2: 12.8, L3: 6.3, L4: 3.4) and different parameters of scale,
compactness and shape. To ensure that the shapes are neither too regular nor too irregular,
and the number of segments is not too large, the settings were as follows: scale 100,
compactness 0.5, and shape 0.1. The result of the multiresolution segmentation was a layer
that consisted of 44,418 segments. This initial segmentation layer contained numerous water
body segments and very small segments of less than 5 km?, which were subsequently
removed. The final layer consisted of 18,554 segments that were appropriate for further
analyses.

In the next step, biotic and anthropogenic datasets entered the analysis. Four biotic
factors were selected: species richness of mammals, species richness of birds, and species
richness of amphibians derived from the Biodiversity Mapping website (Jenkins et al., 2013;
Pimm et al., 2014), and diversity of plants coming from the work of Kier et al. (2005). These
biotic factors portray long-term evolution in specific natural conditions and human impact
and management. Anthropogenic factors are represented by these eight datasets: density
of cattle, pigs, sheep, goats, and chickens (Robinson et al., 2014) used as one index —
livestock density; population density (CIESIN, 2005), accessibility (Nelson, 2008) and global
land cover (ESA Land Cover global raster data, 2017). Number of patches, total area,
and percentage of all land cover classes in each segment were calculated using a Python
script. The land cover data were originally classified in 37 classes, which were later
generalised into 17 categories. These categories are presented in Table 1. Within each
of 18,554 segments, the mean, minimum, and maximum values of every continuous abiotic,
biotic, and anthropogenic variable were calculated in ArcGIS using zonal statistics and raster
algebra and then they were standardised (except global land cover) to enable cluster analysis
in IBM SPSS software. Abiotic and biotic data required a different type of analysis than
anthropogenic data. The K-Means clustering method with a setting of a maximum
of 100 iterations was used for biotic and abiotic data, the TwoStep cluster analysis was
performed on anthropogenic data, because the dataset contained both continuous (livestock
density, population density and accessibility) and categorical variables (land cover). Several
different settings for the number of clusters were tested, in the end the number of ten clusters
seemed to be the most convenient. This setting was used for all three classifications — abiotic,

biotic and anthropogenic.
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Table 1: Land cover categories

GLC category

Land cover classes

GLC1 Cropland, rainfed
Herbaceous cover
Tree or shrub cover
Cropland, irrigated or post-flooding
GLC2 Mosaic cropland (>50%)/natural vegetation (tree, shrub, herbaceous cover) (<50%)
Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%)/cropland (<50%)
GLC3 Tree cover, broadleaved, evergreen, closed to open (>15%)
GLC4 Tree cover, broadleaved, deciduous, closed to open (>15%)
Tree cover, broadleaved, deciduous, closed (>40%)
Tree cover, broadleaved, deciduous, open (15-40%)
GLC5 Tree cover, needleleaved, evergreen, closed to open (>15%)
Tree cover, needleleaved, evergreen, closed (>40%)
Tree cover, needleleaved, evergreen, open (15-40%)
GLC6 Tree cover, needleleaved, deciduous, closed to open (>15%)
Tree cover, needleleaved, deciduous, closed (>40%)
Tree cover, needleleaved, deciduous, open (15-40%)
GLC7 Tree cover, mixed leaf type (broadleaved and needleleaved)
GLCS8 Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
Mosaic herbaceous cover (>50%) / tree and shrub (<50%)
GLC9 Shrubland
Evergreen shrubland
Deciduous shrubland
GLC10 Grassland
GLC11 Lichens and mosses
GLC12 Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
Sparse tree (<15%)
Sparse shrub (<15%)
Sparse herbaceous cover (<15%)
GLC13 Tree cover, flooded, fresh or brakish water
Tree cover, flooded, saline water
Shrub or herbaceous cover, flooded, fresh/saline/brakish water
GLC14 Urban areas
GLCI15 Bare areas
Consolidated bare areas
Unconsolidated bare areas
GLC16 Water bodies
GLC17 Permanent snow and ice
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When the results of the cluster analyses were ready, their subsequent synthesis could
take place in ArcGIS. First, the abiotic and biotic classifications were merged using the union
function. The combined 10 classes of abiotic classification and 10 classes of biotic
classification could create up to 100 classes of natural conditions. However, 59 natural
classes were created and this number was further reduced when classes with distinctly similar
biotic characteristics that belonged to the same abiotic class were merged. This process led
to a reduction in the number of classes to a total of 30 natural classes. The classification
of natural conditions was then combined with the anthropogenic classification, up to
300 classes could have been created by this synthesis. In fact, 169 types of global
environmental systems (GES) were created (Figure 1). This is the main outcome of this
complex classification process and this doctoral thesis.

Each GES is identified by a unique code consisting of one or two letters (‘A' to 'J'
and 'a' to 'e') and a number (1 to 10). For example, A8, Hc2 or Ccl10. Affiliation with one
of the ten abiotic classes is indicated by the letters 'A' to 'J'. These classes are further
subdivided into one to five classes, and individual biotic classes or groups of classes are
distinguished by the letters 'a' to 'e'. The number indicates affiliation to the anthropogenic
class. Abiotic, biotic and anthropogenic classifications, as well as the classification of natural
conditions and especially the classification of global environmental systems, were presented

in maps.

Abiotic
Classification

10 classes
. Global
!O.th . Environmental
Classification + Systems
10 classes Anthropogenic 169 classes

Classification

10 classes

Figure 1: GES classification scheme
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Global environmental systems and all sub-classifications were analysed
for biodiversity hotspot areas to determine the current status of nature, landscape and human
impact in these globally important areas. The proportion of each abiotic, biotic,
anthropogenic, natural class and each global environmental system was calculated using
zonal statistics in ArcGIS for all 36 hotspots. The data thus obtained were then further
processed in Excel. The importance of each biodiversity hotspot was determined based

on the works of Myers et al. (2000) and Hrdina and Romportl (2017).
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ABSTRACT

Species on the Earth are under mereasing human pressure, according to some authors, the
current rate of extinction occurred only a few times i the past. for the last time 1n the
Cretaceous Period in the Mesozoic Era. The main goal of cument nature conservation 1s to
maintain the highest native biological diversity and to preserve and enhance life-supporting
ecosystem processes, functions and services with the best possible use of financial resources.
The areas where can be found the highest concentrations of endemic species and that also
face the highest loss of natural habitats are called biodiversity hotspots. Globally, now there
are 36 hotspots, covermg 2.4 % of the Earth's land area and harbouring about 50 % of
endenuc plant species and 42 % of endemuc terrestnial vertebrate species in the world. The
areas can be compared in terms of species richness. endemmsm. natural habitat loss or
territorial protection and nature conservation can be carnied out i the most efficient way. The
most important hotspots are Madagascar and the Indian Ocean Islands and Sundaland.

Kevwords: biodiversity, hotspots. endemism_ threats, conservation

INTRODUCTION

British ecologist Norman Myers first introduced the concept of terrestrial hiodiversity
hotspots. very important areas for biological conservation, 1n 1988 he identified ten hotspots
in the tropical forest biome (Myers, 1988). At that time, there were no quantitative criteria to
define areas of biodiversity hotspots (Mittermeter ef al, 2004). Two years later, in 1990, he
added eight hotspots. including four areas of Mediterranean type ecosystems (Myers, 1990).
Conservation International adopted Myers' concept of hotspots 1n 1989 (Mittermeier ef al,
1998) and mn 1999 were mtroduced quantitative biodiversity hotspots identification criteria
(Conservation International. 2014). Generally, such areas must meet two criteria: a hotspot
must harbour 1,300 or more vascular plant species being endemics there and has to have lost
at least 70 % of 1ts original primary habitat. The number of hotspots increased to 25, covering
1.4 % of the Earth's land area and maintaining 44 % of the world's plant species and 35 % of
terrestrial vertebrate species, and then again to 34. This number of hotspots lasted until 2011,
compnsing 2.3 % of the land surface and supporting more than 50% of endenuc plant species
and 42 % of the world's endemic terrestrial vertebrate species (CEPF. 2014). Now there are
36 hotspots. covering 2 4 % of the land surface. Forests of East Australia were identified in

25



Hrdina A.. Bomport] D.: Evaluating Global Biodiversity Hotspots — verv rich and even more endangered

2011 and North American Coastal Plain in 2016 (Williams et al . 2011; Noss ef al . 2015;
CEPF. 2016).

The boundaries of biodiversity hotspots were determined by common biological features.
Each of the areas 1s a umique biogeographic umit. This 15 evident in the case of islands or
archipelagos and the same 1s true for continental ecological islands in clearly defined units.
Typical examples are the Philippmes, Japan, the East Melanesian Islands, New Caledoma,
Polynesia-Micronesia, New Zealand. the Canbbean Islands, Madagascar and the Indian
Ocean Islands or Southwest Australia, the Caucasus and the Cape Flonstic Province,
respectively. In some other areas are the boundaries defined by the lines of recogmzed
divisions such as Wallace's line between Wallacea and Sundaland. or according to the expert
judgement (Myers ef al_, 2000).

Along with the development of the terrestrial hotspots biodiversity concept were also
identified the least endangered areas with ligh biodiversity. Wildemess areas are
quantitatively defined as areas still harbouring more than 70 % of the original habitat area
and with population density lower than 5 people per km”. These criteria are met by 44 % of
the land surface. but high biodiversity wilderness areas. which must also meet the criterion of
more than 1,500 endenuc plant species, cover only 6.1 % of the total area in 5 regions:
Amazoma, the North American Deserts, the Congo Forests of Central Afrnica. the
Miombo-IMopane Woodlands and Grasslands of Southern Africa and New Guinea. In the
five areas 1s found 17 % of endemic plant species and 8 %5 of the world's endemic terrestrial
vertebrate species (Mittermeier ef al.. 2004). Besides terrestrial biodiversity hotspots there
were also 1dentified ten manne biodiversity hotspots: South Japan. the Gulf of Guinea, the
North Indian Ocean. Eastern South Africa, the Cape Verde Islands, the West Caribbean. the
Philippines. the Red Sea and the Gulf of Aden. the South Mascarene Islands. the Sunda
Islands (Roberts ef al._ 2002). There are many approaches. based on the ecological criteria of
vulnerability and wreplaceability, and their combinations, how to identify global
conservation priorities. Conservation International uses a two-pronged strategy for
prioritizing global conservation. At the same tume 15 focusing on the threatened and
ureplaceable temrestrial biodiversity hotspots and on the hugh biodiversity wilderness areas,
which are also wrreplaceable but still largely intact and providing sigmificant conservation
opportumities (Conservation International . 2014).

The hotspot concept has also many critics. Peter Karerva and Michelle Marvier (2003)
argued that the hotspot idea attracted too many financial resources and other areas playing
a significant ecological role are downplayed. By investing exclusively in hotspots we risk to
lose important areas that contribute to many ecosystem services. Simularly Jepson and
Canney (2001) think that biodiversity hotspots concept provides only a partial response.
From another pomnt of view, Cafiadas ef al (2014) claim that hotspots are to large for
effective conservation and they detect smaller hotspots within larger hotspots. Stork and
Habel (2014) criticize identifying biodiversity hotspots without considering invertebrates.
Marnne biodiversity hotspots have also been the subject of controversy (Marchese, 2015).

BIODIVERSITY WITHIN HOTSPOTS

Natural environment and geographical conditions of biodiversity hotspots have been
attracting over a long period a large number of fauna and flora species. There are, based on
the CEPF (2014) data, more than 150,000 endemic plant species, half of all species of the
world. The highest number of species, about 30,000 vascular plant species. grows in the
Tropical Andes. The next hotspots ranked include Sundaland, the Mediterranean Basin and
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Atlantic Forest with more than 20000 species. Special attention should be paid to
Madagascar and the Indian Ocean Islands. where 9 of 10 species are endemic.

The highest mammal species richness — 570 species — can be found in the Tropical Andes.
similarly in Indo-Burma. Mesoamerica and the Eastern Afromontane hotspot. The largest
proportion of endemic species can be found within all the 1sland hotspots; 1n the foreground
15 as usual Madagascar with 92.9 %. The top posttions mn bird diversity belong to the same
four hotspots. complemented by species-nich hotspots Himalaya or South Amenican Atlantic
Forest or Tumbes-Chocé-Magdalena. Especially three regions are important with respect to
amphibian diversity: American hotspots the Tropical Andes. Mesoamerica and Atlantic
Forest; Southeast Asian hotspots Indo-Burma and Sundaland; East African hotspots
Madagascar and the Indian Ocean Islands and the Eastern Afromontane. On the other hand
New Caledonia has no amphibian species. Most reptile species are located in the same three
regions, the most important region being Central America and the Canbbean. The Mekong,
Chao Phraya, Salween and Irrawaddy niver basms are extremely rich m freshwater fish
species. Indo-Burma 1s mhabited by 1.262 and Sundaland 950 species. Species-rich are also
rivers and lakes of the East African Rift. the Eastern Afromontane hotspot harbouring
893 species. The Cerrado gets ranking number four with 800 freshwater fish species.

THREATS FOR BIODIVERSITY

Threats mn biodiversity hotspots are the same as those that threaten iodiversity worldwide,
having been only more intensive there. Habitat fragmentation, degradation, destruction and
loss are a pervasive threat affecting hotspots (Brooks ef al. 2002). Anthropogenic
acceleration of climate change magnifies the effects of habitat fragmentation, degradation
and loss (Thomas ef al., 2004). The average proportion of land area per hotspot with novel
climate was modelled to be about 16 %. The distribution of novel and disappearing climate
are principally concentrated at low latitudes (Bellard et al . 2014). Predatory invasive alien
species have already had a devastating impact on the 1sland hotspots. where species evolved
in the absence of predators. Introduction of invasive alien plant species, particularly those of
Mediterranean-type vegetation, 1s also having massive ecosystem effects. Direct wildlife
explottation for food. pet trade, or medicine 15 a serious threat to all hotspots (CEPF. 2014).
In biodiversity hotspots live about 2 billion people. However, the relationship between
people and biodiversity 1s not simply one where presence of more people results in greater
impacts on biodversity. For human-biodiversity interactions 15 more important human
activity than human density (Mittermeter et al . 2004). Biodiversity hotspots are also notable
centres of violent conflict (Dudley ef al . 2002).

EVALUATION OF HOTSPOTS' IMPORTANCE

The analysis by Myers er al. (2000) was dniven by two criteria: species endemism and
degree of threat. and considered five key factors: numbers of endemics and endemic/species
ratios for plants and vertebrates, and habatat loss. Hotspots, which appeared most often in the
top ten listings for each factor. were the leaders. Scientific knowledge has deepened. the
number of hotspots has increased. These are the main reasons for the new analysis. In this
analysis was used modified Myers' method for mutual comparison of the quality of
biodiversity hotspots, which considered tlurteen factors (instead of five): numbers of
endemics and endemmc/species ratios for plants, mammals. birds. amphibians, reptiles and
freshwater fishes. and habitat loss. These factors do not carry equal weight. so they cannot be
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combined into a single quantitative ranking. For the purposes of qualitative comparison were
compiled the rankings of each factor. Due to the higher number of hotspots, 36 instead of 23
were considered top twelve listings for each factor. As a proxy indicator was used the sum of
all factors rankings. For assessing the distribution of national parks in hotspots, was used
a database (based on the WDPA dataset), analysed in GIS.

Biodiversity hotspots, appearing for all thirteen factors m the top twelve listings, are the
most important on the world's terrestrial surface. These are Madagascar and the Indian
Ocean Islands and Sundaland followed by the Philippines appearing twelve times and the
Caribbean Islands appearing eleven times. All the areas are island hotspots, most of them
being small areas. making them even more important. Next ranking numbers get to the
Atlantic Forest, scoring also eleven times, Indo-Burma nine times, the Tropical Andes eight
times and Mesoamerica and the Eastern Afromontane seven times. The six richest hotspots in
terms of biodiversity are those with the lowest proportion of the remaimmng natural
vegetation, reaching in Madagascar and the Indian Ocean Islands and the Canbbean Islands
hotspots 10 %, others displayving even smaller proportion.

Some other hotspots are hot conservation candidates because they greatly excel in one of
the factors. The Mediterranean Basin has exceptional totals of endemic plants: 13,000, while
the proportion of remaining natural vegetation 1s the smallest among all the hotspots. The
Cape Flonistic Region displays the second highest endemic species/area ratio for plants, just
after the first New Caledomia. Although some of the biodiversity hotspots do not appear m
the top twelve listings 1n any factor, they still must meet the critenia to qualify themselves as
a hotspot and 1 comparison with the rest of the world have extraordinanly high species
richness and endemism rate. The nine hotspots are Forests of East Australia. Himalava. the
Califormia Flonstic Province, the Chilean Winter Rainfall Valdivian Forests, Southwest
Australia, Irano-Anatolian, Maputaland-Pondoland-Albany. the Caucasus and the Mountains
of Central Asia.

Formerly 36 biodiversity hotspots covered an area of almost 249 mullion square
kilometres. 1.e. 16.7 % of the Earth's land surface (CEPF, 2014; CEPF. 2016). The area of the
onginal primary habitat has been gradually decreasing there over the years. nowadays
reaching 3.6 million square kilometres. 1.e. 2.4 % of the Earth's land surface. The area of the
original biodiversity hotspots’ habitat was reduced by 85.5 %. only 14.5 % still remains. The
average area of remaining vegetation is now only 100,224 km”. which is almost seven times
less than the original area. Generally, hotspots located outside the highly productive tropics
in temperate or subtropical zone, have a larger proportion of the remaiming natural
vegetation. The northern henusphere situated hotspots: the Califorma Flonistic Province, the
Caucasus, the Mountains of Central Asia and Japan: and i the southem hemusphere: the
Chilean Winter Ramnfall-Valdivian Forests, the Succulent Karoo. the Cape Flornistic Region,
Maputaland-Pondoland-Albany, Southwest Australia and New Zealand. still having had
20 % or more of the original habitat area remaining. The only exception 1s the Mediterranean
Basin, showing the lowest proportion due to the long-term and continmng human exposure.
They are also located in developed countries (the United States, Japan, Australia, New
Zealand), or 1n Clile and South Africa, known for their traditional and quite developed nature
conservation.

The distribution of hotspots across biomes 1s very unequal. Of the total 36 biodiversity
hotspots. 22 are located m the tropics. from very humid areas to sparsely wooded areas of
savannas and grasslands. Seven hotspots are situated in the temperate forests biome: the
Caucasus, the Irano-Anatolian hotspot, the Mountams of Central Asia. the Mountains of
Southwest China, Japan, Wew Zealand and North American Coastal Plain; six can be
characterised by the Mediterranean vegetation: the California Floristic Province, the Chilean
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Winter Ramfall-Valdivian Forests, the Cape Flonistic Region, Southwest Australia, the
Mediterranean Basin and the Homn of Africa; and one — the Succulent Karoo — 15 desert.

NATURE CONSERVATION

Approximately 2.7 mallion square kilometres, 1.e. 10.9 % of the total area of hotspots has
already been at least officially protected. The proportion of protected areas vanies between
individual hotspots m a wide range from 3.2 % to 37 %. Two of the five most important
hotspots, Madagascar and the Indian Ocean Islands. and Atlantic Forest, have the lowest
proportion of area under some types of territorial protection. only 3.2 % and 4.1 %,
respectively. Protected areas in TUCN categories I-TV provide higher levels of protection,
because they conmtrol to various extent resource use and human presence. The average
coverage of protected areas m categonies I-IV 15 5.0 % within the hotspots' original area, mn
total reaching 1.248.258 km’. Generally, hotspots situated outside the tropics have
above-average proportion of protected areas in TUCN categonies I-TV. from New Zealand
with 22.1 % to Japan with 59 %. The exception 1s again the Mediterranean Basin and then
also a specific desert hotspot, namely the Succulent Karoo. National parks (as defined in
national legislations) cover an area of 1.043.308.52 knr". the proportion of the total hotspots’
area 1s 4.2 %. In all 36 biodiversity hotspots has been established 1,858 national parks of the
total number of 3,375 so far. Thus, in the hotspots 1s situated more than every second of the
world's national parks, but only 24 % of their total area 15 there. It 1s caused by the low
average size of national parks m the lighly fragmented landscape of hotspots.

Biodiversity hotspots are irreplaceable areas at high nisk. with significant species nchness,
diversity and endemism. They deserve the most attention in the process of conservation,
together with high biodiversity wilderness areas. also irreplaceable but still largely intact. In
2000 was established the Critical Ecosystem Partnership Fund focusing exclusively on the
funding of conservation activities in the areas of biodversity hotspots, particularly from U.S.
private foundations (Dalton, 2000). The concept has attracted over $1 ballion in conservation
wvestments (Mittermeter ef al., 2011). Almost tharty of the 50 countnies with the most
underfunded biodiversity conservation programmes and projects host the global biodiversity
hotspots: therefore, much more funding 1s required there (Waldron e al . 2013).

