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Descriptive profiles for Functional Biomes and Ecosystem Functional Groups 
The supplementary material in this appendix includes descriptive profiles for functional biomes 

(Level 2) and Ecosystem Functional Groups (EFGs) of the IUCN Global Ecosystem Typology v2.1 

(superseding Keith et al. 2020). Updates of the typology are published at https://global -

ecosystems.org/. The descriptive profiles provide brief summaries of key ecological traits and 

processes, particularly  features that distinguish different functional groups from one another to 

inform diagnosis and to enable any ecosystem type to be assigned to a group. 

Inevitably, there are inherent uncertainties in assigning ecosystem types to unique EFGs 

because ecological classifications, in general, simplify complex multidimensional variation in 

nature by segmenting and categorising continuous gradients in multiple features (see Appendix 

S3; Regan et al. 2002). Thus, any given ecosystem type may possess a suite of features that are 

typical of different functional groups, and a single feature can rarely be definitive for ecosystem 

identification (e.g. Erb et al. 2013). For this reason we avoid prescriptive approaches to 

description of the units that seek to identify strictly exclusive or diagnostic ecosystem 

characteristics, and instead use appropriate qualifiers and caveats in descriptions where 

important exceptions apply to generalisations about ecosystem properties and postulated 

drivers. Users should assess and weigh evidence on all features to identify the most likely 

functional group and report the nature of uncertainties in group membership. 

Nomenclature 

Terminology follows the Glossary (see Supplementary Information). Names of functional 

biomes and EFGs are vernacular ɂ we adopt names and descriptors frequently applied in the 

literature that reflect key ecosystem properties. A vernacular (rather than systematic) approach 

to nomenclature is intended to exploit terms (e.g. rainforest, lake, or reef) that are familiar to a 

wide range of users, recognising regional variations and conventions in terminology, and hence 

more likely to facilitate wide uptake than an approach seeking to impose rigid naming 

conventions. Although a vernacular approach seems appropriate at this stage of development of 

the global typology, further work on the development a more systematic approach, or at least 

guidance on how salient features of classifications units can be represented in the names of 

units. Senterre et al (2021), for example, propose several principles for the development of 

ecosystem nomenclature. 

Text descriptions 

The text describes key ecosystem properties that characterise each EFG and help distinguish it 

from other groups. The descriptions include ecosystem-level properties and ecological 

processes (e.g. productivity, energy sources, trophic structure, physical structure, bottom-up 

and top-down organisational processes) as well as species-level traits that are represented 

among the component biota of ecosystem types within the group (e.g. life forms, life-history 

traits, specialised organs, and characteristic behaviours and mobility). Where possible, 

variability in traits is noted. The Glossary (Supplementary Information) defines selected 

technical terms used in the profiles.  

Exemplary photographs 

Each profile is illustrated with a photograph that shows some of the ecological features 

mentioned in the text. Although representative examples were chosen for illustration, they may 

https://global-ecosystems.org/
https://global-ecosystems.org/
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not represent the range of variability in features expressed within each EFG, some of which 

have extensive global distributions. In future work, we will buid a library of reference images to 

illustrate variability more fully ( https://global -ecosystems.org/) . 

Key ecological drivers 

The text identifies key ecological drivers that are positied to shape the ecological character of 

ecosystem types within a functional group. The processes identified for all EFGs were deduced 

from a consistent conceptual framework defined by a diagnostic model of ecosystem assembly 

(Fig. 1), the underpinnings of which are drawn from ecological theory, as described in Appendix 

S2. The inferences made about major drivers for each EFG represent hypotheses based on the 

consensus of specialist contributors  and peer reviewers of the profiles (Appendix S5). 

Contributors drew from a substantial body of evidence, including their knowledge of scientific 

literature and direct research experience in the field. The most important literature is cited in 

respective descriptions, subject to limitations on ÓÐÁÃÅ ɉÓÅÅ Ȭ5ÓÅ ÏÆ ÒÅÆÅÒÅÎÃÅÓȭ ÂÅÌÏ×ɊȢ 7Å 

acknowledge that experts may put forward diverging but legitimate interpretations of available 

evidence on the nature of ecological drivers that influence salient ecosystem properties. The 

consensus interpretations in the descriptive profiles therefore may not represent all possible 

interpretations of available evidence.  

