
CHARLES UNIVERSITY

Faculty of Science

Physical Geography and Geoecology

Mgr. Aleš Hrdina

CLASSIFICATION OF GLOBAL ENVIRONMENTAL SYSTEMS 
ACCORDING TO THE LEVEL OF ANTHROPOGENIC 

TRANSFORMATION

Klasifikace globálních environmentálních systémů dle stupně antropogenní 
transformace

Doctoral thesis

Supervisor: RNDr. Dušan Romportl, Ph.D.

Prague, 2024



Prohlašuji,  že  jsem předloženou disertační  práci  zpracoval  sám a že jsem uvedl  všechny 

použité informační zdroje a literaturu. Tato práce ani její podstatná část nebyly předloženy 

k získání jiného nebo stejného akademického titulu.

V Praze dne 29. 8. 2023 ...........….............................

2



Acknowledgements

First of all, I would like to thank my supervisor RNDr. Dušan Romportl, Ph.D. for the fruitful 

cooperation, help and useful recommendations. Last but not least, I would like to thank my 

family and close friends for their support.

3



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 
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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
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Abstrakt

Tématem  disertační  práce  je  vytvoření  komplexní  klasifikace  globálních 

environmentálních  systémů  založených  na  geografické  syntéze  abiotických,  biotických 

i antropogenních  faktorů.  Zásadní  změny  přírodního  prostředí  Země,  znatelný  úbytek 

biodiverzity  a  v  mnoha  různých  ohledech  stále  rostoucí  vliv  člověka  vyvolávají  potřebu 

vytvořit  komplexní  klasifikaci,  která  bude  vhodným  prostorovým  rámcem 

pro vyhodnocování dopadů těchto změn.

V minulosti vznikla celá řada globálních klasifikací, které však většinou pracují jen 

s různými přírodními  gradienty  prostředí  (zejména klima  či  reliéf).  Většina  regionů světa 

je  však  natolik  zásadně  ovlivněna  nebo  dokonce  zcela  přeměněna  činností  člověka, 

že opomenutí  antropogenních  faktorů  v  komplexních  klasifikacích  prostředí  může  vést 

k mylným  závěrům.  Z  tohoto  důvodu  v  nedávné  době  začaly  v  zahraničí  vznikat  nové 

globální environmentální klasifikace,  které se snaží s antropogenními změnami přírodního 

prostředí  pracovat  a  zahrnout  je  do  komplexního  hodnocení.  Návrh  metodiky  a  vlastní 

vytvoření klasifikace globálních environmentálních systémů, která je založena na abiotických 

gradientech, distribuci biodiverzity a prostorové diferenciaci vlivu člověka, je hlavním cílem 

předložené  práce.  Klasifikace  vychází  z  22  datasetů  charakterizujících  abiotické,  biotické 

a antropogenní faktory, jako například klimatické poměry, charakteristiky reliéfu, druhového 

bohatství  fauny  i  flory,  krajinného  pokryvu,  hustoty  zalidnění,  intenzity  zemědělského 

využívání prostředí atd.

Nejprve  byla  na  základě  vstupních  abiotických  rastrů  provedena analýza  hlavních 

komponent (PCA). Vzniklý vícepásmový rastr prošel následně procesem segmentace, jejímž 

výsledkem  byla  po  dalších  úpravách  vrstva  čítající  18  554  segmentů.  Hodnoty  všech 

abiotických,  biotických  a  antropogenních  ukazatelů  byly  stanoveny  pro  každý  jednotlivý 

segment, stejně tak byl pro každý segment analyzován krajinný pokryv. Dalším krokem bylo 

provedení clusterové analýzy, jejímž výsledkem byly tři klasifikace abiotických, biotických 

a antropogenních poměrů, každá o deseti třídách. Syntézou abiotické a biotické klasifikace 

vznikla klasifikace přírodních podmínek, její následnou kombinací s antropogenní klasifikací 

pak  finální  klasifikace  globálních  environmentálních  systémů  čítající  celkem  169  tříd 

globálních environmentálních systémů.

Důležitou  sférou,  které  se  globální  antropogenní  transformace prostředí  významně 

dotýká, je rozložení biodiverzity.  Její gradienty,  ale i míru ohrožení a naléhavost ochrany 
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dobře  vystihuje  koncept  tzv.  horkých skvrn  biodiverzity.  Horké  skvrny biodiverzity  jsou 

oblastmi,  kde  velká  množství  často  endemických  druhů  čelí  enormním  ztrátám  rozlohy 

původního habitatu vlivem intenzivní lidské činnosti. Jednotlivé dílčí klasifikace - abiotická, 

biotická a antropogenní, stejně jako finální klasifikace globálních environmentálních systémů 

byly analyzovány pro každou z 36 horkých skvrn biodiverzity i pro horké skvrny jako celek. 

Z výsledků vyplývá, že celosvětově významné oblasti hotspotů jsou více ohroženy různými 

druhy lidské činnosti než zbytek světa a taktéž, že nejcennější horké skvrny biodiverzity čelí 

zásadnímu antropogennímu vlivu.

Klíčová slova: klasifikace, antropogenní transformace, globální environmentální 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  (Takács-

Sánta, 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; Díaz 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,  Václavík  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; Václavík 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.
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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;  Václavík  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

Václavík  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 

et al., 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 

(IIASA/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)). Václavík 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.  IUCN 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 (0.93×0.93 = 0.86 km2 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  km2,  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)

GLC8 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

GLC15 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 Cc10. 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.

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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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;  Václavík  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  IUCN  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 

cover.
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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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