CONCLUSION

Every day biodiversity 1s being lost at up to 1,000 times the natural rate. The extinction of
species. habitat destruction. land conversion. climate change. pollution or the spread of
invasive species are only some of the threats responsible for today's crisis (TUCN. 2010). For
the first ttime in human history, the rate of species extinction may exceed that of species
discovery (Wheeler er al., 2012). Traditionally among the main responses to the current
biodiversity crisis, there also is the establishment and effective management of protected
areas to ensure the persistence of biodiversity not only in the hotspots (Bruner et al . 2001).
Surprisingly high number of currently existing protected areas are no more than “paper
parks”_ 1t means they have official designation. but lack management plans. funding. capacity
or enforcement and in some cases. even borders. Mismanagement also mcludes biodiversity
conservation (CEPF, 2014). The main objectives of the current global conservation should
be, inter alia. ensuring long-term stability in the already declared protected areas. reducing
fragmentation and then also establishing new protected areas in places with intact habitat
with the lughest conservation priority (Mittermeier ef al,, 2004). Climate change 15 likely to
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have a large impact on biodiversity. Establishing protected areas that remain resistant and
resilient to climate change as well as new ones in novel ecosystems 1s a further challenge
(Aranjo ef al . 2004; Hannah et al_. 2007; Bellard ef al._ 2014). Species movement including
dispersal may be very difficult or impossible in heavily fragmented habitat (Thomas, 2011).
Therefore, 1t 15 necessary to protect also the areas that will host target species in the near
future and to establish, manage and protect the corridors, both linear ones and stepping stones
(Mittermeter ef al., 2004). The long-term goal 1s to attempt to restore degraded habitats to
provide mcreased connectivity and to decrease fragmentation (CEPF, 2014).

Biodiversity hotspots and high biodiversity wilderness areas are inhabited by two-thirds of
endemic plant species and half of the world’s endemic species of terrestrial vertebrates in
only 8.5 % of the Earth's land surface. Hotspots provide us with the real measure of the
conservation challenge. Unless we succeed i conserving this small fraction of the planet’s
land area, we will lose more than half of our natural heritage (CEPF. 2014).

To conclude, the analysis evaluates 36 instead of 25 hotspots that existed in 2000.
The current available species data are more complete and accurate, so they allow
consideration of 13 factors mstead of 5 and more precise results of biodiversity hotspots'
importance. Hotspots with the highest conservation priority are Madagascar and the Indian
Ocean Islands, Sundaland, the Philippines and the Caribbean Islands, all island hotspots,
with the lowest proportion of the remaiming natural vegetation. located in the tropics.
Effective conservation in the areas of biodiversity hotspots mmist be among the tasks of high
priority at present and in the near future.
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ABSTRACT

The anthropogenic impact on the functioning of natural systems and the concept of Anthropocene as a period of the human dom-
imation of the Earth has been widely discussed in literature in the past few decades. Consequently, several land systems classifica-
tions have been developed on a global scale to capture the diversity, intensity, and spatial distribution of the human suppression
of natural stratification. This review presents the comparison of the most widely used complex global classifications, incorparating
bath natural conditions and the human influence on nature. Methods, input data, the number and type of output categories as well
as their geographical extent and distribution are described and compared. The review will help potential users to find differences
between available classifications and choose the right one for a paricular use.
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1. Introduction

The Earth is naturally stratified into specific zones,
which have been classified in different ways by
humans from ancient times. Humans have substanfial-
ly changed this natural distribution by their actions,
in the case of some regions so significantly that the
original natural conditions have been completely sup-
pressed in favour of anthropogenic factors (Vitousek
et al. 1997). Therefore, several global classifications
were presented to reflect the intensity of human influ-
ence covering a wide range of aspects of anthropogen-
ic transformation. Most of the classifications are used
as a spatial framework for assessing ecosystem or
landscape processes (&g land cover / land use change,
ecosystem services evaluation, ecosystem degrada-
tion ete.) and bicdiversity monitoring (e.g. Ellis and
Ramankutty 2008; Viclavik et al. 2013). Some clas-
sifications were presented in order to describe the
diversity and geographical differentiation of human
pressure on the Earth (e.g. Letourneau et al. 2012).

In recent times of global climate and environmen-
tal change, understanding the different trends and
impacts in specific land systems will be crucial in find-
ing appropriate adaptation and mitigation measures.
Existing global classifications may provide a useful
spatial framework for such evaluation.

The aim of this review is to present selected global
classifications, which are widely used and compare
their methodology and results. Such an overview will
help potential users in orientation and decizion mak-
ing, that is; which classification would fit a particular
purpose of use.

2. Human domination of the Earth —
development and geographical
demonstration

People have been changing ecosystems, their process-
es and forms, for several million years (Goudie 2013).
The oldest records (more than 3 millicn years ago)
of human activity and technology have been found
in various parts of Africa (Gosden 2003). The tools
have become more sophisticated during the Stone
Age (3.4 million years - ca. 4,000 BCE) and have ena-
bled greater exploitation of natural resources. Other
important factors were the development of commu-
nicative skills such as speech, and the discovery of the
use of fire. Fire was one of the most powerful tools
of envirenmental transformation. The Neolithic rev-
olution (starting 10,000 to 8,000 BCE) has brought
about many changes: the transition from a lifestyle
of hunting and gathering to agriculture and settle-
ment, the domestication of plants and animals, pop-
ulation growth, deforestation, irrigation etc. In the
Holocene humans also began to mine ores and smelt
metals (Goudie 2013). The Technological-Scientific

Revolution and the development of modern industrial
and urban civilizations have led to immense changes
in the reshaping of ecosystems globally (Takdcs-Santa
2004; Goudie 2013). The impact of human activities
on the global environment rapidly increased [Crutzen
2002) and the number of ways in which humans are
affecting the environment is multiplying (Vitousek et
al. 1997). The 20th century was especially an epoch of
very exceptional change (McNeill 2003).

The current period is called by some scientists, the
Anthropocene [Crutzen 2002, Waters et al. 2016). The
Earth is now more influenced by human activities than
the forces of nature, according to a number of authors,
anthropogenic transformation of the biosphere pre-
vails (Vitousek et al. 1997; Crutzen 2002; Steffen et al.
2007; Ellis etal. 2010; Steffen 2010). Human impact is
mainly reflected in land cover changes, therefore this
information is often included in global classifications.
However, the range of anthropogenic activities is
much wider - e.g. geographical differentiation of pop-
ulation density, varied intensity of natural resource
use, diverse intensities of domestic livestock, degra-
dation of natural processes, ete. play important role as
well in terms of natural systems alternation. Human
activities are causing global biodiversity declines
(Mewbold et al. 2015), both inside and outside pro-
tected areas (Schulze et al. 2018), 75% of the planet’s
land surface is experiencing measurable human pres-
sures (Venter et al. 2016; Williams et al. 2020; Ellis et
al. 2021). Therefore, anthropogenic transformation of
the natural systems cannot be simply ignered in mod-
ern global classifications. Human influence used to be
simplified or ignored (Alessa and Chapin 2008; Ellis
et al. 2010) and biomes were identified chiefly as a
result of a combination of abiotic and biotic factors
(Udvardy 1975; Olson et al. 2001; Bailey 2004, Hig-
gins et al. 2016, Dinerstein et al. 2017). Several stud-
ies on environmental stratifications invelving human
influence have recently been published resulting in
different spatially explicit classifications. The classifi-
cations result in the creation of global maps of anthro-
pogenic biomes, anthromes, land-use systems, land
systems, land system archetypes or world ecosystems
(Ellis and Ramankutty 2008; Letourneau et al. 2012;
van Asselen and Verburg 2012; Vaclavik et al. 2013;

Sayre et al. 2020).

3. Global environmental classifications
3.1 Anthropogenic biomes

Ellis and Ramankutty (2008) presented the first
global classification of terrestrial biomes based on
an empirical analysis of direct human-nature inter-
action. The result of the analysis is a global map of
anthropogenic biomes. & multi-stage empirical pro-
cedure was used for the identification and mapping
of anthropogenic biomes, based on global data of
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land use (percent area of pastures, crops, irrigated
and rice), land cover (percent area of trees and bare
earth) and population (Table 1), The analysis was exe-
cuted at 5 arc minute resolution (5° grid cells cover,
i.e. 86 kin? at the equator). The procedure first sepa-
rated wild cells from anthropogenic cells based on the
presence of human populations, pastures, and crops.
The authors then categorized human-ecosystem
interactions in anthropogenic cells into four classes
according to population density. Dense class with high
population intensity (more than 100 persons km7),
residential class with substantial population intensity
(10 to 100 persons k2], populated class with minor
population (1 to 10 persons km-%) and remote class
with inconsequential population (less than 1 per-
son km-Z), During the next step of cluster analysis
using SPSS, natural groupings within the cells of each
class were identified based on non-urban population
density, percentage of urban areas, crops, pastures,
irrigated lands, rice fields, tree cover and bare land.
As the last step, the derived strata were organized into
groupings based on their populations, land-cover and
land-use characteristics; resulting in the 18 anthro-
pogenic biome classes and 3 wild biome classes (Ellis
and Ramankutty 2008).

Anthropogenic biome classes were classified into
five basic groups: dense settlements, villages, crop-
lands, rangelands and forested: wild biome classes
belong to wildlands (Table 3). Dense settlements con-
tain two biomes, 40% of people live here, the majorityis
urban population. This category covers 1.5 million km?
and can be found especially in South and Southeast
Asia, North America or in Western Europe. Villages
include six biomes which also host 40% of people in

Tab. 1 Datasets used for the dassification of anthropogenic biomes.

| Cossifcation ctor | Reference |

Population Dobzson el (2000
Pastures area Raman bty et zl. [2008)
Crops ares Raman bty et zl. [2008)
Irrigated area Siehert et al. [2007)

Rice area Monfredz et al. {J00E)
Tree cover Hansen et al. (2003)
Bare earth Hansen et al. (2003)

Tab. 2 Datasets used for the dassification of anthromes.
T T
Population density Klein Goldewijk (2007
Urban snea Klein Goldewijk (2007)
Cropland area Klein Goldewijk (2007)
Posture nea Klein Goldewijk (2007)

Irrigated area Simheert &t al. [2007)
Rice cover Monfredz =t al. {J00E)
Lard cowver Ram:an kutty and Foley [1999)

the world but only 38% is urban. Village biomes cov-
er 7.7 million km?, and are most commonly found in
Asia, where they cover more than a quarter of all land.
They are also typical for regions of Europe or Africa.
Croplands cover more than 27 million km? and host
15% of people (7% urban) in five biomes. In Europe
croplands occupy almost half of all land; the residen-
tial irrigated cropland biome covers about 35%. Crop-
lands are often also located in South and Southeast
Asia, Latin America and Africa, covering about 25%
ofland in these areas. Rangeland biomes are the most
extensive, covering nearly 40 million km?2, almost
30% of North and Latin America, Australia, New Zea-
land and Asia, but they are most common in Africa;
(= 409%) especially in the Near East region (> 45%).
Rangelands are divided into three different biomes,
they account for less than 5 % of the global popula-
tion. Forested biomes contain two classes: populated
and remote forests, and cover 25 million km? of which
more than 45% is covered with trees. Forested biomes
contain only 0.69% of the global population and are
typical for Latin America (40%) and Eurasia [25%).
Wildlands occupy nearly 30 million kan? (ie. only 22%
of Earth's ice-free land) and are located mainly in the
Wear East region [50%), North America, Australia and
New Zealand [40%) and North Asia (30%] (Ellis and
Ramankutty 2008).

3.2 Anthromes

Ellis et al. (2010) used a new a priori anthrome clas-
sification algorithm built on standardized thresholds
for classifying the same variables (Table 2] instead of
the a posteriori anthrome classification used by Ellis
and Ramankutty (2008). The new classification used
the same basic classification levels but the system was
simplified. Village classes were collapsed from six to
four. croplands from five to four and wildlands from
three to two. The forested level was broadened from
two to four classes and named seminatural (Table 3).
Ellis et al. (2010) also simplified the system interpre-
tation by aggregating anthrome levels into three cat-
egories: used anthromes (dense settlements, villages,
croplands, rangelands), semi natural anthromes and
wildlands.

3.3 Land-use systems

Letourneau et al. (2012) propesed a new classifica-
tion based on land-use systems, which represent spe-
cific combinations of interactions between humans
and the natural envirenment. Land-use systems try
to describe the heterogeneity of land cover and also
land-use intensity; they are characterized by land
cover, land use, population pressure and accessibility
(Table 4). The spatial units of the analysis cover an
area of less than 100 km? each (5 arc-minutes reso-
lution). Multiple datasets were used in the classifica-
tion: population density, land use [ land cover data,

36



Current global land systems cClassifications

31

Tab. 3 List of classes of all dassifications.

Clnssification Cotegory Claszes
Dense settlements 1) Urban; 2] Dense settlements
il 1) Rice villages; 2] Irdigated villages; 3] Cropped and pastorsl villages; 4) Pastoral villages;
e 5) Rainfed villages; §) Rainfed mosaic villages
Anthropogenic Iands 1) Residentizl irrigated cropland; 2) Residential rminfed mosaic; 3) Populated irmigsted copland;
biomes Craplan &) Populsted rairfed cropland: 5) Rermote croplands
Rangeland 1) Residentizl rangelands; 2) Populated rangelands; 3] Remote mngelands
Forested 1) Populated forests; 2) Remote forests
Wildiands 1) 'Wild forests; 2) Sparse trees; 3] Barren
Dense settlements 1) Urban; 2] Mixed settlements
Villages 1) Rice villages; 2] Irdigated villages; 3] Rainfed villsges; 4] Pastoral villages
Iands 1) Residentizl irrigated croplands; 2 Residential minfed croplands; 3) Populated reinfed cropland;
4} Remote croplands
Anthromes
Rangeland 1) Residentizl rangelands; 2) Populated rangelands; 3} Remote mngelands
Seminzturs] kinds 1) Residentizl woodlands; 2) Populated woodlands; 3) Remote woodlands; £) inhabited treeless
and barren lands
Wildlands 1) Wild woodlands; 2) Wild treeless and barren lands
Bare soils 1) Remote bare soils; 2) Accessible bane soils; 3) Populated areas covered by bare soils
1) Accessible rminfed croplands; 2) Rainfed croplands with intensive livestock breeding; 3) Remote
rainfed croplands; 4) Rice croplands with intensive bovines breeding: 5) Rice croplands with intenshe
Croplznd system bowines and monogasrics breeding: §) Partly irfigated croplands with intensive [vestock breeding:
T) Parthy irrigated croplands with liwestock L ding; &) Imigated croplands with intensive
Fuze livestock breeding: 9) Imigated croplands with intensive bovines breeding
systems Densely populated 1) Urban zreas; 2] Villages or peri-urban area; 3] Villages and rice croplands; 4] Villages and irmigated
ystems croplands
Forested systems 1) Sparse trees; 2) Populated areas with forests; 3) Bermnate fonests
Maoszaic systems 1} Ma=zaic landscape; 2) Populated areas mosaic landscape
—— 1) Extensive pasures; 2) Intensive pastures with bowines and small ruminants; 3) Intensiee pastures
mral ptems with Bovines
1} Cropland extensive with few vestock; 2 Cropland extensive with bovines, goats and sheep;
3) Cropland extensive with pigs and poultry; 4) Cropland medium intensive with few livestock;
Croplznd systems 5) Cropland medium intensive with bovines, poats and sheep: 6] Cropland medium intensive with
pigs and poultry; 7} Cropland intensive with few livestock; B) Cropland intensive with bovines, goats
and sheep; 9) Cropland intensive with pigs and pouttry
1) Mosaic cropland and grassland with bovines, poats and sheep; 2) Mosaic cropland and grassland
Maozaic cropland and with pigs and poultry; 3) Mosaic croplznd [extensive) and grassland with few livestock; 4) Maozaic
grassland systems cropland [medium intensive) and grassland with few vestock; 5) Mosaic cropland (intensive) and
pramsland with few [vestod
Lzind
. 1} Mosaic cropland and forest with pigs and poultry; 2) Mosaic cropland (| | and forest
systems f':““'“ cropland and | ik few livestock: 3) Masaic cropland [medium imtensive) and forest with few livestock;
rest systems £ Masaic cropland (intensive] and forest with few [esmock
Forest systems 1) Dense forest; 2) Open forest with few livestock: 3) Open forest with pigs and poultry
hlasai i-Jnatural
aic [semi-natura 1} Mazaic grazslznd and forest; 2j Massic grassland and bare
Fystems
Grassland systems 1) Natural grassland; 2 Grassland with few livestods; 3) Grazsland with bovines, goats and sheep
Bare systems 1) Bare; 2 Bare with few livestock
Settlement systems 1) Peri~urban and villages; 2) Urban
1} Forest systems in the tropics; 2] Degraded forest/cropland systems in the tropics; 3 Boreal
" systems of the western world; 4) Boreal systems of the eastern waorld; 5) High-density urban
- sgplomerations; 6) Irrigated cropping systems with rice yield gzp; 7) Extensive cropping systems;
archetypes &) Pastoral systems; 9] bmigated cropping systems; 10) Intensive cropping systems; 11) Marginal lands
in the developed world; 12) Barren lands in the developing world
World ecosystems | — 231 classes; see Sayre et al. [2020)
Terrestrial
ILCN Slobal Subterranesn
ecosystem Freshaater 15 biomes and 108 ecosystem functional groups; see Keith et al. [2020)
typalogy harire
Atmospherc

37



52

Ale Hrdina, Dufan Romport]

Tab. 4 Datasets used for the dassification of land-use systems.

| Gmssificaion tactor | Reference _______|

Bare soil area Hansen et al. (2003)
Tree cover area Hansen et al. (2003)
Build-up area Elvidpge et al. [2007)
Croplands area Raman bty et &l [2008)
Pastures area Raman katty et &l [2008)
Crop areas honfreda et al. (200E)
Irrigated areas Siebert et al. [2005)
Sheeep density FAQ | 2007)

Gosts density FAD | 2007)

Chicken density FAD | 2007)

PFizs density FAD | 2007)

Buifaloes density FAQ | 2007)

Bowines density FAQ | 2007)

Population density Dobzon et zl. [2000)
Accessibility Werburges sl [2011)

livestock density and accessibility. Cropland data was
not divided into several types in confrast with Raman-
kutty et al. (2008); livestock density data was convert-
ed to livestock unit densities according to FAO, which
enabled the comparison of the densities of different
types of livestock. Letourneau et al. used a two-step
cluster analysis to identify particular land-use sys-
tems. Firstly, all the grid-cells were pre-grouped into
many sub-clusters; secondly an algorithm grouped
the sub-clusters into the optimal number of clusters
according to the algorithm used. During the first stage
of the clustering; wild areas, croplands or pastures
were identified, then major categories of landscapes
were determined. Each major category was further
classified; the classification had 32 land-use systems,
subsequently reduced to 24 classes [Letourneau et al.
2012).

Land-use system classes are grouped into six
categories: densely populated systems (4 classes),
cropland systems (9), pastoral systems (3), mosaic
systems (2), forested systems (3) and bare soil sys-
tems (3). South America, Africa and Australia are
dominantly covered by extensive pastoral land-use
systems; in Europe, South America and New Zealand
we can find intensive grazing systems; croplands are
mainly found in Europe, SE Asia and North Ameri-
ca. Densely populated systems are characterized by
population densities above ca, 1000 inhabitants lan?
(Letourneau et al. 2012). This classification is compa-
rable with anthropogenic biomes [Ellis and Raman-
kutty 2008; Ellis et al. 2010).

3.4 Land systems
Van Asselen and Verburg (2012) claim that land

use and land management were not represent-
ed adequately until the classification by Ellis and

Ramankutiy [2008). Relatively small, but important
types of land use were not represented and mosaic
landscapes were inaccurately characterized by a sin-
gle homogeneous land cover type. Van Asselen and
Verburg (2012) consider land-use intensity as a cru-
cial characteristic of land systems and a main canse of
environmental damage [Foley et al. 2005). Land cover,
livestock and agricultural intensity data was used for
classification of land systems (Table 5), population
wasn't used as a classification criterion. Land cover
variables were tree cover and bare soil cover [Hansen
et al. 2003), cropland cover (Ramanlutty et al. 2008)
and built-up area (Schneider et al. 2009). Livestock
data comes from FAD statistics (2007) and agricultur-
al intensity is based on global data of Neumann et al.
(2010). All data was transformed into spatial resolu-
tion of 5 arc-minutes in this study. For the classifica-
tion and delineation of land systems, a hierarchical
procedure was used (van Asselen and Verburg 2012).