Abiotic drivers and processes include ambient environmental features and disturbance regimes 

that directly or indirectly influence resource availability. Biotic drivers include a range of 

interactions and dependencies that arise from the biotic properties of the ecosystem. Hence 

there are inherent feedbacks between biotic drivers and ecosystem properties. Human activities 

are explicitly addressed as ecological drivers in anthropogenic EFGs. The descriptions of non-

anthropogenic EFGs, however, focus on reference states with negligible human influence, even 

though humans affect most ecosystems on earth. These effects vary greatly in type, intensity 

and spatially in a manner that reflects social, cultural and economic norms and opportunities, 

technology and access, as well as ecosystem characteristics. Specific influences of anthropogenic 

processes vary with ecosystem state. A focus on reference states in this treatement will 

therefore enable the wide range of human influences to be addressed with appropriate 

assessment tools such as the IUCN Red List of Ecosystems protocol (Keith et al. 2013).  

Diagrammatic assembly models 

To illustrate characteristic ecosystem properties and assembly filters (i.e. drivers that shape 

ecosystem properties). an ecosystem assembly model was developed for each EFG, by adapting 

the generic model described in Fig. 1 (main text) and Appendix S2. As noted above, the 

inferences made about major processes and traits for each EFG represent hypothesese based on 

the consensus of specialist contributors and peer reviewers, who drew from a substantial body 

of evidence, including their knowledge of scientific literature and direct research experience in 

the field. Nonetheless, we acknowledge uncertainties and that there may be legitimate 

alternative diagrammatic representations of evidence on these relationships. 

 

Only the major features are shown in the diagrammatic models and anthropogenic processes 

are only shown for anthropogenic EFGs. In the diagrammatic representations of the models, 

ecosystem properties are listed in green circles at the centre, while drivers are identified  in 

peripheral boxes using the following colours: 

¶ pale blue: resources 

https://global-ecosystems.org/
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¶ dark blue: ambient environmental factors that influence resource availability or uptake 

¶ red: environmental disturbance regimes 

¶ orange: biotic interactions 

¶ black: human activities 

Connecting arrows show hypothesised influences of, and interactions among drivers as well as 

feedbacks (bidirectional arrows). Only major connections are shown and feedbacks are 

generally not shown except for those involving biotic components. 

Indicative distribution maps  

We separated the task of mapping spatial distributions from constructing the typology and 

defining its units. This liberates the definition of units from constraints imposed by current 

availability of spatial data and allows for progressive improvement of maps representing spatial 

expression of conceptually stable ecosystem types. Maps are, however, essential to many 

applications (Appendix S6) including ecosystem risk assessment and management (Design 

Principle 5, Table S.1). Classification units at all levels of the typology have spatial distributions 

and are therefore mappable, aided by recent advances in global spatial data and cloud 

computing (Murray et al. 2018). Mapping at any level of the typology requires spatially explicit 

ground observations, interpretive expertise, spatial predictors (including remote sensing data 

and environmental variables) and appropriate methods for spatial interpolation (Guisan & 

Zimmermann, 2000).  

Separate distribution maps were developed for each EFG, largely independently of one another. 

This multi-layer format to the spatial data enabled us to incorporate more spatial information 

on EFG distributions than is possible in a single composite map. It also enabled us to 

accommodate different mapping approaches appropriate to particular ecosystem types, 

different levels of data quality and uncertainty, different degrees of spatial dynamism over 

relatively short time scales, and spatial juxtapositions with other EFGs. The multi-layered 

format allows occurrences of two or more EFGs to be represented within the same spatial unit 

(i.e. grid cells). Interactive versions of the maps are available at https://global -ecosystems.org/.  

The maps show areas of the world containing major (in red) or minor occurrences (in yellow) of 

each EFG. Major occurrences indicate areas where an EFG occupies a large portion (generally 

>20%) of a landscape or seascape. Minor occurrences are areas where an EFG is scattered in 

patches within matrices of other EFGs or where they occur in large patches but only within a 

segment of a larger region. Distributions that are uncertain were mapped as minor occurrences 

across large geographic envelopes. Small but important occurrences are identified with black 

ellipses. In landscapes or seascapes occupied by mosaics of ecosystems, EFGs comprising the 

matrix  of the mosaic are mapped as major occurrences, and those distributed in patches are 

mapped as minor occurrences. 

The maps were designed to be indicative of global distribution patterns and are not intended to 

represent fine-scale patterns. The spatial grain of map rasters varies from 10 minutes to 1 

degree of latitude and longitude, depending on the resolution of available base layers (Table 

S4.1). For most EFGs, the spatial resolution is 30 arc seconds, approximately 1 km2 at the 

equator. Given bounds of resolution and accuracy of source data, the maps should be used to 

query which EFGs are likely to occur within areas, rather than which occur at particular point 

locations. 

https://global-ecosystems.org/


 

14 
 

To compile distribution maps, we first searched for existing spatial data on map units that 

aligned with the concept of individual EFGs by comparing descriptions in metadata or 

associated publications to the EFG descriptive profiles. We found matching spatial data sets that 

directly matched the concepts of  38 EFGs, comprising either polygons or rasters (e.g. MT1.2, 