The global land system classification map contains
8 categories. Cropland systems are divided info nine
classes and cover about 89§ of the world's land sur-
face. They are characterized by an average cropland
cover of ca, 70% and are distinguished based on agri-
cultural intensity, and livestock type and intensity.
289 of the global population lives in this category.
Extensive croplands can be found in Africa and India
while intensive croplands are found in central-east-
ern US, Europe, SW Russia, in parts of China and India.
The second category is called mosaic cropland and
grassland systems, which contain five classes that all
together cover 59 of the land surface and host 109% of
the world's population. Extensive types occur mainly
in Africa, whereas intensively managed systems are
found in the United States, Europe or Argentina, Mosa-
ic croplands and forest systems cover only 4% of the
world's area, and 9% of the world's population lives
in this area. These systems occur all over the world.
Forest systems cover a much larger area of 21% of the
world's land surface, but only 8% of the population
can be found here. Dense forest systems have an aver-
age tree cover of about 80% and mostly include trop-
ical forests or temperate forests at higher latitudes.
Open forest systems (two different classes) have an
average tree cover of about 55%. The next category,
grassland systems cover 12% of the land surface and
host 4.6% of the world's population. This category

Tah. 5 Datasets usad for the dassification of land systems.

| Clossicntion foctor | Refermnce ________|
Hanzen et al. [2003)
Hansen et zl. [2003)

Tree cover

Bare soil cover

Cropland cover Ramankutty et al. (2008)

Build-up area

Livestock density

Schneider et al. {2005)

FA0 [2007)
MNeurmrann et al. {2000)

Efficiency of agricultursl production
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is divided into 3 classes, one natural; in tundra and
two anthropogenic all over the world. Mosaic (semi-]
natural systems are widely spread covering 24% of
the world land surface, 8% of the population lives in
the mosaic grassland and forest system, which ocours
in Canada, Russia, South America, Central Africa and
China, only 1.5% live in the second class - mosaic
grassland and bare system. Settlement systems are
subdivided into the urban, and peri-urban and village
systems. They cover only 29 of the world's land sur-
face, but 259 of people live here. Both classes can be
found all over the world. The last category is named
bare systems, and is subdivided into two classes; the
average bare cover is 309, Bare systems cover 1/4 of
the land surface and host 5% of the world's popula-
tion, These systems occur in the Sahara, Australia,
western China, the Middle East, Mongolia, Kazakhstan
etc. (van Asselen and Verburg 2012).

3.5 Land system archetypes

Mapping land systems with the incorporation of
land-use intensity and land management is useful
for a better understanding of the interactions and
feedbacks between nature and people, measuring
impacts, addressing global trade-offs of land-use
change and developing better policies adapted to
regional conditions (Foley et al. 2011; Seppelt et al.
2011; Vaclavik et al. 2013). In previous studies top-
down approaches were used based on expert’s rules
or a priori classification. In the study of Viclavik et
al. (2013) a new approach was proposed for rep-
resenting human-environment interactions, a bot-
tom-up approach driven only by the data. Global land
system archetypes were defined as unique combi-
nations of environmental conditions, socioeconomic
factors and land-use intensity; they were identified
based on 32 indicators (Table 6). All datasets were
derived for the period around the year 2005; spatial
resolution was the same as in all previous studies -
5 arc-minutes. Land-use intensity was characterized
by data on cropland and pasture (Kein Goldewijk et
al. 2011) and their trends, use of N fertilizer (Potter et
al. 2010), irrigation (Siebert et al. 2007). soil erosion
(van Oost et al. 2007), yields and yield gaps for wheat,
maize and rice (I[ASA/FAD 2012), total production
index and the human appropriation of net primary
production (Haberl et al. 2007). Environmental con-
ditions were characterised by 35 bioclimatic varia-
bles, from which 5 were selected for the final analysis
(Kriticos et al. 2012), climate anomalies (Menne et
al. 2009), NDVI mean and seasenality (Tucker et al
2005). soil organic carbon (Batjes 2006) and species
diversity of terrestrial mammals, birds, amphibians
and reptiles from the IUCN database. Finally GDP
GDP from agriculture, the capital stock in agricul-
ture (FAOD), population density and its trend (CIESIN
2005), political stability (Kaufmann et al. 2010) and
accessibility (Uchida and Nelson 2009) were used as

socioeconomic factors. For the classification of land
system archetypes, a self-organizing map algorithm
(SOM) was used; an unsupervised neural network
The 50M analysis was conducted in R version 2.14.0.
A 3 by 4 hexagonal plane was chosen as the two-di-
mensional output space. The final result was a map of
global land system archetypes (Vaclavik et al. 2013).

Forest systems in the tropics represent the first
archetype of a total of 12 archetypes. They cover ca.
14% of terrestrial ecosystems and they are deter-
mined mainly by climate. This archetype can be
found in Latin America and the Amazon basin, West
and Central Africa and in SE Asia. Degraded forest/
cropland systems in the tropics cover only 0.35% of
the world's land surface area; are characterized by
enormous soil erosion and occur in Southeast Asia
and Latin America. Boreal systems of the western
world cover 14% of the world’s land surface, it's an
area of scarcely populated boreal forests and tundra.
This LSA occurs mainly in Canada, Northern Europe,
and Patagonia; or in higher elevations. Boreal systems
of the eastern world occupy 20% of terrestrial ecosys-
tems and are typical for Russia and Northeast China.
Extensive cropping systems (11%) are defined by a
high density of cropland and its increasing trend and
the population density exceeding the global average.
Extensive cropping systems occur in Eastern Eurape,
Sub-Saharan Africa, South America, India and China.
Intensive cropping systems (5%) are also character-
ized by a high density of cropland, but it has decreased
in recent decades. This land system archetype occurs
in Western Europe, Eastern United States of Ameri-
ca and Western Australia. Only 2% of terrestrial eco-
systems are covered by irrigated cropping systems.
The intense land-use pressure can be illustrated by
avery dense population that has increased in the last
50 years. This archetype is typical for India, China or
Egypt. Irrigated cropping systems with rice vield gap
(only 1%%) oceur in economically very poor and also
politically unstable regions such as Bangladesh, India
and Southeast Asia. Pastoral systems (139%) are char-
acterized by high densities of pastures and grasslands
and are still scarcely populated. They are located in
Cenfral Asia, South and North Africa and Sahel, and
in Latin America, High-density urban agglomerations
cover only 0.19% of the world's land surface and values
of its indicators are predominantly extreme, the pop-
ulation density is 7138 persons per km? etc. Marginal
lands in the developed world [99) have low values
for indicators of land-use intensity, and the popula-
tion density is only 6 people per km?® and decreasing,
This archetype occurs in Western USA, Australia or
Argentina. The last land system archetype is called
barren lands in the developing world and cowers
119% of terrestrial e . It consists of mainly
barren and desert areas characterized by low densi-
ties of cropland and pastures, extremely low primary
production and an extreme climate. The population
density is only 12 people per km?, the countries are
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Tab. 6 Datasets used for the dassification of land system archetypes.

| Gussificaion factor | Reference |

Temperature

Kriticos ex 2l [2013)

Tah. 7 Datasets used for the dassification of world ecosystems.

Global temperature domains Fick and Hijmans {2017)

Diurnal temiperature mnge

Kritics ex 2l [2013)

Global moisure domains Trehbuooo snd Zemer {2005)

Precipitation

Kriticos et 2l [2013)

Global landforms Karzgulle et al. [2017)

Precipitation seasonality

Kriticos et 2l [2013)

Global vegetation and lznd wse ESA [2017)

Solar radiztion

Kritics et 2l [2013)

Climate anomalies

http-/ s node. noEa. gov

fcmb-fag/anomalies. php#fgrid

ND¥1 — mean

Tuscker et 2. [2005)

NOW] — seasonality

Tuscker et 2. [2005)

Soil organic carbon

Batjes (2006)

hitp-/ e ucniredlist.ong

Speciex richness Jftechnical-documents/spatial-data
Cropland area Klein Goldewijk et al. [ 2011)
Cropland area trend Klein Goldewijk et al. [ 2011)
Pasture area Klein Goldewijk et al. [ 2011)

Pasture area trend

Klein Goldewijk et al. (2011)

N fertilizer Poster =t al. (2000)

Irrigation Siebert et al. [2007)

Soil erasion Wan Dost et zl. [2007)

Yield for wheat hitp-/fwwow zaez iizsa acat
Yield for maize hitp-/fwwow zaez iizsa acat
Yield for rice hitp-/ e paez jizsa acat)
Yield p=p for wheat hitp-/ e paez jizsa acat)
Yield p=p for maize hitp-/ e paez jizsa acat)
Wield p=p for rice hitp-/ e paez izsa acat)
Total produchion index hitp-/ffaostat fao.org’
HANPP Haber et al. {2007)

Grozs domestic product hitp/ifaostat fan.orgf
fﬁ:ﬂm product in hitp=/ffaastat fan.org/
Capital stock in agriculture hitp-/ifaostat fan.org’
Population density CIESIN {2005)

Population density trend CIESIN (2005)

Political stability hitp-/fwwoa povindicators.org
Accessibility hitp-/fbioval_jrcec euopa.eu

products/gam/findex.htm

poor and very politically unstable. Barren lands exist
in regions of the Middle East, Saharan Africa, the
deserts of Namibia and the Gobi and Atacama deserts
(Vaclavik et al. 2013).

3.6 World ecosystems

Sayre et al. (2020) described a new set of maps of
global ecosystems at a spatial resolution of 250 m
(& arc-seconds resolution). The map of terrestrial
world ecosystems was derived from the objective
development and integration of global temperature
domains, global meisture domains, global land-
forms, and global vegetation and land use (Table 7).

Temperature data come from the WorldClim version 2
(Fick and Hijmans 2017) database. Global tempera-
ture domains consist of six temperature classes (trop-
ical, subtropical, warm temperate, cold temperate,
boreal, and polar). Werld moisture domains are based
cn the value of the aridity index [AI) (Trabucco and
Zomer 2009), and there are three classes (moist, dry,
desert) designed. The world temperature domains
layer and the world moisture domains layer were
then combined to derive a world climate regions lay-
er. With six temperature domains and three moisture
domains, a total of 18 climate regions is possible (Say-
re et al. 2020). The climate regions data were then
combined with a world landforms data layer thatis an
aggregation of the global Hammond landforms layer
(Karagulle et al. 2017) into four classes (mountains,
hills, plains, and tablelands), extending the 13 climate
region classes to 72 possible climate region and land-
form combinations, called world climate and terrain
settings. In the end Sayre et al. (2020) combined this
layer with the world vegetation and land cover data
layer. The world vegetation and land cover layer con-
tains forest, shrubland, grassland, cropland, sparsely
or non-vegetated (bare) area, settlements, snow and
ice, and water classes, and was derived from the glob-
al land cowver data produced by the European Space
Agency (ESA 2017). A combination of the previous
72 gettings with the eight vegetation classes yields
576 total possible combinations of world ecosystems.
A total of 431 world ecosystems were identified, and
of these a total of 278 units were natural or semi-nat-
ural vegetation/environment combinations. The big-
gest classes of the classification are Tropical moist
forest on plains, Tropical desert sparsely or non-veg-
etated on plains, Boreal moist forest on mountains,
and Subtropical moist forest on mountains, all having
more than 3 million km? (Sayre et al. 2020).

3.7 IUCH Global ecosystem typology

This typology (version 2.0) is created as ahierarchical
classification. In its upper three levels, functional var-
iation among ecosystems is represented, ecosystems
are defined by their convergent ecological functions.
In its lower three levels, compositional variation is
represented, ecosystems with differing groups of spe-
cies influencing those ecological functions are defined
(Keith et al. 2020).

The top level of the classification consists of five
global realms: terrestrial, but also subterranean,
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Fig. 1 Hierarchical structure of Global Ecosystem Typology.
Source: Keith et al. 2020

freshwater. marine, and atmospheric. Realms at the
interface between contrasting environments are
called transitional realms. At the second level, the
classification defines 25 biomes ranging from tropical
forests to several anthropegenic biomes. At the third
level, the classification splits into 108 classes called
Ecosystem Functional Groups [EFG). These three lev-
els were developed from the top-down approach. The
units of the fourth level are developed top-down by
division of EFGs. In contrast, the fifth and sixth level
facilitate integration of established local classifica-
tions into the global framework. Integration uses the
bottom-up approach. The units at the fourth and fifth
level are both nested with the third level units; they
represent alternative pathways below the third level
(Figure 1). Level four units are called Biogeograph-
ic ecotypes, they are ecoregional expressions of an
EFG. Global ecosystem types create the fifth level of
the classification, they are complexes of organisms,
with similar ecological processes and their associat-
ed physical environment within an area occupied by
an EFG, but with substantial difference in composition
of organisms. And finally the sixth level - Sub-glob-
al ecosystem types are subunits or nested groups of
subunits within a global ecosystem type, which exhib-
it more compositional homogeneity and resemblance

Tab. & Comparison of global environmental classifications.

to one another than global ecosystem types (Keith
etal. 2020).

In the terrestrial realm can be found seven biomes:
tropical-subtropical forests, temperate-boreal forests
and woodlands, shrublands and shrubby woodlands,
savannas and grasslands, deserts and semi-deserts,
polar-alpine, and intensive land-use systems. These
biomes are further divided into 34 EFGs. There are
also transitional realms with terrestrial component:
palustrine wetlands, shoreline systems, supralitto-
ral coastal systems, anthropogenic shorelines, and
brackish tidal systems comprising altogether a total
of 16 EFGs (Keith et al. 2020).

4, Comparison and discussion of methods
and outputs of global environmental
classifications

Ellis and Ramankutty (2008), Ellis et al. (2010),
Letourneau et al. (2012), Van Asselen and Verburg
(2012) applied top-down approaches based on
expert’s rules or a priori classification, in contrast
Vaclavik et al. (2013) used a bottom-up approach to
reduce the level of subjectivity and also used a much

Anthropogenic biomes Ellis and Ramankutty [ 2006) 7] 5 arc minwies
Anthromes Ellis =t al. {2010} 7] 15 5 arc minwies
Land-use systems Letourneaw =t al. (2012) 7] 24 5 @rc minwtes
Land systemns Van Asselen and Yerbung [2012) B 30 5 @rc minwtes
Lard system archetypes Vadavik et 2l [2013) - 12 5 arc minutes
World ecosystems Sayre et al. (2020) - 431 B arc seconds
ICH Global ecosystem typology Keith et al. {2020) 3 253 108 3 e seconds
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Fig. 2 comparison of land system archetypes |a), anthropogenic biomes (b), anthromes [c] and land systems [d} on the esample of The

Democratic Republic of the Congo.

higher number of input classification factors [32]
compared to the other studies (Tables 1-2, 4-6). All
these classifications were executed at the same 5 arc
minute resolution. Sayre et al. [2020) have taken
the structural approach. They mapped and subse-
quently integrated different natural elements. World
ecosystems were executed at the 8 arc seconds res-
oluticn. Keith et al. (2020) used the combination of
top-down and bottom-up approaches, which serves
to balance consistency with realism. The IUCN Global
ecosystem typology was executed at the 30 arc sec-
onds resolution. Anthropogenic biomes, anthromes,
land-use systems and land systems all have a similar
structure. They are grouped into six or eight cate-
gories respectively; each category is further divided
into individual classes. Land system archetypes are
completely different, there are 12 categories, which
are not further divided. World ecosystems consist
of 431 different classes. The IUCN Global ecosystem
typology has five categories at the top level further

divided into 25 classes and further into 108 units, ete.
(Table 8).

Anthropogenic biomes, anthromes, land-use sys-
tems and land systems are suitable for further use on
a wide range of scales, from global to regional; or a
sub-regional scale, Land system archetypes are useful
mainly on a global or continental scale (Figure 2.

On the other hand, land system archetypes present
the most objective classification and they are based
on much more different types of input data. World
ecosystems and Glebal ecosystem typology are creat-
ed at a much finer spatial resolution. They are useful
especially for conservation management.

The availability of individual classifications includ-
ing alink for downlead is shown in the following table
(Table 9), classifications of Ellis and Ramankutty
(2008), Ellis et al. (2010), Van Asselen and Verburg
(2012), Viclavik et al. (2013), Sayre et al. (2020) and
Eeith et al. (2020) are for those interested, freely
available.
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Tab. @ swailability of global environmental o assifications

Anthrome Dats (https:/ fecotope ong/anthromes/dats,)

{z012)

Anthropogenic biomes Ellis and Raman kutty [ 2008)
Anthromes Ellis et al. [2010) Anthrome Data (https:/ fecotope.ong/anthromesdats)
Land-use systems Letourneaw =t al. {2012) Nfs
Global Land System dassifiction data
Van Assel d Verb
Land systems § s wE {rttps: fwsw environmental geoeraphy. nlisite/'d ata-models id ata fglobal

Hand-system-classification/’)

Land systemn archetypes Vadavik et al. [2013)

Land systern anchetypes (Fttps: /v ufz_defindex. php?en=37603)

‘World ecosystems Sayre =t al. [2020]

‘World ecosystems (https:/rmgsc.crusgs gov/outgoing ferosyste ms/Global /)

ILICH Global ecosystem typolomy Keith =t al. (2000]

Global scosystemns [hitps-//global-smsystems. org/)

L. Summary

All the classifications show human-environment
interactions, but each in a slightly different way. Inter-
esting regional patterns, similarities on a global level
and differences on a sub-national scale - can all be
found here. Every classification provides a naturally
generalized and simplified picture of a rather diverse
reality. The best currently available datasets are used,
but the quality and spatial resolution of all the input
data are the limiting factors, moreover datasets often
capture information for different periods. Many fac-
tors that could be very useful for classification aren't
available or lack the necessary quality (Ellis and
Ramankutty 2008; Letourneau et al. 2012; van Asse-
len and Verburg 2012; Viclavik et al. 2013). Anthro-
pogenic biomes, anthromes, land-use systems, land
systems, land system archetypes, world ecosystems
or whatever we want to call them, are useful in the
better understanding of global human-environment
interactions and land-use change impacts, identi-
fying regions with similar pelicy demands, they can
also help with the global change challenges and can
be used as inputs for global land change models and
other modelling.

Naturally, all classifications presented differ in the
purpose of their development, complexity of input
variables and range of use by both scientists, interna-
tional institutions, government bodies and the gener-
al public. Anthropogenic biomes and anthromes (Ellis
and Ramankutty 2008; Ellis et al. 2010), land-use sys-
tems [Letourneau et al. 2012), land systems (van Asse-
len and Verburg 2012) and land system archetypes
(Vaclawik et al. 2013) have certainly had a significant
impact, and each has been cited hundreds or thou-
sands of times, Anthropogenic biomes and anthromes
have become part of the Principles of Terrestrial Eco-
system Ecology and the National Geographic Atlas of
the World, and have been incorporated into the IUCN
Global ecosystem typology (Keith et al. 2020). These
classifications hawve recently been used also in ana-
lysing long-term changes (Ellis et al. 2021). The most
recent classifications with most likely future impact
are, firstly, World ecosystems, the system devised by
Sayre et al. (2020) for the Nature Conservancy and

IPCC, a useful tool for the Convention on Biclogical
Diversity's (CBD) Aichi Target 11, IUUCN, FAD or IPBES.
World ecosystems can be used in global conservation,
global planning efforts. This system is data-derived
with high spatial resolution. On the contrary, WWF
Ecoregions (Olson et al. 2001, Dinnerstein etal. 2017)
are expert-derived, coarse, and macroscale, And, sec-
ondly, the Global ecosystem typology (Keith et al.
2020) approved by the IUCN. Ecosystems of the new
IUCN Red List of Ecosystems are classified accord-
ing to the IUCN Global ecosystem typology, a frame-
work based on ecosystem function and biodiversity.

All the classifications provide a complex global
spatial framework incorporating both natural and
human factors that influence the functioning of land
systems. Therefore, they can be used for the moni-
toring of global change of land use, ecosystems and
biodiversity dynamics, global conservation and much
more.
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ABSTRACT

(Changes to the Earth's environment, increasing anthropogenic pressure, and the glabal dedine
of biodiversty bring the need to establish spatial frameworks for the monitoring and
assessment of such dynamic processes. Several environmental stratifications have been
developed at the global level: however, most of them only indude natural conditions in the
classification process. Incorporating spatial pattems of biodiversity and the degree of
anthropogenic pressure seems to be emential in an era of significant environmental
transformation. We developed a new comprehensive dassification of Global Environmental
Systermns based on general abiotic gradients, distribution of biodiversity, and spatial
differentiation of human impact This classification is based on 22 varables covering abiotic,
biotic, and anthropogenic factors We identified 10 abiotic, biotic. and anthropogenic dasses
using duster analysis; their combination results in 159 unigque Global Environmental Systems
(GES) showing human-erwvironment interactions. Each dass shows an area with similar
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1. Introduction

Today's world faces a multitude of environmental
challenges (eg. IPBES, 2019; Vitousek et al., 1997},
that need to be monitored and evaluated within
appropriately chosen spatial frameworks, The increas-
ing demand for integration and harmonisation of glo-
bal environmental, human-pressure, and biodiversity
data requires a precise and robust approach in
defining such spatial units. Improved computing tech-
nologies, wide availability, and the abundance of Earth
Observation (EQ) data now enable more quantitative
and objective methods to global ecosystern mapping
with higher spatial resolution. A number of global
classifications that combine different environmental
conditions  (dimate, topography, vepetation/land
cover, ealogical functions, etc.) have been published
(eg. Keith at al, 2020; Metager et al., 3013; Sayre
etal., 2020); however, just a few of them include com-
prehensive information on human impact on ecosys-
tems (c.g Ellis et al, 2000 Ellis & Ramanlutty,
2008; Gosling et al, 2020; Letourncau et al, 2012
van Asselen & Verburg, 20125 Viclavik et al., 2013)
and hiodiversity distribution (e.g Jenkins et al,
2013% Pimm et al., 2014).

Anthropogenic biomes (Ellis & Ramankutty, 2008)
are based on an empirical analysis of direct human-
nature interadion. A multistage empirical procedure

used global data of land use, land cover and popu-
lation, missing biotic and abiotic factors. Population
density played an important role in the categorisation
of human-ecosystem interactions. 18 anthropogenic
biome classes and 3 wild biome classes were presented
in 6 categories. Two years later, Ellis etal. (2010) used
a mew a prior anthrome dassification algorithm built
on standardised thresholds and presented a slightly
different classification. Letourneaw et al. (2012} pro-
posed a new classification based on land use systems
characterised by land cover, land use, popubtion
pressure, livestock density, and accessibility. The
classification has 24 land use systems in 6 categories.
van Asselen and Verburg (2012) consider land-use
intensity as a crudal dharacteristic of land systems;
30 land systems can be found in a total of dght cat-
egories. Land cover, livestock, and agricultural inten-
sity data were used for clssification of land systems;
population was not used as a classification criterion.
Both the above-mentioned classifimtions (anthro-
pogenic biomes and anthromes) do not use biotic
and abiotic factors. In previous studies, top-down
approaches were used, in the study of Vaclavik et al.
(2013) a bottom-up approach was used driven only
by the data. Global land system archetypes were ident-
ificd based on 32 indicators; biotic, abiotic, and socio-
economic. Land system archetypes are different, there
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are only 12 @tegories, which are not further divided.
Sayre et al. (2020) described a new map of terrestrial
world emsystems, which was derived from global
temperature domains, global moisture domains, glo-
bal landforms, and global vegetation and land use.
Mo socioeconomic data were used in the classification.
A total of 431 world ecosystems were identified. The
IUCN Global Feosystem Typology (Keith et al,
2020) is created as a hierarchical classification. In its
upper three levels, ecosystems are defined by their
convergent ecological functions, while in its lower
three levels, ecosystems with differing groups of
species influencing those ecological functions are
defined. The classification consists of 5 global realms,
25 biomes, 108 ecosystem fundional groups, etc.
These three levels were developed from the top-
down approach.

Therefore, the aim of this paper is to present the
development of a new approach of multidimensional
classification of Global Environmental Systems based
on abiotic, biotic, and anthropogenic factors. The
results of this complex classification provide a useful
spatial framework for the comparison and analysis
of ecological and environmental processes in diverse
and heterogeneous regions,

2. Materials and methods

The methodological procedure consists of several
sequential steps. First, the abiotic conditions of planet
Earth were analysed, in which basic segments were
defined on the basis of climate and topography gradi-
ents. Within these spatial units, biodiversity gradients
were further evaluated; these were seen as an indicator
of biotic mnditions. At the same time, within the same
spatial framework, the level of anthropogenic trans-
formation of the environment was assessed. Cluster
analysis of K-means duster analysis was used as the
main tool for these particular assessments, Finally, a
synthesis of the partial results was performed, repre-
senting a comprehensive global classification  of
environmental conditions.

2.1. Abiotic factors

The first step was to obtain suitable data that charac-
terise abiotic factors. Climate data were obtained
from the WorldClim database (Hijmans et al, 2005)
and were available at a spatial resolution of 30 s
(0.93 % 0.93 = 0.86 kkm® at the equator). In total there
were 19 variables. These variables represent annual
trends (e.g. mean annual temperature, annuoal precipi-
tation), seasonality (e.g. annual range in temperature],
and extreme or limiting environmental factors (eg.
temperature of the coldest and warmest quarter, and
precipitation of the wet and dry quarters). From
these variables, we sdected seven that were not highly

Table 1. Abiotic clasification factors.
Abjotic dewificaion scor

Rederande

Hijmarns =t al. {2005)
Hijmans ot &l {2005)
Hijmarns et sl {2005)

Anmual Mesn Temperatune {B01)

Tempemture Annisl Range [BI07)

Mean Temperature of 'Warmes 1 Quaer
{BIDN)

Mean Temperature af Cobdest Quares
{BID11)

Anmual Precipitation (BI012)

Precigitation of Wenest Quater (B015)

Precipitation of Dbest Quaner BI017)

Alitide

Vetical Heerogens iy

Hijmarns =t al. {2005)

Hijmans et sl {2005
Hijmarns et sl {2005)
Hijmarns et al {2005)
Hijmarns &t sl {2005)
Deriwed from Hijmans =t 4.
{2005)
Deriwed from Hijmans et 4.
(2005)

Taopographic Positon Index

corrdated for further analysis, four representing
temperature and three representing  precipitation.
Data on terrain (altitude) were obtained from the
same source (Hijmans etal, 2005), and two other vari-
ables (vertical heterogeneity and topographic position
index) were derived using ArcGGIS (Table 1).

Secondly, we standardised ten input rasters, when
values were reclassified to the range 0-100. Water
bodies larger than 200 km® were removed from all ras-
ters becanse they are not areas of interest in this analy-
sis. As usual in such analyses, many of the input data
are correlated with each other. Therefore, in the next
step, principal component analysis (PCA) was per-
formed to reduce multicollinearity and reduce the
input dimension of the dataset. Such a procedure
leads to identific tion of a smaller number of uncorre-
lated variables (called principal components) from a
large set of data. The goal of PCA is to explain the
maximum amount of variance with the fewest number
of principal mmponents. PCA generated a single mul-
tiband raster as output; the most suitable number of
principal components was set at four. This raster sub-
sequen fly underwent a segmentation process in eCog-
nition, specifically we used a  multiresolution
segmentation that was iterated several times with
fixed settings of image layer weights based on PCA
and different scale parameters, shape, and compact-
ness, The final parameter setting was set as follows:
scale 100, shape 0.1, and compactness 0.5, leading to
a segmentation layer consisting of 44 418 segments.
Segments covering the water surface and those smaller
than 5 km® were erased, resulting in a final number of
18 554 sepments.

2.2. Biotic factors

Biotic factors were represented by terrestrial ver-
tebrates and plant diversity, which reflects natural
conditions and also long-term human management.
Data for the total species richness of mammals,
birds, and amphibians were obtained from the Biodi-
versity Mapping website (Jenkins et al, 2013; Pimm
et al, 2014); data for plant diversity came from the
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Table 2. Biotic dassification factors.
Bk clasification faca

Species Mchnes of Mammais  lenking et al {2013); Pimm et sl 2014
Species Bichness of Bixds Benking et sl {2013); Pimm et sl (2014)
Species Richness of Amphibiane  lenking et al | 2013); Pimm et al (2014
Species Bichnes of Plants Kier &t sl (2005)

Rederence

work of Kier et al. (2005) (Table 2). As the next step,
the mean, maximum, and minimum valoes of ten
abiotic and four biotic variables were calculated for
every segment of the layer,

2.3. Anthropogenic factors

The level of anthropogenic impact was assessed by
using data on population density (CIESIN, 2005),
average accessibility (Melson, 2008), and livestodc
density aggregating partial densitics of cattle, pigs,
poats, sheep, and chickens (Robinson a al, 2014)
within the above-mentioned segments. Furthermore,
17 global land cover classes (ESA Land Cover global
raster data, 3017) were analysed within segments,
Land cover, which was originally classified into 37
classes, was generalised to 17 ategories; these were
used inthe final anthropogenic classification (Table 3).

Similarly to the previous step, the mean, maxdmum,
and minimum values of anthropogenic variables were
calculated within all segments. Land cover was ana-
lysed for every segment based on ESA Land Cover glo-
bal raster data (2017). The total area, number of
patches, and percentage of all 37 dasses in each seg-
ment was calculated using Python script.

The walues of all contimuous abiotic, biotic, and
anthropogenic variables were standardised (mean =
0, standard deviation = 1) to run cluster classification
in TBM SPSS software (IBM Corp., 2020). In the case
of abiotic and biotic classifications, the K-means
method of clustering was used; due to indusion of at-
egoricl variables in the @se of anthropogenic classifi-
cation, the two-step custering method was used. The
mumber of clusters was set at ten for all particular
classifications: abiotic, biotic, and anthropogenic,

The combination of abiotic and biotic classification
could potentially create 100 abio + bio classes, but in
reality, 59 classes emerged. Classes with similar biotic
characteristics bdonging to the same abiotic class were
merged, resulting in a final number of 30 abio + bio
classes. These abio + bio classes were then mmbined

Table 3. Anthropogenic clasification factors.

Anthmypogenic dassific sban s Bl e e e
Catthe stribuiBan Rabinsan et al |2014)
Pig distabation Rabinsan et al |2014]
Gat distribution Rabinsan et al |2014]
Shesy distribugian Robinsan et al |2014]
Chicken distribuan Rabinsan et al |2014)
Por LB density CIESIN {2005)

Aar ey Metsan [2008)

ity
Ghabal lnd change ESA Land Cowver (2017)

Table 4. Characteristics of abiotic classification.

Ama

Mumber af

Wertical
Althude Heteragensity

Predpitaton of Precipitaton of

Anmual
Precipitatan

T
Fanual Range

T

sture af

Mean Temperdum of Mean T

Anmual Mean

Segments ]

™

Dieestt Ot

Wity Quastesr

Calest Quiates

Wasnest Quastes

Temparaties

BD2S
1204
TS
G489
14433
4097
B4T4
TAT
4704

MEE1E

15600
217.07
4
15499

15216

43819
749
45219
51337
IG5
16258

116112
2 46161

I82S
L
47.20
2EEA
430
2E05
3144
1933
1262

=2935%
=322%
-934
=420
-552
asa
1620
2173
247385

2180

1478
095
2674
2622

=032
mn

955
1432

=160%
-1120
a4z
1564
501
BET
1662
2410
2444
2530

Chag 1
Chds 2
Chss 3
Chasd
Chis 5
Chis
Chis7
Chss 8
Chis9
Chas

i
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Abiotic Classification

~k

T

Figure 1. Abiotic dassification

with anth ropogenic classification. Of the 300 potential
classes, just 169 types of Global Environmental Sys-
tems (GES) were identified.

3. Results & discussion

Abiotic classes form a logical gradient from the coldest
to the warmest (Table 4, Figure 1, Main Map}, from
the poles to the equator, with one exception: class 3
describes the highest mountain areas (average altitude:
3579 m). Class 1 is the coldest, and can be character-
ised as a freezing arctic region, with an annual mean
temperature of =1603 * ; in contrast, Class 10 is
the warmest (2539 *C) with the highest annual pre-
cipitation (2462 mm), therefore it can be characterised
as a warm and humid equatorial region. Class 2 is a
cold northern region with a significant tem perature
annual range, there is the highest temperature ampli-
tude of 56.71 *C. Class 4 is a colder temperate zone of
the northern hemisphere. It is the last class where the
annual mean temperature is negative: =1.66 *C The
temperature annual range has a value of 472 *C. A
humid temperate region, that is Class 5. The annual
mean temperature here is 5.01 *C and the annual pre-
cipitation is relatively high: 853 mm. And the last of
the temperate regions is Class 6 characterised asa war-
mer and drier temperate zone of the northern hemi-
sphere. (lasses 1, 2, 4 and 6 are completely absent in

Table 5. Characteristics of biotic dassification.

£ a

the southern hemisphere. Class 7 can be found in
the subtropics of both hemispheres. The anmual
mean temperature is much higher (16,62 *C) than in
the previous class and the coldest quarter of the year
is much warmer. Class 8 is located in deserts and
semi-deserts of the tropics, is very extensive and typi-
cal of high temperatures and the lowest annual pre-
cipitation (170 mm). (lass 9 occupies 17.73% of the
Earth’'s landmass, which makes this class the most
extensive. It is a subequatorial region with a drier
pericd typical of high temperatures and annuoal pre-
cipitation, but the precipitation of the driest quarter
is only 47 mm.

Spatial distribution of biotic classes is similar to the
idea of biodiversity distribution on Earth (Table 5,
Figure 2, Main Map). Class 7 is the poorest in terms
of both fauna and flora biodiversity with only 19
mammal species, 53 bird species, 2 amphibian species
and 588 plant species on average. This class is very
extensive (23.50%) and can be found in high latitude
areas and in areas of ld and warm deserts. Class 2
is the second poorest and is even bigger (32.61%),
and is located next to class 7. Classes 6, 1, and 9, on
the other hand, are the richest. They are found in
equatorial regions of America, Africa, and Southeast
Asia, Class 6 is typical of the highest fauna biod iversity
with 168 mammal species, 492 bird species and 84
amphibian species, Class 1 has the highest flora

Mammals Bircks Amphibians Plant Number of Segments Ama ]
Daxs 1 13930 4184 4527 62632 ixm n
Qs 2 3765 15195 479 12839 5257 3261
Oass 3 5 21489 1028 2 38973 189%4 1459
Daxs 4 10462 ELEE 2009 5 Bsa97 445 185
Qass 5 EEi 14515 a810 4 53268 743 a52
Tass § 16787 43219 8407 6 16879 249 381
Dass 7 1853 5155 164 SBE3S 7695 350
QDaxs B S04 21530 B3 2x9M 555 476
Taxs 9 13374 0261 3812 312306 497 510
Taxs 10 .04 IMTE 3o4 24551 8&9 8A5
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Table 6. Characteristics of anthropogenic olassification.

Livestoc i Denity Ao sty Hurman Density Predaminan Land Cover Hurnber of Sagments A ]
Qs 1 150 275458 245 G@c1? a3 198
Qs 2 35354 15615 L6243 @c, 2 287 426
Qs 3 446 284049 o G@cC12 1989 617
Qasss 1270 1 0964 10.20 GLCS 2300 819
Qanss 5 218 56235 442 GLC4, 7.8, 13 2175 1231
Qs 6 624 125776 2141 G@c3 2330 1119
Quess 7 2031 17545 9497 GC1 1907 1588
Chaess 8 064 #3199 1238 GLCS, 10 2981 1994
Qaess 9 16.50 152745 a0l GLC 15 1771 1425
Qass 10 a7z 23474 as1 GLCA, 11 1525 582

Land coverclasses GLC 1 - Croplnd, rainfed: Herbareous cover; Tres ar shoub cover; Crapland, inigated or pest-floading, GLC 2 - Mosasic cmpland | =509
§ natusl vegetation (e, shrub, hedao o oover] | <S0%E Mossic naturd vegetation jtree, shnub, hehae o cover) | >50%) [ aopland {<50%], GLCS -
Tt cinweer, hrosdbeared, &wirngmen, dosed ta open (>15%], GLC 4 - Tree aover, brosdbeaved, dedduous, dosed toapen {=15%]; Tree aver;, hoadiessed,
decidiog, choded =800 Tre cover, brasdleaved, deciduous, apen {15008, GLE 5 - Teee cower, néedbelassed, evenneen, dased 1o apen = 15%E Tee
cinver, nessd lelesved, evengresn, chased {-400%); Tree cover, nesdls aved, swegresn, apen | 15-409), GLC 6- Tree cover, nesdlslasved, deciduous, dosed
1o apen =1 5% Tree cover, nesdie b aved, deciduous, chsed (> 808} Tree cover, nesdielesved, deciduous, open (15-80%), GLCT - Tree aver, mined beaf
Ty | brad b and nsedisbessed], GLC B - Mofsic e and shaub {508 / herbaosows aover (<509 Motsic herhsceouis cover {>50%] / trée and
4 by | <50%%], GLC 9 - Shiubland; Evengresn shiubland; Decidiois shrubland, GUC 10 - Gess land, GLC 17 - Lichens and mdddes, GLEC 12 - Spars veg-
etation jtee, shiub, hehaceous aver (<15%); Spame fee {< 15%]; Sparte shab | <15%] Spame herbacsous aver (< 15%], GLC 13 - Tres cover, flooded,
fresh ar brakish water; Tee mver flooded, ssfine water Shaub or herbaceous cover, flooded, fresh/saline/bakish water, GLC 14 - Uthan aress, GLC 15 -
Bare anesd; Comnsolideted bams anees; Unoonobidsted bare e, GLC 16 - 'Waler bodies, GLC 17 - Permanent inow and e

Anthropegenic Classification

Figure 3. Anthropogenic clasification

biodiversity with 6263 plant specics on average. Class  fauna and flora. While the diversity of fauna is low,
5 is the smallest biotic class (0.52%) and is character-  the flora is very rich. All biotic classes are represented
ised by a krge difference in the species richness of  in both hemispheres.
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Figure 4. Global Environmental Systems

Anthropogenic classes do not aeate such a clear
pattern (Table 6, Figure 3, Main Map). (lass 1 is
characterised by one of the lowest livestock density
and human density, with the lowest accessibility.
This class has the smallest area (1.98%) and is located
at the highest altitudes and in the highest mountains of
Asia. The typical land cover class is permanent snow
and ice. Classes 3 and 10 also have very low values
for all attributes and the former is covered with sparse
(<15%) vegetation (tree, shrub, herbaceous cover); the
latter is typical of tree cover, needle-leaved, deciduous,
and lichens and mosses land cover classes. The attri-
butes of other classes are gradually higher and higher:
Class 9 is characterised by bare areas land cover class;
Class 4 by tree cover, needleleaved, evergreen; Class 6
by tree cover, broadleaved, evergreen; Cliss 8 is the
most extensive anthropogenic class covering almost
a fifth of the landmass and is covered by shrubland
and grassland; and finally Class 5 mainly by trec
cover, broadlaved, deciduous and to a lesser extent
by tree, shrub and herbaceous cover, flooded; mosaic
tree and shrub / herbaceous cover; or tree cover,
mixed leaf type. Classes 7 and 2 can be found at the
other end of the anthropogenic classification, with
very high human and livestock density and accessibil-
ity. The predominant types of land cover are aropland
and mosaic cropland [ natural vegetation.

The combination of abiotic and biotic clssification
resulted in the creation of 30 new abio + bio classes
(Table 7, Figure 4, Main Map). The letters “A’ to T
indicate affiliation with one of the original ten abiotic
classes (1-10), and the letters *a” to ‘e’ distinguish
individual biotic classes or groups of classes. Class A
is @ simple combination of abiotic Class 1 and biotic
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Class 7, pLe. the coldest area with the lowest biodiver-
sity. Class B combines abiotic Class 2 with biotic
Classes 2 and 7. All other classes “C" to “]" are further
divided into two, three, four, or five classes. For
example, class Cb represents the warmest areas of
the abiotic mountain class 3, with the highest anmal
precipitation, lying at the lowest altitude, and having
the highest biodiversity of both fauna and flora.
Table 7 gives a detailed overview of cach of the 30
abio + bio classes,

These abio + bio classes were combined with the
anthropogenic clssification, resulting in 169 unique
Global Environmental Systems (Figure 4, Main
Map). Each GES has its own code assigned, this oxde
consists of one or two letters and a number, eg.
Hc3. The letters indicate abio + bio afhliation, and
the number indicates affiliation to the anthropogendic
class.

The result of our analyses presented above rep-
resents a comprehensive classification of global sys-
tems. Several such classifications have already been
developed, but the approach we present includes prob-
ably the widest range of input variables, uses actual
data, and combines modern approaches with their

processing.

4, Condusions

The presented global dlassification of environmen tal
systemns shows the complex cutput of the geographical
synthesis. The classifi cation presents 169 classes — Glo-
bal Environmental Systems (GES) — that have been
developed by a combination of different natural
(both abiotic and biotic) and anthropogenic factors.
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Each GES is characterised by its own range of values:
abiotic (eg. temperature, precipitation, altitude); bio-
tic (species richness); and anthropogenic (human den-
sity, livestock density, acoessibility, land cover). The
basic spatial unit of classification are segments created
using object-oriented image analysis — multiband ras-
ter with 1 x 1 km resolution.

The classification of environmental systems is thus
applicable from the global to the regional spatial level.
Its use is suitable, for example, for assessing the
impacts of global climate change, monitoring changes
in bndscape cover, or monitoring of biodiversity. We
therefore bdieve that it will find its nse as a basic
spatial framework among geographers, environmental
scientists and representatives of biological disciplines.
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Abstrack Purely natural land formations are increasingly rare in today's world, as most ameas
have been shaped, to varying degress, by human influence over time. To better understand ongoing
changes in the natural environment, we adopted an approach that involves identifying global systems
with a significant anthropogenic component. In this study, we developed a new classification of
Global Environmental Systems based on over 20 high-resolution datasets, covering abiotic, biotic,
and anthropogenic conditions. We created abiotic, biotic, and anthropogenic classifications, each with
ten classes. The combinations of these classes result in 169 distinct classes of Global Environmental
Systems. This classification provides a suitable spatial framework for monitoring land use dymamics,
bicdiversity changes, global climate change impacts, and various processes exhibiting complec
spatial patterns.

Keywords: global classification; bicdiversity hotspots; anthropogenic impact; environmental
transformation; Global Erwirormental Systems

1. Intreduction

The human dominance of ecosystems and natural processes not only deepens the
environmental and biodiversity crisis but also worsens the wellbeing of communities and
entire societies dependent on natural resources [1]. Addressing these crises must occur
within suitable spatial and typological frameworks that enable appropriate measumes for
regional conditions. Global dlassifications of biomes considering the kevel of anthropogenic
degradation provide such a suitable spatial typological framework to assess biodiversity
status and the degmee of threat to it [2]. The quality of the environment and the extent of its
degradation by humans am typically assessed by habitat conditions, biodiversity levels,
or the provision of ecosystem services. Biodiversity status is then emploved as a common
measure of the environmental state.

The uneven distribution of biodiversity on Earth is primarily defermined by different
abiotic conditions [3] and the evolution of biomes, as well as the size, connectivity, and
history of specific ecosystems [4]. In recent centuries, human activities have increasingly
influenced the distribubion of biodiversity, both dimectly and through vanous indinect
impacts [5,6]. The intensification of anthropogenic pressume in recent decades has led
many authors to characterise this period as a mew epoch in Earth’s evolution—the An-
thropocene [7-10]. The Anthropocene is marked by large-scale changes in ecosystems,
including their increasing fragmentation [11], threats to biodwversity from biological inva-
sions, and a host of other global challenges. These changes pose significant questions for
society on how to effectively address and protect existing biodiversity [6].

Thus, for the effective protection of biediversity, we require not only knowledge of its
spatial distribution but also comprehensive information on the pressunes acting upon it and
the posing threats [12]. In addition to providing a basic description of the distribution of life
conditions on Earth, such as biomes, environmental classification approaches have evolved
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to incorporate the significant anthropoge nic influence [13]. The natural envinonment has
been classified in many different ways in the past. Allee coeated biome types [14]; Kendegh
later presented different ternestrial and marine biomes [15]; Whittaker presented the classifi-
cation of biome types [16]; Goodall edited a book on ecosystem types or biomes: termestrial,
underground, and aquatic [17]; Schultz created the classification of ecowones [15]; Bailey
developed a biogeographical classification system of econegions [19]; and in 1998, Olson and
Dinmerstein came up with biegeographic realms and biomes [20,21]. In recent years, mone
complex classifications of anthropogenic biomes [6], anthromes [13], land use systems [22],
land systems [23], land system archety pes [24], world ecosystems [2] and the TUCN Global
Ecosystem Ty pology [25] have emerged. In this era of a global biodwersity onsis [26], thene
i a pressing need for a tool to prioritise spatial conservation, which remains the traditional
approach for biodiversity conservation.

The aim of this study was to develop a complex classification of Global Environmental
Systems (GES) that could be used for a comprehensive assessment of the degree of human
influence on the environment in relation to known biodversity in the context of geographi-
cal gradients. This proposal of comprehensive classification more thoroughly captunes the
wide range of conditions that will be transforming on the Earth in the future—not only
in terms of the gradients of natural (espeaally chmatic) factors, but also the intensity and
nowvel spatial differentiation of anthropogenic pressure and the correspond ing distribution
of bindiversity. This study thus presents a methodological approach for defining Global
Environmental Systems, providing their basic charactenisation and their use for assessing
the urgency of nature and landscape conservation within biodiversity hotspots.

2, Materials and Methods

For the purpose of developing a mew global classification and priontising natume con-
servation om Earth, we need to classify both the envinonmental conditions and distribution
of biod v ersity as well as the degree of anthropogenic degradation. Whike biodiversity dis-
tribution and conservation priorities are well epresented, new methodological approaches
amre needed to assess env inonmental conditions, including the degree of human impact.
The methodoelogical approach therefore consists of two main steps—an assessment of
global environmental condibions and a subsequent assessment of biodiv ersity status within
biodmversity hotspots.

The development of the classification of Global Environmental Systems was a long-
term prooess that requined several sequential steps. Onece the different datasets covering
abiohic, biohic, and anthropogenic condibions wene selected, the individual analyses could
begin. A principal component analysis (PCA) was performed first, followed by mul-
tiresolution segmentation. Each segment was filled with values of all abiotic, biotic, and
anthropogenic variables; land cover was analysed using a Python script. As the next step,
a cluster analysis was performed; both a K-Means cluster analysis and a TwoStep cluster
analysis wene executed. A synthesis of the resulting abiotic, biotic, and anthropogenic
classifications created 169 ty pes of Global Environmental Systems.

2.1. Global Environmental Systems Classifi cation

This classification 13 complex as it 15 based om abiobic, biotic, and anthropogenic factors.
The first step in the dassification process was to obtain suitable abiotic data characterising
the Earth's landmass. The climate data come from the WorldClim database [27], where
19 different varables characterising temperature or precpitation weme available. The spatial
resolution of all data layers s 30 s (0093 » 093 =086 km? at the equator). These vanables
represent seasonality, annual trends, and extreme or limiting environmental factors. From
all of these vanables, seven not highly cormelated varables were selected for further analysis
(Table 1).

The annual mean Eemperature, mean temperature of warmest quarter, mean tem-
perature of coldest quarter, and temperatune annual range characterise the temperature
conditions; the annual precipitation, precipitation of wettest quarter, and precipitation of

59



Enoirmments 2024, 11, 33

3of 35

driest quarter characterise the precipitation conditions. The altitude data layer comes from
the same database [27]; the last two variables (topographic position index and vertical
heterogeneity ) were derived in ArcGIS (Table 1). Seils and other factors considered were
not included because datasets of sufficient iesolution and quality wene not available at the

global kevel

Table 1. Abiotic classification factors,

Abilotic Classification Factor Reference
Annual Mean Temperature (BIO1) Hijmans et al. {2003) [Z7]
Temperature Annual Range (BIOT) Hipmans et al. (2005) [27]
Mean Temperature of Warmest Cuarter (BIO10) Hijmans et al. {2005) [Z7]
Mean Temperature of Coldest Cuarter (BIO11) Hipmans et al. (2005) [27]
Annual Precipitation (BICO12) Hijmans et al. {2005) [Z7]
Precipitation of Wettest Quarter (BIO16) Hijmans et al. {2005) [27]
Precipitation of Driest Cuarter (BIO17) Hijmans et al. {2005) [Z7]
Altitude Hijmans et al. {2005) [27]
‘Vertical Heterogeneity Derived from Hijmans et al (2005) [27]
Topographic Position Index Derived from Hijmans et al. (2005} [27]

These ten abiotic input rasters were then standardised, and values wene reclassified
to the range of (5100 in order to perform a principal component analysis (PCA). Thas 1=
a procedure that identifies a smaller number of uncorrelated vanables called principal
components from a large set of data. The analysis 15 intended to explain the maximum
possible amount of varanoe using the fewest number of princpal components, The result
of our analysis is a multiband raster with four principal components, which was the
most appropriate number of the several vanants tested. Onee we had the mulbband
raster, we could run segmentation in eCognition softwane (@Cognition Developer 64), mone
precisely, the multiresolution segmentation algorithm that was carried out several fimes.
The parameters of the multiresolution segmentation were set as follows—image layer
welghts L1 77.4, 120 128, 13 6.3, L4 34 based on PCA; scale parameter: 100; shape
parameter: (L1; compactness parameter: (.5, These settings ensured that the number of
segments was not too large and that the shape was neither too regular nor irregular The
rough fimal segmentation layer based on cimate and topography gradients consisted of
44 418 segrments, which was further neduced to 18,554 sepments as all the water areas and
segments smaller than 5 km® were mmoved.

As the next step within these spatial units, the mean, maximum, and minimum values
of ten abiotic, four biotic, and seven anthropogenic variables were calculated in ArcGIS
for each segment out of a total of 158,554 segments. The biotic factors in this shudy wene
represented by the terrestrial diversity of plants and vertebrates. The four biotic variables
(Table 2) used were the species richness of mammals, birds, and amphibians derived from
the Biodiversity Mapping website [28,29]; and plant diversity coming from the work of
Kier et al. [30]. All biotic variables mirror natural condibions, long-term evolution, and
human impact and managemsnt.

Table 2. Biotic classification factors.

Biotic Classification Factor Reference
Species Richness of Mammals Jenkins et al. (2013) [28]; Pimm et al. (2014) [29]
Species Richness of Birds Jenkins et al. (2013} [28]; Pimmet al. (2014) [29]
Species Richness of Amphibians Jenkins et al. (2013} [28]; Pimm et al. (2014) [29]
Species Richness of Plants Kier et al (2005) [30]

Among the vanables used for the analysis of the anthropogenic transformation of the
environment (Table 3) wene Ivestock density, which 15 composed of partial densibes of cattle,
pigs, sheep, goats, and chickens [31]; population density [32]; and acoessibility [33]. Global
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land cover was also analysed within the segments [34]. The total area, number of patches,
and percentage of all land cover classes in each segment were calculated using a Python
script. Land cover was onginally classified in 37 classes and was subsequently generalised
into 17 cakegones (Table 4) that were utilised in the final anthropogenic dassification.

Table 3. Anthropogenic classification factors.

Anthropogenic Classification Factor Reference

Cattle distribnution Eobinson et al. (2014) [31]

Pig distribution Robinson et al. (2014) [31]

Sheep distribution Robinson et al. (2014) [31]

Coat distribution Bobinson et al. (2014) [31]

Chicken distribution Robinson et al. (2014) [31]
Population density CIESIM (2005) [32]
Accessibility Belsom (008) [33]

Global land cover ESA Land Cower (2017) [34]

Table 4. Land cover categories.

GLC Category Land Cower Classes
GLC1 Cropland, rainfed
Herbaceous cover
Tree or shrub cover
Cropland, irrigated, or post-flooding
GLC2 Mosaic cropland (»50%:)/natural vegetation (tree, shrub, herbaceous cover)
(=50%%)
Mosaic natural vegetation (ree, shrub, herbaceous cover) (=507%)/ cropland
[=50%%)
GLC3 Trew cover, broadleaved, evergreen, closed bo open (= 15%)
GLC4 Tree cover, broadleaved, deciduous, dosed to open (>15%)
Tree cover, broadleaved, deciduous, closed (=40%)
Tree cover, broadleaved, deciduous, open (15-40%)
GLCS Tree cover, needleleaved, evergreen, closed to open (>15%%)
Tree cover, needleleaved, evergrean, closed (>20%)
Tree cover, needleleaved, evergreen, open (15-40%)
GLCA Tree cover, needleleaved, deciduows, closed to open (> 15%)
Tree cover, needleleaved, deciduouws, closed (=40%%)
Tree cover, needleleaved, deciduous, open (15-40%)
GLCF Tree cover, mixed leaf type (broadleaved and needleleaved)
GLCE Mosaic mee and shrab (>507%)/ herbaceous cover (<500)
Muosaic herbaceous cover (>50%)/ tree and shrub (<50%)
GLC9 Shrubland
Evergreen shrubland
Deciduous shmubland
GLC1D Grassland
GLC11 Lichens and mosses
GLC12 Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
Sparse tmee (<15%)
Sparse shrub (<15%)
Sparse herbaceouws cover (=15%)
GLC13 Trew cower, flooded, fresh or brackish water
Tree cover, flopded, saline water
Shrub or herbaceous cover, flooded, fresh/ saline / brackish water
GLC14 Urban areas
GLC15 Bame ameas
Conselidated bare areas
Unconsolidated bare ameas
GLCl6 Water bodies
GLC17 Permanent snow and ice
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Omnee all of this was completed, the values of all continuous vanables abiotic, biokic,
and anthropogenic had to be standardised with a mean equal to 0 and standard deviation
equal to 1 in order to run a cluster analvsis in IBM SP5SS software (IBM S5P55 Statistics
25 and X7) [35]. Different types of classifications were executed for abiotic and biotic
data and for anthropogenic data, respechively. In the case of the cluster analyses of
abiotic and biotic data, the K-Means cluster analysis was performed (with a setting of a
maximum of 100 ierations). In the case of anthropogenic data, where both continuous
(population density, livestock density, acoessibility ) and categorical variables (land cover)
are present, the TwoStep cluster analyvsis was executed. The dassificabon process was
performed many times with different settings for the number of clusters; finally, the
number of ten clusters was set for all particular classifications: abiotic, biotic, and
anthropogenic. A synthesis of the partial results was then performed; the abiotic and
biotic classifications were combined in Arc(GI5, and potentially, they could have created
100 natural (abiotic + biotic) classes. But the mesult was actually the creation of 59 classes.
Classes with distinctly similar biotic characteristics that belonged to the same abiotic
class were merged, which led to a meduction in the number of classes to a final 30 natural
classes. The natural classes weme then combined with the anthropogenic classification.
OF the 300 possible combinations, 169 types of Global Environmental Systems were
created. That was the final result of this complex classification process.

2.2 Biodiversity Hotspots Evaluation

Global Environmental Systems not only neflect the conditions and gradients of man-
imate and living nature, but also human activities. Biodiversity hotspots ame the areas
whene immense natural wealth and significant human influence and loss of natural habitat
intersect most strongly. The proportion of each abiotic, biotic, anthropogenic, and natural
class was calculated using ArcGIS (ArcGIS 1006-10.8) for all 36 hotspots, as was the ep-
resentation of each Global Environmental System. The data wene then further processed
in Exoel The global significance of each biodiversity hotspot was based on the work of
Myers et al [36] and Hrdina and Romportl [37].

3. Results
3.1. Global Environmental Systems Classification

The global classification consists of three sub-ty pologies based on separate analyses of
abiotic conditions, bicdversity gradients of selected taxonomic groups, and the magnitude
of anthropogenic dominance. The integration of these sub-classifications then led to a
comprehensive classification of Global Environmental Systems.

3.11. Abwotic Clagsificabion

The abiotic classification 15 the fundamental classification that forms the basic framse-
work for the subsequent classification of Global Environmental Systems. It consists of ten
classes. A clear gradient from the poles to the equator can be observed for these abiotic
classes (Figure 1), ranging from Class 1 being the coldest to Class 10 being the warmest one.
Classes 1, 2, 4, and 6 are completely absent in the Southern Hemisphene, But there is one
major excephon: Class 3. It is an azonal class, covering the area of the highest mountain
systems in both North and South America, Africa, Europe, and Asia. The different classes
of abiotic classification are basically characterised as follows. The full details of each class
can be found in Table 5.
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Figure 1. Abiotic classification (Table 5).
Table 5. Characteristics of abiotic classes.
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o  Class 1—Freexing archic region

This class covers 3. 38% of the land area, mainly in the Arctic. It is located in northern
Alaska, Canada, and Russia in Kamchatka and Chukotka and covers most of Greenland
and the islands in the Archic Oozan. This regnon 5 charackensed by very low temperaturnes,
with an annual mean temperatune of —16.03 °C. Even during the warmest quarter of the
year, the mean emperatume is negative (—0.32 *C); during the coldest quarter, the mean
temperature n this region is —29.35 “C. Annual precipitation is 438 mm, and the difference
in precipatation bebween the wettest and driest quarter of the year 15 the smallest among all
abiohic classes. The megon extends from sea level to an altibude of over 4700 m; the averag:
altitude is about 950 m, and the anea i1s not very vertically heterogeneous.

o  Class 2—Cold northern region with a significant temperatune annual rang:

Class 2 is located mainly in the subarchic zone; it also extends into the Arctic and
temperate zones and covers 7.11% of the landmass of northern Alaska and Canada, north-
eastern Russia, and the Sayan Mountains, The annual mean temperature of the region is
—11.2°C. The temperature annual range 15 very high, ranging between 388 °C and 72.5 7C.
Temperatures are extremely low during the coldest quarter of the vear, averaging below
—32 °C. The annual precipitation is only 327 mm, and the average altitude of the anea is
approvimately 450 m above sea level
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o  Class 3—Regon of the highest mountains

An azonal class, which occupies 4.42% of the landmass and covers the highest
mountain ranges in the world, such as the American Cordillera, the Drakensberg, the
mountains of East Africa, the Swerra Nevada, the Pyrenees, the Alps, the Caucasus, the
Taurus Mountains, and the mountain systems of Central Asia and North Komea. This
mountain class stretches to the highest peaks of the Himalavas; the average alttude is
3579 m above sea level, and it is the most vertically heterogeneous region by a lot. The
annual mean temperature is just 0042 °C, and the annual precpitation s 452 mm. In ths
region, we can observe large differences between the minimum and maximum values of
individual indicators.

o  Class 4—Colder temperate zone of the Northermn Hemisphene

A wide belt from Alaska toeastern Canada; Lapland; a vast area from the White Sea
through Kazakhstan, Mongolia and China to Sakhalin; a belt along the Sea of Japan; the
Sea of Okhotsk; and the Bering Sea, covering a large anea (10.98%). The last class whene
the annual mean temperature is negative (— 166 *C). The temperatune annual range in this
region 15 very high (47.2 7C), and the annual precipitation is 513 mm. The territory of this
class has an average altitude of 402 m, and is the second flattest of all classes.

¢ Class 5—Humid temperate region

Class 5 can be found predominantly in the temperate zone of both hemisphenss and
occupies 7.08% of the land area in the Aleuhan Islands, a wide belt from Alaska to California,
eastern US/ Canada, Patagonia, the Falkland Islands, the southern coast of Greenland,
Iceland, Svalbard, most of Europe (except parts of southern Europe and Lapland), Koneas,
Honshu, Hokkaido, southern Kamchatka, southeastern Australia, Tasmania and, finally,
Mew Zealand. The annual mean emperature 15 5.01 °C, and the annual precapitation s
relatrvely high (853 mm), as is the precipitation of the driest quarter {144 mm). The average
altitude is just under 400 m, but the region is the second most vertically heterogeneous.

o  Class &—Warmer and drer temperate zone of the Northern Hermisphe ne

This class occupies almost a tenth of the land mass (9.86%) in the Northern Hemi-
sphere only and includes the south of Canada, the interior of the United States, the
north of Mexico, Morocoo, a vast terntory from Ukraine and Turkey to the Sea of Japan,
and from Eussia and Kazakhstan to [ran and Pakistan. This region has an annual mean
temperature of 5.57 °C, and the mean fempe rature of the warmest quarter is significantly
higher (21.8 *C) than in the previous two adjacent classes, The temperatume annual range
15 hagh (43.01 “C), the annual precpitation is low (366.5 mm), and this region lies at quite
a high altitude (544 m).

o Class 7—5Subtropics of both hemispheres

Class 7 15 the third largest of all abiotic classes (12.7%:) and is placed in the southwestern
and southeastern United States, in the interior of Mexico, in a belt from Ecuador o Chale;
in Belivia, Argentina, Uruguay, and southern Brazil; in southern Africa; in the East African
Faft megiom, in Madagascar, in the mountainous megions of the Sahara; in the Mediterranean,
around the Black and Caspian Seas; in Saudi Arabia and Yemen, in a narrow disjomnted belt
of Turkev-Irag-Iran; from A fghanistan to eastern China; in South Korea; on the islands of
Honshu, Ky ushu and Shikoku; and in southern Australia and northern MNew Zealand. The
annual mean temperature 15 much higher (16,62 “C) than in the previous Class 6; especially,
the mean temperatume of the coldest quarter differs by a lot 9.5 "C vs. —552 °C. The
temperatume annual range s only 28.05 °C, the annual predpitation is 769 mm, the average
altitude is 702 m, and this region has the third highest vertical heterogeneity.
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¢ Class B—Deserts and semi-deserts of the tropics

This class is very extensive (16.84%) and can be found in desert and semi-desert
anzas of the world: the southern United States, northern Mexico, Peru, Bolivia—Paraguay —
Argentina, Mamibia—South Africa-Botsw ana, Zimbabwe—Mozambique, a large territory
from the Western Sahara to India, and western and interior Australia. The annual mean
temperature of this distinctive region is high (24.1 *C), and the mean temperature of the
warmest quarter 15 almost 31 °C om average, being up to 38.3 °C in some places. The annual
precipitation is extremely low (170 mm), and the precipitation of the driest quarter is just
under 8 mm. The whole region 15 very flat.

o  Class %—Extensive subequatonal regon with a drer pernod

Class % oocupies 17.73% of the Earth's landmass, making it the most extensive class.
The area of occurrence is: Hawaii, an area from Mexico to Nicaragua, Florida, Cuba, His-
pamola, the Bahamas, part of the Lesser Anbllkes, a discontinuous arc from Guyana to
Peru, the Galapagos Islands, Bolivia, Brazil, Paraguay, Argentina, most of A frica bebween
Cape Verde-Erntrea and Angola-Mozambique, Eswatini, eastern South A frica, Madagascar,
Réunion, Yemen, Sri Lanka, the peninsulas of India and Farther India, southern China,
Hainan, Taiwan, Sumatra, Sulawesi, Sumba, Flores, Timor, Wetar, northern and north-
eastern Australia, New Caledonia, and Vanuatu., High temperature, low temperature
amplitude, or high precipitation are typical for this region; the mean annuoal temperature is
2444 7C, the temperature annual range is 19.33 °C, and the annual precipitation 15 1161 mm,
but the precpitation of the drnest quarter 15 only 47 mm.

¢ Class 10—Warm and humid equatorial region

The last abiotic class lies in the equatonal zone and covers 9.91% of the land amea. Class
10 is typical of Hawaii, a vast territory from Mexico to Bolivia-Brazil, Jamaica, Puerto Rico,
the Lesser Antilles, a coastal belt from Guinea- Bissau to Ghana and from Ghana to Gabon,
Congo, the Democratic Bepublic of the Congo, Madagascar, the Comoros, the Seychelles,
Maurntus, the west coast of India, Sri Lanka, Nepal, from Bhutan to Singapone, Farther
India, the Sunda Islands, the Moluccas, the Philippines, Tamwan, Mew Guinea, northern
Australia, and Ooeania. The annual mean temperature is the highest (25.39 °C), as well
as the mean temperature of the coldest quarter {2436 °C). The temperature annual range
1% the lowest (12,62 °C), and the annual precipitation 1s the highest (2462 mm), in places
over 11,000 mm. The precipitation of the wetbest quarter 15 around 1000 mm, in places over
S000 mm, and the precipitation of the drest quarter is 268 mm, in places around 2500 mm.
The altitude is only 284 m above sea level.

3.1.2 Biotic Classification

The biotic classification also consists of fen classes. The distribution of biotic classes
cormesponds to the idea of the distribution of bicdiversity on the planet (Figure 2). Classes
6 and 1 are the richest. They are found in the equatonal regions of Africa, America, and
Southeast Asia. Classes ¥ and 2, on the other hand, ane the poorest in terms of both fauna
and flora biodiversity, and both are very extensive. Class 7 can be found in aneas of cold
and warm deserts and in high-latitude aneas. Class 2 is located next to Class 7. In contrast
to the abiotic classification, all biotic classes ame represented in both hemisphenes. All
classes ame ordered according to the gradient of species nichness of fauna and flora, from
the most species-poor to the most species-rich. The different classes of biotic classification
ame basically characterised as follows. The full details of each class can be found in Table 6.
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Figure 1. Biotic classification (Table 6).
Table 6. Characteristics of biotic classes.
Class Mammal Bird Amphibian Plant Number of Area [%]
Species Species Species Species Segments

Class 7 18.53 52.55 L&t 588.346 THRA 23.50
Class 2 37.65 15195 479 1753.91 R257 32.61
Class 3 5791 214.59 10.28 X973 1504 1459
Class 5 3883 145,15 810 4532.68 743 52
Class 8 0.0 21530 531 225929 555 478
Class 10 G [ F20TE 1304 2455.29 B3G9 B85
Class 4 10462 318.49 20.09 BEe6.97 445 295
Class 9 133.74 40261 3812 3113.06 407 510
Class 1 139.30 418.29 45.%7 6263.24 329 3.31
Class & 167.87 49219 B0 616879 244 3.51

o  Class 7—Region with the lowest spedes richness

This is the poorest class in all monitored biodiversity indicators. It is very extensive
(23.5%), located in: a belt from Alaska, through northern Canada, Greenland, Ieeland, Ireland,
Scotland, northern Scandinavia, Russia to Chukotka, the Bahamas, the Lesser Antilles, the
Azomes, the Canary Islands, Cape Verde, the Mascarene Islands, the Comoros, Oaeania, from
Peru through Patagonia to Tierra del Foego and the Falklands, a discontinuous desert belt
from the Sahara through the Arabian Peninsula to the Gobi, Australia, and New Zealand.

s (Class?2

The most extensive biotic class of all, occupying 32.61% of the land anza: the USA incl.
Alaska, Canada, the Baja Califormia peninsula, the Greater Antilles, a belt from Peru to the
south of Chile and Argentina, northern A frica, a belt from Mali to the Hormn of Africa, an
area from Angola to South Africa, Madagascar, a belt from the [beran Peninsula, through
the British Izles, Scandinavia to the east of Russia and from Greece through Central Asia,
Korea, to Hokkaido; Australia, Tasmania, Mew Caledonaa, the Lesser Sunda Islands, and the
Muoluccas. It is the second poorest class, but the diversity of mammals, birds, amphibians,
and plants is 2-3 times greater than the previous class.

o Class3

Class 3 is still one of the poorer classes in the classification, although the diversity
of fauna and flora is roughly average from a global perspective. It 1s the third langest
class {14.50%) of the bintic classification, typical of the western United States; Mexico; a
narrow strip from Ecuador to Argentina; a belt from Senegal to Eritrea and on to Kenya;
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from Angola to South Africa incl. Lesotho; western, southern, central, and eastern Europs;
Turkey; the Caucasus region; parts of Central Asia; a belt from Pakistan to Japan; India-
Bangladesh-5n Lanka; the Philippines; Sulawesi; Bali; Lombok; Flones; Papua New Guinea;
and a small part of Australia.

o Class5

Thas biotic class s definitely the smallest of all, ocoupying only 0.52% of the world's
land area, and it is highly specific as the species richness of fauna is quite below average;
meanwhile, the species richness of flora is very high at over 4500 species and locally up to
10,000 species. Class 5 is typical of the Dominican Bepublic, Peru, Mamibia—South Africa,
Madagascar, the Alps, Ibiza, Sardima, Sicily, the Caucasus, Lebanon—5Syria, Indonesia, the
Solomon Islands, and Mew Caledonia.

Clas=8

Class 8 can be found in the southeastern USA, Paraguay, Argentina, Uruguay, Brazil,
Burkina Faso, Mali, Angola, Mozambique, Madagascar, on the east coast of India, in
Thailand, Laos, China, Taiwan, Honshu, and on the north and east coasts of Australia over
a total area of 4.76%. This region has an above-average amphibian diversity (25 speces,
max. 93 species), while other indicators are quite average.

e Class 10

The fourth largest biotic class (8.55%), tvpical of an amrea from Mexico to Costa Rica;
Panama; from Ecuador to Trinidad; from Peru to Brazil; northeastern Brazil; the territory
south of the Seregal-Ethiopia line to South A frica; the west coast of India; a belt from India
through Nepal, Bhutan, and Myanmar to China; Farther India; Sumatra; and Java. This s
the first biotic class having above average values for all indicators. The species richness
of birds 15 the fourth highest, with an average of 327 bird speckes and a max. of 578 bird
species,

o Class4

The second smallest class (2.95%) situated in a belt from Mexico to Bolivia, in Paraguay,
Argentina, Brazil, in the Western Cape, from Myanmar to southern China, and in Sumatra,
Borneo, and Papua Mew Guinea. This region hosts 105 species of mammals (max. 197
species) and 5867 species of plants, with a maximum of around 10,000 species.

e Class9

Class 9 is very rich in fauna species; the plant diversity is not so0 substantial (3123
species). The sites with the highest number of mammal (217) and bird (666) species ane
within this class. It 15 located from Colombia to Guyana, in Peru, Bolivia, and Brazil, from
Sierra Leone to Ghana, from MNigerna to the Democratic Republic of the Congo, from South
Sudan to South Africa, in Farther India, and Sumatra. This class is located right hene on
5.1% of the landmass.

o Class1

Together with Class 6, the wo most species-rich classes. Class 1 1s the second nchest
in mammal (139 species), bird (418 species), and amphibian (45 species) diversity and
the richest in plant diversity (6263 spedes). It occupkes 3.31%: of the land area in a belt
from Micaragua to Ecuador; from Guyana to Peru; in Peru-Bolivia, and Brazil-Paraguay -
Argentina; from Congo through Gabon, Equatorial Guinea to Cameroon; in Madagascar;
from Myanmar through China, Vietnam, and Laos to Thailand; and in the Malay Peninsula,
Bormeo, and Sumatra.

o  Class 6—FRegion with the highest species richness

Class 6 is the territory with the highest biodiversity in the world. It has a land amea of
2.81% in only three areas in South America and Africac the Amazon rainfomest, the Atlantic
Forest, and Cameroon, Equatonal Guinea, and Gabon, Class & 15 the richest in mammal
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(168 species), bird (492 species), and amphibian (84 species) diversity, and it is the second
richest in plant diversity (6169 species).

313 Anthropogenic Classification

The anthropogenic classification consists of ten classes too but does not create such a
clear and obvious pattern. The distnbution of individual classes is much more heteroge-
nious, and classes do not form such large and homogeneous units (Figume 33 All classes
am ordered according to the anthropogenic gradient, from the most remobe with litthe
anthropogenic impact to the most easily accessible with significant anthropogenic impact.
The different classes of anthropogenic classification are basically characterised as follows.
The full details of each class can be found in Table 7.

Figure 3. Anthropogenic classification (Table 7).

Table 7. Characteristics of anthropogenic classes.

Liwestock Human Predominant Mumber of

o Density Brceley Density Land Cower Segments Axealxl
Class 1 150 U7 6458 245 GLC 17 £50 L9E
Class 3 4.46 284049 0.43 GLC 12 1989 617
Class 10 072 239474 0.51 GLCe, 11 1625 582
Class 9 16.50 1527.45 6.01 GLC 15 1771 1425
Class 4 1270 1039, 64 10.20 GLCE 2300 819
Class & 26326 1257.76 2141 GLC3 2330 1119
Class 8 3084 831.99 1238 GLCO, 10 2981 15,94
Class 5 22 1B 56235 2442 GLC4.7, B 13 2175 1231
Class7 99.31 17545 0492 GLC1 1907 15.88
Class 2 353.54 15515 46243 GLCL 2 B&7 426

o  Class 1—Highly remobe areas with very hittle anthropogenic impact

The first class of the anthropogenic classification ocoupies the smallest anea (1.98%)
with an extremely low acoessibility and can be found only at very high latibudes or alhtudes:
Alagka, northern Canada, Greenland, Ieeland, the Archc Ocean islands, the mountains of
Central Asia, Patagonia, and the small islands of the southernmost waters of the World
Ocean. The completely dominant land cover class 15 permanent snow and ice. It 15 no
surprise that the densities of both population and livestock ame very low.

¢ Class3

Another class with a very low accessibility, low livestock density, and even the lowest
human density (0.458 people /km?). This class is typical of Alaska, northern Canada, the
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coast of Greenland, Iceland, north of Scandinavia, Russia, the Arctic Ocean islands, Central
Asia, Tibet, Mongolia, the Andes, Patagonia, and Australia. The completely predominant
land cover class is sparse (<15%) vegetation (tree, shrub, herbaceous cover), sparse tree,
sparse shrub, and sparse herbaceous cover. It 15 rather a smaller class (6.17%).

e Class 10

Class 10, like the previous one, has very low values of population and livestock density
and accessibility. It covers a similar land area (5.82%) in northern Alaska and Canada and
eastern Siberia. There are two main land cover types in the area: tree cover, meedleleaved,
decduous, closed to open (=15%); tree cover, eedleleaved, decduous, dosed (=4006); tree
cover, needleleaved, decduous, open (15-40%); and lichens and mosses,

s Clas=9

The anea of this class i2 much larger (14.25%), and it occurs in Chukotka, Alaska, in
the northern part of the Canadian Archipelago, [oeland, Svalbard, the A rctic Qoean 1slands,
in a belt from Peru through Bolivia to Chile and Argentina, in Namibia and Angola, ina
desert region from the Western Sahara to Mongolia, and in central Australia. Bare ancas,
consolidated bare areas, and unconsolidated bare areas ame the dominant land cover type
of this lange region. Human density (6.01 people /km?), livestock density, and accessibility
ame higher than previous classes.

s Class4

This class covers 819% of the land area in the United States and Canada, in parts of
Europe, in Scandinavia, in Russia, in a combinuous belt from A fghamistan to China, and
in southeastern China and Japan. Class 4 has one dominant land cover type: tee cover,
needleleaved, evergmen, closed to open (>15%); tee cover, needleleaved, evergreen, closed
(=407%); and tree cover, needleleaved, evergreen, open (15-40M%), and it has similar human
and hivestock density to Class 9 and better acoessibility.

s  Clas=6

Oceania, Hawaii, Central America, the Canbbean, Amaronia, Paraguay, the coast of
Brazil, central Chale, central Africa, Madagascar, Farther India, the Malay Archipelago, the
southeastern coast of Australia, Tasmania, and New Zealand ame covemed with Class 6, with
an area of 11.19%%. The predominant land cover type is tree cover, broadlkeaved, evergreen,
closed to open (>15%). Human and hvestock density 15 noughly double that of the previous
class; accessibility is quite average.

s  Clas=8

This class occupies almost a fifth of the land mass (19.94%) and includes Alaska,
the western half of the USA, New foundland, Mexico, a belt from Guyana to Argentina,
Uruguay, eastern Brazil, the Sahel, the Hom of Africa, southemn Africa, Ioeland, the Briish
Iskes, the Alps, the Pymenees, the French Central Highlands, Central Asia, eastern Russia,
Australia, and New Fealand. Human density is 12.38 people/ km?, livestock density is
the third highest (30,84 livestock units/km?®), and this region has better than average
accessibility. The region 15 dominated by two land cover classes: shrubland, evergreen
shrubland, and deciduous shrubland; and grassland.

o  Clas=5

The typical land cover type of this class with an anea of 12.31% 1= primanly tree cover,
broadleaved, deciduous, closed to open (=>15%); tee cover, broadleaved, deciduous, dosed
(=4(r%); and tree cover, broadkeaved, deadoous, open (15-409:). This is followed by tree cover,
mixed leaf type (broadleaved and needleleaved); mosaic tree and shub (>50%)/ herbaceous
cover (=50%:); and mosaic herbaceous cover (=50%)/ tree and shrub (<50%:). Lastly, this 1=
followed by tree cover, flooded, fresh or brackish water; tree cover, flooded, salime water;
and shrub or herbaceous cover, flooded, fresh/saline/brackish water Class 5 is typical of
southeastern Canada, the eastern USA, an area from Mexico to Nicaragua, Brazil, Bolivia,
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Paraguay, Argentina, southern Chike, much of Afnca south of the Sahel, Madagascar, Burope,
western and central Russia, Turkey, the Caucasus, the peninsulas of India and Farther India,
and an area from China to Kamchatka, This class has the third highest human density
(2442 people/ km?), and the megion is the third most accessible too

s Class7

The second largest (15.88%) and the second most anthropogenically impacted region
with very good accessibility. Human density is 94.92 people/ km?, and livestock density
i 99.31 livestock units/ km?. The location of this class is southern Canada, central USA,
Cuba, Colombia, Brazil, Argentina, a belt from Senegal to Ethiopia and from Skerra Leone to
Migeria, much of Furope except for mountainous aneas and northern Europse up to Iran and
Kazakhstan, the peninsulas of India and Farther India, eastern China, the Korean Peninsula,
and southwestern and southeastern Australia. Cropland, rainfed; herbaceous cover; tree or
shrub cover; and cropland, irngated or post-flooding type of land cover dominates here.
o  Class 2—Easily accessible aréas with significant anthropogenic impact

And finally, thene is Class 2, which is by far the most anthropogenically exploited. Class
2 18 located in areas (4.26%:) with significant livestock farming (353.54 lvestock units/ km?),
human density (462.43 people/ km?), and the highest accessibility from all anthropogenic
classes, such as India, eastern China, Indonesia, Malaysia, Japan, the Philippines, Bemelux,
England, etc. There are two main land cover types: cropland, rainfed; herbaceous cover; tree
or shrub cover; cropland, irmgated or post-flooding. Andmosaic cropland (=50%)/ natural
vepetation (trée, shrub, herbaceous cover) (<50%); and mosaic natural vegetation (tnee,
shrub, herbaceous cover) (=50%) / cropland (<50%).

3.1.4. Classification of Natural Conditions

Thas natural classification (Figure 4, Table 8) iz the penultimate step in the creabion
of Global Environmental Systems. [tis a combination of abiotic and biotic classification,
having 30 classes out of 100 theoretically possible classes (10 abiotic classes x 10 biotic
classes) (Figure 5). The letters “A” to ] indicate affiliation with ome of the ten abiotic classes
(1 to 10}, which ame further subdivided into one to five classes and the letters ‘a” to ‘e’
distinguish individual biotic classes or groups of dasses.

hursd classas

e
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Figure 4. Classification of natural (abiotic + biotic) conditions (Table 8).
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Biotic gradient

Abiatic gradient

Figure 5. Synthetic diagram of the combination of natural conditions (Tables 5, & and ).

O one sade of the classification 15 Class A, which represents the freezing arctic region
with the lowest species richness. Class B is located in the northemn part of America and
northeastern Asia. It is a cold world that is extensive, with the greatest temperature annual
range and low biodiversity Class C les in the highest mountains. This class 15 divided into
three classes: Ca, Cb, and Ce. Class Cb lies at the lowest altitude, has the highest annual
mezan temperatune, the highest precapitation, and the highest species nchness of mammals,
birds, amphibians, and plants. Class Ce, on the other hand, lies at the absolute highest
altitude and has the lowest annual mean temperatune, the lowest precipitation, and the
lowest species richmess of fauna and flora. And finally, there is Class Ca, with all values
bemng somewhen: n between Class D can be found in the temperate zome of the Northern
Hemisphere, and it is divided into two classes: Da, and Db. In both classes, there is an
annual mean temperature of below zero, with Class Db being colder. The temperature
annual range is very high, the annual precipitation is below average, and the altitude is low,
especially in Class Db, Both classes show low biodmwersity, with Class Db being the pooner
one. Class E includes four classes: Ea, Eb, Ec, and Ed, which lie in the humid temperate
zone. The annual mean emperatume is below average but is above zero in all classes.
Classes Ea, Ec, and Ed lie at a low altitude. Class Eb is the smallest and is typical of the
Alps; it has an above average annual precipitabion and a high number of mammal species
and especially plant species. Class Ea shows an average biodiversity, Class Ec a below
average species richness, and Class Ed is very spedes-poor Class F is typical mainly of the
temperate zone too, but it is located in the warmer and drier area. This dass 5 divided into
two classes, both of which are found only in the Northern Hemisphere. Especially Class
Fb lacks significant precipitation; therefore, the biodiversity is rather below average. In
the subtropics of both the Northern and Southern Hemispheres, there are five G classes.
The annual mean temperature of Class Ga, as in the Ge-Ge regions, is over 16 °C. Class
Gb is warmer, with an annual mean temperature of over 18 “C. Classes Ga and Gb lie

72



Enmirmments 2024, 11, 33

16 of 35

at a higher altitude of over 1000 m, and they are generously endowed with precipitation
and being species-rich, while clazses Gd and Ge lie at a lower altitude and ane relatively
poor in rainfall and biodiversity; however, Class Gd 15 very rich in plant diversity. Class H
covers deserts and semi-deserts of the tropics in three classes, Ha-He. The annual mean
temperatume s over 24 7C, the mean temperatune of the warmest quarter 15 around 30 °C,
and the precipitation is extremely low, especially in dasses Hb and He, with most of the
precipitation ocourring during the wettest quarter and less than 5% ocourring during the
driest quarter. The area is at a low altitude and the terrain is very flat. Class Ha 1s the
smallest of these three classes and has a higher diversity of mammals and birds. Class
Hb 15 species-poor, and the extensivie Class He 1s very species-poor. The subequatorial
region with a drer period 15 described by Class I, further subdivided into five classes,
Ia-le. The annual mean temperatume is high, the temperature annual range is low, and the
precipitation is above average but only 3 to 6% falls during the driest quarter. Classes la
and [b ame extremely species-nich, and Classes Id and Te have below average faunal species
richmess, but Class Id is rich in plant species due to high rainfall. And finally, on the other
side of the classification is Class |, characterising the warm and humid equatorial region,
subdivided into four classes Ja—Jd. The annual mean temperature is around 25 °C in all
classes, the temperature annual range 15 extremely low, and the precapitation s very high
at over 2300 mm, with plenty even in the driest quarter. The altitude s very low. Class Ja is
the richest of all thirty classes in the diversity of mammals, birds, amphibians, and plants,
Class Jb 15 also above average rich in fauna and flora. Classes Jc and Jd do not have a very
diverse fauna, but ther: are over 5000 species of plants in Class Jo

s Class A

Thus class 15 a combination of abiotic Class 1 as a whole and a part of biotic Class 7,
which makes this anea the coldest one with the lowest biodiversity. In this archic region,
there can be found on average 8 species of mammals, 24 species of birds, or 213 species
of plants.

o Class B

Class B combines abiotic Class 2 with parts of biotic Class 2 and 7. Biodiversity 1s low,
with an average of 28 mammal specwes, 103 bird species, or 900 plant species. All other
clagses from ‘C™ to ‘" ame further divided into two, three, four, or five classes.

o (ClassCa

The mountain region, cocupying 1.06% of the landmass, is found on all continents
except Australia and Oceania, epresented in the American Cordillera, eastern Africa,
Lesotho, Sierra Mevada and the Pyrenees, the Caucasus, the Taurus Mountains, and the
mountain syskems of Central Asia and North Korea, The annual mean temperatune across
the region ranges from —21.4 °C to +23.6 °C, with an average annual precipitation of
about 660 mm. The region hosts an average of 6% mammal species, 218 bird species, and
ower 2500 plant species. Thene ane also sites with more than 650 bird species (Africa) and
6500 plant specwkes (South America).

o Class Ch

Also a mountainous megion, it ocoupies a smaller share of the world (0.31%) in Central
and South America and Burasia (Mexico, Guatemala, the Andes from Colombia to Peru,
the Alps, the Caucasus, and southwestern China). Itextends a little lower at an average
altitude of about 2600 m above sea level, peaking at over 5.5 k. The territory has avery
ruggred characher. The average temperature bere 16 5.5 °C higher at 8.3 “C. In particular, the
coldest quarter is significantly warmer (+3.7 °C) compared with class Ca (—6.6 °C) and Cc
(—11.5 *C). The annual precipitation is higher, with 1063 mm falling. Biodiversity indicators
also show higher numbers, with an average of 99 mammal species, 258 bird speckes, and
owvier 5K plant species mhabiting the region, with a local maximuom of 8500 plant speces.
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o Class Cc

Another of the high mountain regions. [t ocours in Morth and South America and Asia,
extending to the peaks of the Himalayas, the largest in area (3.05%). The highest placed
class at an average altitude of 3850 m above sea kevel. The dimate is cool, with an annual
mean Eemperatun: of —1.1 *C and annual precipitation of 322 mm. The biodiversity of
fauna and flora is below average, as there are 34 species of mammals, 108 speaes of birds,
and 121% speces of plants.

s (Clas Da

A wiade belt from Alaska toeastern Canada, Lapland, a vast area from the Whate Sea
through Karakhstan, Mongolia and China to Sakhalin, and a belt along the Sea of Okhotsk.
It 15 the second largest regnon of all (9.45%) and hes in the subarchic and temperate zone of
the Northern Hemisphere. The annual mean temperature is negative, namely —0.98 °C.
The region has a high temperatume annual range of almost 48 °C, with some places being
even over 62 "C. The mean temperature of the warmest gquarter is over +15 "C, while
during the coldest quarter it is below —18 °C. The annual precipitation is below average
at 507 mm. The area 15 situated at an average albtude of 427 m above sea level, and the
vertical heterogeneity is low. The diversity of fauna and flora is slightly below average.

s Class Db

The megion occupes a much smaller anea (1.53%) in the subarchic and temperate zone of
western Alaska, eastern Canada, northern Scandinavia, northern Bussia from the Pechora
Sea to the Yenisel, Mongolia, Kamchatka, and the Bering Sea belt. It i located in a cooler
area with an annual mean temperature of —5.35 "C, and it is slightly nicher in precipitation
(547 mm year). The territory is not very rugged, and it lies at a low altitude of 270 m
above sea level. Biodiversity 1s rather low, with an average of only 26 mammal speces,
72 bird specwkes, and 779 plant species. Even the most species-rich sites heme are below the
normal average.

e Class Ea

The megion has most of its land amea (2.52%) in the temperate zone, with a small part
of the anza extending into the subtropics, located in the west and east of the USA, Europe
from Spain to Russia, Morth Korea, Honshu, and southeastern Australia. In most indicators,
the defined territory appears very average. The number of species of mammals (55), birds
(168), amphibians (13), and plants (2385) is shightly below average. The average annual
temperatune is 7.77 *C; a total of 743 mm of rainfall can be measured per year, and 127 mm
falls during the drest quarter. The anea 5 moderately rugged and hes at an average albtode
of around 350 m above sea kevel

s Class Eb

A very small region in the Alps, it ocoupwes only 0.06% of the land anea. It has higher
species richness of mammals (65 species) and especially plants (4955 species). Itis avery
rugged anza, lyving at a higher altitude of 1448 m above sea level, which corresponds to a
loweer annual mean temperatume (397 “C) and higher annual precipitation (1293 mm).

o (Class Ec

A belt from Alaska to the north of the USA, then eastern USA /Canada; Patagomia; a
wide belt from northern Spain, along the English Channel, the Morth Sea, and the Baltic Sea;
the British Iskes; Jutland; Scandinavia; from Estonia to Bussia; Korea; Hokkaido; Sakhaling
the Kurl Izlands; and Tasmania. The region occupies the entine width of the temperate
zone of the Northern and Southern Hemisphere and the nearest adjacent subtropics with a
proportion of 276%. [t les at an altitude of 437 m above sea level. The annual preapitation
i# around 860 mm, with higher totals on the windward side of the coasts of North and
South America and Scandinavia, and the annual mean temperatume is 428 *C. Biodiversity
here 15 below average.
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o Class Ed

Class Ed can be found in Alaska, the Aleuhan Islands, New foundland, Labrador,
Patagonia, the Falkland Islands, the south coast of Greenland, loeland, Svalbard, the north
of the Brohish Izles and Scandinavia, the south of Kamchatka, and MNew Zealand, and it
oocupies 1.44% of the land area. The amea has an altitude of about 375 m above sea level. Tt
is the coldest anea of abiotic Class E, with an annual mean temperature of less than 2 *C and
in some segments almost —9 “C. Annual precipitation s 1000 mm, but the windward side
of the South Island of New Zealand and Patagonia has ramnfall of 5900 and 6700 mm / year,
respectively. Biodwversity of flora and fauna is very low.

o (Class Fa

The temperate latitudes and subtropics of Morth Amernca and Eurasia, with a share
of 2.68% (southern Canada, the interior of the United States, northern Mexico, a ternitory
from Turkey through Transcaucasia to southwestern Russia, Central Asia, China, and a
strip of land by the Sea of Japan). The region has an annual mean temperatumne of 8.64 °C,
a temperature annual range of almost 40 *C, an annual precipitation of 547 mm, and an
altitude of 365 m above sea level. The diversity of the fauna is slightly below average; the
flora is richer with an average of 2435 plant species, but there are up to 5000 in places.

o (Clas= Fb

A large region (7.18%) of the Northern Hemisphere also in the temperate labtodes
and subtropics. Class Fb is located in southern Canada, the interior of the USA, Moroooo, a
vast territory from Turkey to Morth Konea, and from Fussia and Kazakhstan to Iran and
Pakistan. Theme is a very similar annual mean temperature {8.54 “C) and an even higher
temperatun: annual range of over 4 °C. Annual precipitation in the region is less than
300 mm, with only 9% of the total falling during the doest quarter. The anea bes at an
altitude of 836 m above sea level, but there are also sites above 5000 m. The diversity of
fauna and flora is lower and rather below average.

s (Clas Ga

COmez of the smaller regions (0.8795); it ies between the subtropical and subequatorial
zones in Central (Mexico) and South America (a discontinuous belt from Ecuador to Bolivia,
south of Brazil), south of South Africa, and especally eastern Asia (Myanmar, China).
This class has an altitude of 1037 m above sea level and high ruggedness. The annual
mean Eemperatume, as in the Ge—Ge egions, is over 16 "C. Annual precipitation is high
at 1338 mm. The biodiversity of the region’s fauna is high, and flora has an average of
5549 plant speckes and, in some places, 9000 speces.

s Class Gb

A region with a proportion of 1.51% occupying similar locations that are only higher
(1321 m above sea level, macimum around 3500 m), in America (Mexico, Venezuela, Bolivia,
Argentina, southern Brazil) and Asia (India, Mepal, Bhutan, Myanmar, and China) and most
abundant in Africa (southern Africa, the East African Rift). The annual mean emperatune
of 1836 “C s higher than in the other four iegions. The annual precipitation is 969 mm,
maore than half of which falls during the wettest quarter of the year, while only 5% falls
during the drest quarter. The biodiversity of the fauna 15 even higher, with an average of
103 mammal species, 375 bird speckes, and 27 amphibian species. The flora, on the other
hand, & not 50 nich; the egmon hosts 2567 plant species.

o (Class Ge

A mgion occupying 5.89% with significant latitudinal banding. The core i2 in the
subtropics of the Northern Hemisphere and around the Tropic of Capricomn: the southwest-
emn and scutheastern USA; the interior of Mexico; Bolivia; Argentina; Urnguay; southerm
Brazil; southern Africa; Madagascar; Ethiopia; Eritrea; the Mediterranean; the Black and
Caspian S2a area; a discontinuous belt from Pakistan to eastern China; Honshu; Kyvushu;
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Shikoku; and the southern and southeastern part of Australia. On average, thas 15 a lower
lving area around 610 m above sea level The annual rainfall is 907 mm, which is more
regularly distributed throughout the year. Diversity of fauna is still above average butis
considerably lower; this class has a similar number of plant species (2520) as the Gb region.

s Class Gd

Class Gd 15 a very small region (0.10%%) occurning in the subtropics of the Mediterranean
(Sardinia, Sicily, Malta, Lebanon, ete.), South Africa, Namibia, and Japan. It is very similar
in temperature and poorer in rainfall (396 mm/vear). [t Bes at the lowest albitude within
class G, around 429 m above sea level. The diversity of mammals, birds, and amphibians
iz below average, but the flora is very rich, with the area hosting 4012 plant species on
average. The region hes in the biodwemsity hotspots of the Mediterranean, Cape Flonstic
Region, Succulent Karoo, or Japan.

s Class Ge

Ome of the larger-than-average regions (4.329%) found on all continents at an altitude
of 576 m above sea level on average. Its distribution is strkingly reminiscent of the
Mediterranean vegetation ty pe, found in the southwestern USA, a belt from Peru to Chale,
Bolivia, Argentina, from Angola to South Africa, in the mountainous areas of Sahara, the
Mediterranean, the Caspian Sea area, Saudi Arabia, Yemen, a narnow discontinuous belt
of Turkey—Irag-Iran, Afghanistan-Pakistan, eastern China, South Korea, Honshu, in a
southern part of Australia, and northern Mew Zealand. The average anmuoal precipitation is
422 jm. The diversity of fauna 8 similar to that of the Gd region, but here, the diversity of
plant species is below average.

o (Class Ha

The region eocupies 1.58% of the land area in the southern US4 and northern Mexioo;
Bolivia; Paraguay; Argentina; Botswana; Zimbabwe; South Africa; Mozambique; in a
discontimuous belt from Semegal to Ethiopia; Pakistan; India; and eastern Australia. It hes
at an albitude of 403 m above sea level, and the surface 15 not very rugged. The annual
mean temperature in all three regions is around 24 *C, with the highest rainfall in the area
of this class {466 mm /vear). As in the Hb and He regions, only about 4-5% of the rainfall
falls in the driest quarter Mammal and bird diversity is above average, whilke amphibian
and plant diversity 15 shightly below average.

# (Class Hb

This region has a larger share of 5.98% and is typical of the southwestern USA, Baja
California peninsula, Angentina, Namibia, South Africa, Botswana, a continuous belt from
Mauritania to Sudan, the area around the Red Sea and the Gulf of Aden, Momocoo, Algeria,
Tunisia, Libya, Egypt, from Syria to India, and the west and interior of Australia. It is
situated at an albtude of 381 m above sea level on average and 15 not very vertcally
heterogeneous too. It extends up to an albtude of about 420 m below the world coean
level. The annual precipitation is only 256 mm. Biodiversity here is lower than in Ha and is

overall below average.
o (Class He

A very extensive area (9.28%) of the tropics and subtropics from the Western Sahara
to the Arablan Peninsula, Iran, Afghamistan, Pakistan, and inland Australia. The least
vertically heterogeneous region of all, it lies at an altitude of 467 m above sea level. The
temperature is very similar, with only a slightly higher temperature annual range. Itisa
very dry anea with an average of only 64 mm of rainfall per year, with less than 3 mm in
the driest quarter. It has the second poomest fauna and the third poonest flora, averaging
only 18 species of mammals, 39 speckes of birds, 2 species of amphibians, and 717 species
of plants.
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e Clas=la

A tropical region with an area share of 3,239, it 15 most epresented in Central (from
Mexico to Nicaragua) and South America (a discontinuous are from Guyana to Peruy,
Bolivia, Brazil, Paraguay, Argentina), and then from Cameroon to Gabon, from Myanmar to
southern China, and Hainan This region, situated at an altitude of around 527 m above sea
level, has an annual mean emperature of 22,89 *C and an annual precipitation of 1467 mm,
with a temperature annual range only ranging between 8 and 28 *C. Very rich fauna and
flora, on average 127 mammal species, 398 bird species, 44 amphibian species (max. 135),
and 5994 plant species (max. S000).

e Clas= b

The megion occupies 3.31% of the world’s land area, much of which is in Africa
(Ivory Coast, Ghana, central and eastern Africa), South America (Venezvela, Peru, Bolivia,
Brazil) and Farther India at an altitude around 718 m above sea level It is very similar in
temperatun: and shghtly pooner in precipitation (1216 mm/vear). The fauna 18 also very
rich, on average having 132 species of mammals, 402 species of birds (max. 666), 39 speces
of amphibians, and the flora i only about half as rich, on average having 3024 species of
plants growing in the region.

o  Classlc

A very large region (10.20%), ty pical especially of the subequatorial belt; it can be found
everyw hem except Europe: from Mexico to Nicaragua, Florida, Cuba, from Venezuela to
Ecuador, Bolivia, Brazil, Paraguay, Argentina, a continuous belt from Senegal to Somalia,
central and eastern Africa, Madagascar, S Lanka, the peninsulas of India and Farther
India, Taiwan, Sumatra, Sulawesi, Flores, and northern and northeastern Australia. It is
located at an altitude of 459 m above sea level and 12 not very rugged. The annual mean
temperature 1 higher at 25.28 “C. The annual rainfall 15 1071 mm but is only 3% during the
driest quarter. For this reason, the region hosts on average “‘only” 2223 plant species. The
diversity of fauna 1= also lower here but is still well above average.

o Clas=1d

The area of this cass is very small (0L08%:), and it 15 located, e.g., in the Dominican
Republic, Madagascar, or Mew Caledonia at an altitude from sea level to about 1500 metnes
above sea kevel The annual mean temperature is 22.3 C and rainfall is 1500 mm/ vear. The
diversity of fauna is very low within Class [ and is also rather below average overall. On
the contrary, 3374 plant speces can be found in this small class.

o Classle

Cme of the smaller iegions (00%0%%) comprising many slands of the tropical and sube-
quatorial belt (Hawan, Cuba, western Hispaniola, the Bahamas, a part of the Lesser Antilles,
the Galapagos [slands, Reunion, Sumba, Timor, Wetar, New Caledonia, Vanuatu. . .}, plus
Madagascar, the Horn of Africa and surroundings, southern Florida, Peru, and the northern
part of Australia. It lies at a low altitude of 294 m above sea level but extends to the summit
of Maw. The annual mean temperature 15 25,32 °C, and the annual precipitation 1s lower
at omly 845 mm. Compared with Class Id, the fauna is slightly richer, but the flora poorer,
with 1860 plant species on average.

e Clas]a

Class Ja, with a shame of 577%: of the land mass, i mainly located in the equatorial belt
in Amerncas, and especally in Amazonia (from Mexico to Bolivia and Brazil), Africa (from
Cameroon to Gabon) and southeastern Asia (the Malay Peninsula, Borneo, Sumatra, Mew
Guinea). The Ja-Jd regions all have a high annual mean temperature of 249 0255 °C, a
very low temperature annual range of 1006 to 13.3 °C, similar preapitation totals of 2350 to
2650 mm,/ year, and a similarly low altitude of 214 to 301 m above sea level on average. In
some ameas, however, the annual precipitabion can exceed 11,300 mm. The diversity of flora
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and fauna is the highest of any region. On average, there are 155 mammal speces, 446 bird
species, 63 amphibian species (max. 135), and 6305 plant species (max. 10,000).

o Clasz]b

The megion is slightly smaller in area (3.78%) and has a significantly smaller presence
in thet Americas (coastal aneas of Central America, from Peru to Guyana, Brazil, Trinidad),
while it docupaes a significant area in Africa (a coastal belt from Guinea-Bissau to Ghana
and from Benin to Cameroon, Gabon, Congo, the Democratic Bepublic of the Congo, and
Madagascar), southern and southeastern Asia (a west coast of India, 5ri Lanka, Mepal,
from Bhutan to Malaysia, Farther India, the Sunda Islands, the Moluccas, the Phalippines,
Tarwan, New Guinea), and northern Australia (the Cape York Peminsula). The maximum
annual precipitation exceeds 11,400 mm. There is a greater difference bebween the wettest
and the driest quarters. Biodiversity is lower, at about two-thirds for fauna and one-half
for flora, but it is still well above average.

& Class e

Cme of the smallest negions (0.15%) which, apart from the east of Madagascar, com-
prizes mamnly small izlands and iskets (smaller 1slands of the Malay Archipelago, or the
Solomon [slands). The diversity of the fauna 1s slightly below average, but the flora is very
rich, with 5046 plant species on average and a maximum of about 10,000 species.

o Clas]d

This is also a very small region ((L21%) that spreads over tropical islands and archipela-
gos (Jamaica, Puerto Rico, the Lesser Antilles, Sao Tomé and Principe, Madagascar, the
Comaoros, the Seychelles, Mauritius, the Maldives, the Andaman and Micobar [slands, small
iglands of the Malay Archipelago, and Ocoeania). It has the lowest temperature annual
range of 10,6 °C and an altitude of 214 m above sea level The diversity of the fauna is
slightly lower, and the diversity of the flora is significantly lower, with a below average
1767 plant species.

3.15. GES Classification

Global Environmental Systems are the final result of the classification prooess. The
classification of natural conditions (30 classes) was combined with the anthropogenic
classification {10 classes), esulting in 169 unique Global Environmental Systems out of
300 possible (Figures 6 and 7). Each GES has its own code assigned. The code consists of
one or two letters (A" to T, and a” to*e”) and a number (1 to 100, e.g., A9, He?, or Db10. The
letters in the title indicate abiotic + biotic affiliation, and the number indicates affiliation o
the anthropogenic class.

A Global Environmental Systemn with the designation He9 is the most widespread
in the world, occupying 8.32% of the world’s land area from the Western Sahara to the
Arabian Peninsula, Iran, Afghanistan, and Pakistan. It is a region of bare aneas with high
temperaturne, the lowest precipitation, and low vertical hieterogeneity, human impact, and
bindiversity. Class Jab occupies 5.3% of the world in the equatorial region of America,
Africa, and Asia. The dominant land cover is broadleaved, evergreen forest with the highest
diversity of mammals, birds, and amphibians and the third highest diversity of flora. This
region 15 by pical of high temperature and precipitabion and has a low temperatune annual
range. The third largest GES is B10 (4.41%) in Alaska, Canada, and Russia. It is a very
cold region of needleleaved, deciduous forest with the second highest temperature annual
rangg, low biodiversity, and human impact. Global Environmental Systems Ic5 and Da4
cewer over 3%; I8, 1c7, Da5, Fb9, Fb8, Gel, and HbS cover over 2%. In contrast, classes Gd2
and He2 cover only about 0.001%: of the Earth’s landmass.

The full details of each of the 169 GES classes can be found in Appendix A; the Global
Environmental Systems classification is openly available in the Scdence Data Bank [35].
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{Tables 7 and 8).
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3.2 Biodiversity Consermation Prioritisation—Biodiversity Hof spots Concept

Biodiversity hotspots are those areas where the highest concentrations of endemic
speces can be found. At the same time, however, these ane areas that ane facing enormous
loss of natural habitat. The concept of ermestral bicdiversity hotspots, very important areas
for biological conservation, was first introduced by the British ecologist Norman Myers [39]
and adopted by Conservation International a yvear later [40]. Biodiversity hotspots must
meet two strict cntenia: every holspot must contain at least 1500 endemic vascular plant
species and must have lost at least 70 percent of ite primary native vegetation. There are
currently 36 biodiversity hotspots on Earth, the last one having been established in 2006,
Brodmversity hotspots cover 2.4% of the Earth’s land area and harbour about 5079 of endemic
plant species and 42% of endemic terrestnal vertebrate species [41].

Thus, it i mo great surprise that abiotic classes 1: freezing archc region; 2: cold
northern region with a significant femperature annual range; and 4: colder temperate
zone of the Morthern Hemisphere are not present in the biodiversity hotspots. Many
hotspots ane located partially or completely in the mountains, so Class 30 region of the
highest mountains covers more than 9% of the total area of hotspots (Table 9). Two other
temperate regions, Class 5 humid temperate egion; and & Warmer and drer temperate
zone of the Northern Hemisphere, cover 3.37% and 5.66%, respectively. Class 8 deserts
and semi-deserts of the tropics is found in 4.81% of the hotspot area. The most suitable
condibions for the exastence of biodiversity hotspots have Class 7: subtropics of both
hemispheres; % extensive subequatorial region with a drier period; and 10 warm and
humid equatorial region. These classes occupy 241006, 33.39%, and 19.517% of the area of
biodiversity hotspots, respectively.

Table 9. Abiotic classes within biodiversity hotspots.

. Class Area Global Kepresentation
Ablotic Class in Hotspots [%] Class Area [%] in Enﬂpﬂh (%]

1 0.00 3.38 0.00

2 0.00 7.11 0.00

3 9.16 142 38.66

4 0.00 10.98 0.00

5 337 7.08 857

5 5.66 0.86 10.71

7 2410 1270 35.38

8 481 16.84 532

9 3339 1773 35.11

10 19.51 0.91 36.71

The abiotic classes of the Arctic and temperate zones (1, 2, 4, to 6) account for 35.41%
of the world's land area but only 9.03% of the area of biodiversity hotspots. An aronal
mountain Class 3 covers 4.42% of the Earth's landmass but 9.16% of the hotspots area. This
means that almost 40% of the area of this class ks in hotspot territory (Figune 5). The
abiotic classes of the subtropic and tropic zones (7 to 10) account for 57.18%: of the world's
land amrea but §1.80%: of the area of biediversity hotspots. And without the inhospitable
desert Class 8, 1t 15 40.34% globally and 77% within hotspots. These three classes have over
35% of their area in hotspots, while Class 8 has only 5.32% (Figure 8).

Baotic Class 7: region with the lowest speces nchmess s very extensive, but only around
39 of its total amea is in hotspots (Table 10, Figure 9). This dass is found in only 4.21%: of the
hotspots anea, which s the thind lowest share. Class 215 the largest globally and i hotspots,
where it occupies 22.30% of the area. However, this i only 1275% of the global class area.
Class 3 has a richer fauna and flora and 15 thus the first with a langer proportion in the hotspots
than at the global kevel This s true for all subsequent classes except the nchest one: Class
6. Class 3 ocours in almost one-fifth of the hotspot area. Class 5 is very spedfic with a low
diversity of fauna but very high diversity of flora. This class i very small, 20 1t covers only
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2% of the area in the hotspots, However, this 12 almost 75% of the global area of this unique
class. Class § covers 6.25% of hotspots anea, and the slightly richer Class 10 covers 13.34%.
The nemct class is Class 4, which does not differ much from the previous one in diversity of
fauna but has a very rich flora. It accounts for 10.51% of the area of hotspots. The class with
the third highest faunal bicdiversity, but no exceptional flora, s Class 9, covenng 7.65% of the
hotspots territory. Class 1 again shows a shghtly higher diversity of fauna than the previous
class, the second highest, but the diversity of flora 1s twioe as high and 15 the highest overall.
Class 1 15 abundant in biodwersity hotspots. Classes 35, 8, 10, and 9 have progressively hagher
species richness, but the diversity of flora is only slightly above average in all of them They
all have a very similar representation in hotspots, ranging from 24.479% to 28.11%: of the total
class area. Classes 4 and 1 both show very rich flora, and both are abundant in hotspots at
66.43% and 6%.22%, mespectively. The same pateern works for Class 5, which even shows a
representation of 7492%. Classes with high floral diversity ane comcentrated in biodiversity
hotspots areas. Class 6 15 the nichest dass, but it scoupies only 1.39% of hotspots. Heme in the
biodrversity hotspots, it is a smaller proportion than at the global level (3.819%). This is due to
the fact that most of the speoes-richest Class 6 is fortunately located in wilderness anzas such
as Amazomia or the Congo Forests of Central Africa and not in the anthropogemcally beavily
impacted biodiversity hotspots.

M Class area in hotspots [km?]
W Global class area [kmn?]
A Representation in hotspots [3]

35,000,000 'y a0
A ak
20,000,000 32
& 15,000,000 24
E —
E ®
£ 10,000,000 16
5,000,000 l ‘ J 8
0 l 0
1 2 3 4 s & 7 & 3 10

Abiotic class
Figure & Abiotic classes within biodiversity hotspots.

Table 10. Biotic classes within biodiversity hotspots.

Biotic Class ) Class Area _ Global _ Representation

in Hotspots [%] Class Area [%] in Hotspots [%]
7 471 2350 134
2 2230 3261 1275
3 19.95 14.59 25,54
5 209 .52 7407
B 6.25 476 24.47
10 1334 B.B5 2B.11
4 10.51 295 66.43
9 755 510 7 6
1 1229 331 69.22
& 1.3% 3.81 681
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M Class area in hotspots [km?]
M Global class area [km?]
4 Representation in hotspots [%]
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Figure 9. Biotic classes within biodiversity hotspots.

From 30 combined natural classes, 26 ame present inthe hotspots. Classes A, B, Da, and Db
are missing. Four classes cover mome than 10% of the total hotspot anea. Class la, charactkerised
as an extensive subequatorial region with a dner peroed with very high biodiversity, ooccupies
the largest shame with 14.12%. Class Ge, a egion of moderabely speoes-rich subtropics, covers
12.02%. Class Ic is also an extensive subequatorial region with a drier period, this time with
slightly abowe average biodiversity. This class covers 11.47% of the hotspots area. And finally,
Class Jb, a warm and humid equatonal region with well above average biodiversity, covers
10.31%.. Classes Ja and Ge ame next with a share of over 7.5%, then classes Ce, Fb, and [bwith
a shame of over 4%, and %0 on up to dass Id {0.44%, ve., 109,082 km?). And finally, Class Eb i
by far the keast represented with only 11 km?,

Anthropogenic Class 1 does not occupy a large shame globally (1.98%) and even less in
biodiversity hotspots ((1929), being found mostly in Asian mountain hotspots with permanent
snow and 1oe. Only 2.91% of the Class 3 global area hes in hotspots (Tabke 11, Figure 10),
whene sparse vegetation land cover class covers (09%6%: of the total hotspot amea. Class 10,
characterised by very low human and livestock density and needle kaved, deaduous toee
cover and lichens and mosses, is not present in the biodiversity hotspots area at all. Class 9,
charackersed by different bam: aneas, occupies the thard largest area globally but only 4.44%. in
the hotspots. Another class with a relatively small mpresentation in biodiversity hotspots s
Class 4 {4.85%), dominated by tree cover, needle keaved, evergreen. Class 6, on the other hand,
accounts for 19.6% of the hotspots anea, which is the third highest share. Almost one-third of
thiz cdlass 15 in hotspots, Human and livestock density 15 alneady a bit hagher m thas region,
and the typical land cover is tree cover, broadleaved, evengmeen Class 8 s the second most
represented in the hotspots ®rmitory (2075%). It is the anea of shrublands and grasslands.
Another important cdass is Class 5 (11.51%), which has the third highest human density and
accessibility, and broadleaved, decduous, or med kaf type tree cover, mosaic tree and
shrub /herbaceous cover, or flooded tree /shrub, herbaceous cover The last two classes ame
Class 7 and Class 2, both with mome than 34% of their total global anca being located in
biodrversity hotspots, Class 7 has the second highest values of all anthropogenic indicators; it
i% typical of cropland land cover and occupies 28.99%, of the hotspots anea, Class 2 has the
highest values of all anthropogenic indicators; it 1s typical of cropland land cover or mosaic
cropland / natural vegetation and ocoupies 7.98% of the hotspots anea.
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Table 11. Anthropogenic classes within biodiversity hotspots.

Anthro ic Class Class Anea Global Representation
& in Hotspots [%] Clasa Area [%] in Hotspots (%)
1 0.92 198 -1
3 0.95 617 291
10 0.00 5.82 .00
9 4.4 14.25 581
4 4.85 819 1L.03
6 19.60 1119 3267
] 2075 19.94 19.40
5 11.51 1231 17.43
7 2899 15.88 MM
2 7.98 426 34.95

M Class area in hotspots [km?]
M Global class area [km?]
A Representation in hotspots [%]

30,000,000 36
A F
'

25,000,000 30
20,000,000 24
é 15,000,000 18
5 x

I
10,000,000 12
&
5,000,000 &
o :
1 3 0 5 4 [ B 5 7 2
Anthropogenic class

Figure 10. Anthropogenic classes within biodiversity hotspots.

Biodmwersiby hotspots ane aneas with significant fauna and flora but also intense human
impact. Anthropogenic classes with lower human impact (1, 3, 10, 9, and 4) cover only
11.17% of biodiversity hotspots while anthropogenic classes with higher human impact (6,
8, 5,7, and Z) cover 85.83% of the area of biodiversity hotspots, and globally, the ratio is
36.41% to 63.58%,. This shows that valuable hotspot areas are more threatened by different
tvpes of human activity than the rest of the world.

Biodiversity hotspots can be classified to identify the most significant hotspots. The
analysis of hotspots” importance by Myers et al. [36] was doven by two aiteria: species
endemism and the degmee of threat, and it considened five fackors: numbers of endemics and
endemic, speces ratios for plants and vertebrates and habitat loss. Hotspots, which appeared
the most often in the top &n listings for each factor, wene the most important The analysis
by Hrdina and Komportl [37] considened thirteen factors: the numbers of endemics and
endemic/ species ratios for plants, mammals, birds, amphibians, reptikes and freshwater fish,
and habitat loss. For the purposes of qualitative companson, the rankings of each fackor wene
compiled and the top twelve listings for each factor wem considered. Biodiversity hotspots,
appearing for all thirteen factors in the top twelve listings, are the most important.
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From articles by Myers et al. [36] and Hrdina and Eomport] [37], it is clear that these
s biodiversity hotspots ame clearly the most significant Madagascar and the Indian Oman
Islands, Sundaland, the Philippines, the Canbbean lslands, Indo-Burma, and Atlantic
Fomest. Five of them contain only anthropogenic classes with higher human impact (2,
7,5, 8 or 6); only in Indo-Burma is 2.62% of this hotspot occupied by anthropogenic
Class 4, which is mevertheless the class with the sixth highest human impact A closer
look at individual biodiversity hotspots shows that the most important ones face a great
anthropogenic impact.

Chut of a total of 169 Global Environmental Syvstems, 134 ame located in hotspots. The
most widespread GESs in hotspots 15 an equatorial Class Jab with the highest species
richness of amphibians, birds, and mammals and the third highest number of plants, with
predominant tree cover, broadleaved, evergreen, which covers 562% of the total anea of
bindiversity hotspots. Owver 5% of the area is also occupied by tropical Class 1a7 (5.39%),
which is also very rich in species but is under much greater human pressume. Then, thene
am three classes over 4%: Ge7, [a8, and Jbé; three classes over 3% G, IcB, and [c7; seven
classes over 2%: Ged, b7, 15, Tab, Fb7, GeB, and [b2; and ten classes over 1%: CcB, Ich,
CaB, Ge2, Ib7, Ge5, 5 Hb9, Ja2, and Ib5. The remaining 109 GESs occupy less than
1% of the ama. The most unique GES is HbS with an area of only 5.7 km?. All five A
classes, six B classes, seven Da classes, and six Db classes are not located in hotspots.
Furthermome, there ame no GESs Cell, Eag, Ebd, Ecl, Ec9, Ed4, EJ9, Fb3, Fbd, He2, and Hc2
in biodiversity hotspots.

The presented combination of both spatial concepts of environmental quality assess-
ment and the level of its human degradation across abiotic gradients gives us information
about the areal distribution, the level of vulnerability, and the prionty of the natural
protection of specific regions of our planet.

4, Discussion

Several different classifications have emerged over the years. In 2008, Ellis and Ra-
mankutty [6] published the classification of anthropogenic biomes, followed by Ellis" an-
thromes in 2000 [13]. In 2012, Letourneau et al. [22] presented the classification of land-use
systems and Van Asselen and Verburg [23] the classification of land systems. A year later,
Vaclavik et al. [24] came up with the classification of land system archetyvpes. In 2020,
the classithcations of world ecosystems [2] and the IUCN Global Ecosystem Typology [25]
wiere released.

Anthropogenic biomes and anthromes are based on the global data of population, land
use, and land cover, not using biotic or abiotic factors, Land-use systems are characterised
by land cover, land use, and population data too, plus livestock density and acoessibility.
Land cover, livestock, and agricultural infensity data wene used for the classification of land
systems, with land use intensity being a crucial characteristic, while population density
was not used as a classification criterion at all. Land system archetypes ame based on
32 indicators that are sociceconomic, but alzo biotic and abiotic. All five classificabions
have a resolubion of 5 arc minutes. The cassificabon of GESs has a maolution of 30 5, as
does the IUCN Global Ecosystem Tvpology. The finest resolution of § arc seconds has
the classification of world ecosystems that is based on global moisture domains, global
temperatun: domains, global landforms, and finally global vegetation and land use. In
this clagsification, no socoeconomic data wem used. GES classificabion uses 22 vanables
characterising abiotic, biotic, and anthropogenic conditions.

The authors of anthropogenic biomes, anthromes, land-use systems, and land systems
classifications all applied top-down approaches based on expert’s rules or a prion classifi-
cabion; Vaclavik et al [24] used a botbom-up approach for the classification of land system
archetypes, while Keith et al. [25] used the combination of both bottom-up and top-down
approaches for the TUCMN Global Ecosystem Typology. It was created as a hierarchical
classification, where functional variation among ecosystems is epresented in the upper
three levels developed from the top-down approach, while compositional vanation s
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represented in the lower three levels. Sayre et al. [2] used the structural approach. The
map of world ecosystems was derived from the objective development and integration of
different global natural elements.

The dassification of Global Environmental Systems consists of ten ablotic classes at the
upper kevel A total of 10 biohic classes are added at the middle heerarchical level, iesulbmg
in 30 natural classes. And finally, at the bottom kevel, ten anthropogenic classes enter the
classification. Theme are 169 different GESs at this level of cdassification. [t is the most similar
to the ITUCN Global Ecosystem Typology that consists of 5 global realms, 25 biomes, and then
108 ecosvstem funchonal groups, ete. Anthropogenic biomes, anthromes, land-us sysims,
and land systems all have a very similar structume. These cassifications ane grouped o i or
eight categories in the case of land systems. Each category 1s further divided into individual
classes; in total, thene are 21, 19, 24, and 30 classes, mspectively. Land system archetypes and
world ecosystems have a different structure, and they also differ from each other; there ane 12
and 431 dlasses, mspechvely, which are not further divided.

5. Conclusions

The new classification of Global Environmental Systems is a high-resolution spatial
delineation of many different combinations of partial abiotic and biobic classifications based
on gradients of iInanimate and living nature and anthropogenic cassification reflecting
the degree of human impact. A total of 169 GESs were identified and mapped. The
proposed procedure of defining Global Environmental Systems outperforms previously
developed classifications mainly by the complexaty of the input data and their thematic
and spatial resolution.

The Global Environmental Systems presented in this article can serve in many ways to
better understand the changing world, human pressume on the natural spheme, interachons
between humans and the natural environment, ete., not just at the global level, which
would help to find common patterns across continents whene similar actions can be taken
or to help with conservation activities.

The use of delineated GESs can be applied as a typological spatial framework for
assessing global environmental processes, whether they be climate change impacts, land
use/ land cover changes, ecosysirm service dynamics, or changes in biodiversity distnbu-
tion. Similarly, GESs can be used to monitor these processes; the changes in the defined
GESs will indicate changes in the whole complex of environmental conditions.
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6. Conclusion and discussion

The main objective of this thesis, the creation of a classification and a map of global
environmental systems, as well as the issue of the current status of global environmental
classifications and biodiversity hotspots areas, were addressed within four scientific articles
presented in the section ‘Publications’ of this thesis.

The dataset of global environmental systems, the main result of this thesis, is openly

available in the Science Data Bank at http://doi.org/10.11922/sciencedb.01665.

The classification of global environmental systems is a high-resolution spatial delineation
of many unique combinations of abiotic and biotic classifications with anthropogenic
classification that reflects differences in human impact.

The classifications of anthropogenic biomes, anthromes, land-use systems, land
systems and land system archetypes (Ellis and Ramankutty, 2008; Ellis et al., 2010;
Letourneau et al., 2012; van Asselen and Verburg, 2012; Vaclavik et al., 2013) have
a resolution of 5 arc minutes. The classification of global environmental systems has a finer
resolution of 30 seconds, making it applicable from the regional to the global scale.
The TUCN global ecosystem typology (Keith et al., 2020) has the same resolution
and the finest resolution of 8 arc seconds has the classification of world ecosystems (Sayre
et al., 2020).

The individual classifications differ not only in the resolution of datasets but also
in the amount and types of data selected. Anthropogenic biomes and anthromes are both
based on seven global datasets of population, land cover and land use. Land-use systems use
15 datasets of land cover, land use, population, livestock density and accessibility. Land
systems are based on land cover, livestock and agricultural intensity represented by six
datasets. These classifications do not use abiotic or biotic factors. Land system archetypes
were created using a larger number of 32 datasets of socioeconomic as well as biotic
and abiotic data. The classification of world ecosystems is based on four indicators: global
moisture domains, global temperature domains, global landforms, and global vegetation
and land use. No socioeconomic datasets were used for the change in this classification.
Global environmental systems use 22 variables, ten abiotic datasets on temperature,
precipitation and relief, four biotic datasets on diversity of fauna and flora and eight
anthropogenic datasets on population density, livestock density, accessibility, and global land

COVCI.
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The structure of the classification of global environmental systems is as follows: there
are ten abiotic classes at the upper level that form a base level characterising the basic
gradients of inanimate nature. At the middle hierarchical level, there are 30 natural classes.
These are made up of a combination of ten abiotic and ten biotic classes. Finally,
at the bottom level, there are 169 different global environmental systems, which were created
by combining the classification of natural conditions and ten anthropogenic classes.
This classification is the most similar to the IUCN global ecosystem typology. The global
ecosystem typology consists of 5 global realms, 25 biomes and 108 ecosystem functional
groups. The classifications of world ecosystems and land system archetypes have a different
structure. They also differ a lot from each other. World ecosystems have 431 classes that are
not further divided, whereas land system archetypes have only 12 classes. The classifications
of anthropogenic biomes, anthromes, land-use systems and land systems share a very similar
structure but differ from the classification of global environmental systems. Anthropogenic
biomes, anthromes and land-use systems are grouped into six categories, land systems into
eight categories. Each category is further divided into a certain number of classes. In total,
these classifications have 21, 19, 24, and 30 classes, respectively.

The classifications of anthropogenic biomes, anthromes, land-use systems and land
systems use top-down approaches. It is usually based on expert’s rules or a priori
classification. The IUCN global ecosystem typology uses this approach too in the upper four
levels and a bottom-up approach in the lower two levels. Land system archetypes also used
a bottom-up approach for the classification. World ecosystems were derived from
the objective development and integration of different global natural elements, this
classification used the structural approach.

Biodiversity hotspots range from temperate to equatorial regions. No biodiversity
hotspot is located within the abiotic classes of the freezing arctic region, the cold northern
region with a significant temperature annual range, or the colder temperate zone
of the Northern Hemisphere. Only about 10% of the global area of classes — humid temperate
region, and warmer and drier temperate zone of the Northern Hemisphere — is located
in hotspots. These five classes occupy more than 38% of the world's land area, but only
9% of the area of biodiversity hotspots. Many hotspots are found in the mountains,
so the class — region of the highest mountains — is very common in the area of hotspots. Only
about 5% of the area of class — deserts and semi-deserts of the tropics — exists in biodiversity
hotspots. On the other hand, subtropical and tropical classes, namely subtropics of both

hemispheres, an extensive subequatorial region with a drier period, and a warm and humid
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equatorial region, have a very large representation in hotspots. These three classes occupy
about 40% globally, but 77% within hotspots. They have over 35% of their area in hotspots,
as well as the region of the highest mountains.

The two most species-poor biotic classes are very extensive, they cover more than
56% of the world, but only a small proportion is located in biodiversity hotspot areas.
The most species-rich class occupies only 1.39% of hotspots. This is due to the fact that most
of this class is fortunately located in wilderness areas and not in the anthropogenically
heavily impacted areas of biodiversity hotspots. All the other classes have a larger proportion
in hotspots than at the global level. Of these classes, those with exceptional diversity of flora
are represented in hotspots by over 65%, while the remaining ones by around 25%. Classes
with high floral diversity are concentrated in areas designed as biodiversity hotspots.

Five anthropogenic classes with lower human impact cover only 11% of the area
of biodiversity hotspots, whereas five anthropogenic classes with higher human impact cover
89% of this area. Globally, the ratio is 36.5% to 63.5%. Biodiversity hotspots are areas with
significant biodiversity, but also very intense human impact, they are more threatened
by different types of human activity than the rest of the world. The six clearly most
significant biodiversity hotspots contain almost only five anthropogenic classes with higher
human impact, only in Indo-Burma 2.62% of this hotspot is occupied by anthropogenic class
with the sixth highest human impact. The most important hotspots face a great anthropogenic
impact.

Global environmental systems can aid in understanding the changing world,
the impact of human activity on the natural environment, and the interactions between
the natural environment and humans. This understanding can be applied at various levels,
including the global level, to identify common patterns across continents and to help with

conservation efforts.
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