T7.4, M1.3; Table S4.1) or point records (e.g. F3.1). For eight of those EFGs, we supplemented 

direct maps with biogeographic regions likely to contain minor occurrences (e.g. TF1.1). For a 

further 21 EFGs, we found maps that aligned with key features of EFGs, but applied them over a 

broader range of environments or locations (ÉÅȢ Á ȬÓÅÍÉ-ÄÒÉÅÃÔȭ ÍÁÔÃÈɊ. In those cases, we used 

environmental spatial data or biogeographic regions to clip the broader mapped extent to 

achieve closer alignment with the EFG concept (e.g. F1.1, T1.1). The remaining EFGs had no 

suitable direct mapping, we assembled maps from simple combinations of remote sensing 

and/ or environmental proxies, clipped by biogeographic regions where necessary to obtain an 

approximate match to the concept. Base data for all maps were published in peer-reviewed 

scientific literature and/or available in global repositories administered by major agencies such 

as NASA or USGS. Source maps for 81 of the EFGs were based on known records, or had 

undergone a quantitative accuracy assessment or similar thematic evaluation. One EFG (S1.2) 

was not mapped due to its distribution throughout ÔÈÅ %ÁÒÔÈȭÓ ÃÒÕÓÔȢ  

Ecoregions (Spalding et al., 2007; Abell et al., 2008; Dinerstein et al., 2017) are one of numerous 

spatial data sets used in the construction of some of the maps. We use them as templates to 

either to constrain the extent mapped from remote sensing and environmental proxies or to 

provide indicative distributions of minor occurrences that occur outside the core distributions 

of some EFGs. We emphasise that the conceptual differences between Ecosystem Functional 

Groups (founded on ecological processes and ecosystem functions, irrespective of biotic 

composition; see definition in Table S3.1 and associated text) and ecoregions (founded on 

biogeographic patterns and processes and as proxies for species distrbutions; reviewed in 

Appendix S1). Similar distinctions apply to functional biomes (Table S3.1 and associated text) 

and biogeographic biomes as mapped and described in respective ecoregion classifications 

(provinces of Spalding et al., 2007; major habitat types of Abell et al., 2008; biomes of Olson et 

al., 2001 and Dinerstein et al., 2017), reflecting functional and biogeographic interpretations of 

ÔÈÅ ÔÅÒÍ ȰÂÉÏÍÅȱ ɉ-ÕÃÉÎÁ, 2019). Hence when EFGs are aggregated into functional biomes 

(Level 2 of the Global Ecosystem Typology), spatial patterns may differ from those of ecoregions 

aggregated into biomes (e.g. Olson et al., 2001).
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Table S4.1. Methods and source data for indicative maps of each Ecosystem Functional Group (EFG). Concept alignment: Direct ɀ Source map is consistent 

with EFG concept without adjustment; Semi-direct ɀ Source map is consistent with EFG concept after clipping or supplementation; Indirect ɀ Proxy variables 

used to construct map approximating EFG concept. 

Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T1.1 Lowland rainforests were initially identified using consensus land-cover maps (Tuanmu et al., 
2014) and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc 
seconds spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features 
consistent with those identified in the profile of the Ecosystem Functional Group; and ii) if their 
location was consistent with the ecological drivers described in the profile. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of lowland rainforests or as minor occurences if lowland rainforests were described as patches 
within a matrix dominated by other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T1.2 Tropical dry rainforests were initially identified using consensus land-cover maps (Tuanmu et al., 
2014) and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc 
seconds spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features 
consistent with those identified in the profile of the Ecosystem Functional Group; and ii) if their 
location was consistent with the ecological drivers described in the profile. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of dry forests, or as minor occurences if dry forests were described as patches within a matrix 
dominated by other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T1.3 The distribution of tropical montane rainforest was approximated from a model of environmental 
suitability based on climatic variables and cloud cover (Wilson and Jetz, 2016, Karger et al. 2021). 
Occurrences were aggregated to half degree spatial resolution and cells reclassified as major 
occurrences (>25% of cell area) and minor occurrences (< 25% of cell area). 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T1.4 Terrestrial ecoregions containing occurrences of heath forests were identified by consulting 
available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, national and 
regional ecosystem maps, locations of relevant examples, and author expertise. Consequently, 
they are coarse-scale indicative representations of distribution, except where they occupy small 
ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of heath forests, or as minor occurences if heath forests were described as patches within a 
matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T2.1 Boreal and temperate montane forests were initially identified using consensus land-cover maps 
(Tuanmu et al., 2014; generalised landcover class 1 Evergreen/deciduous needleleaf trees) and 
then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc seconds spatial 
resolution. Ecoregions were selected if: i) their descriptions mentioned features consistent with 
those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Ecoregions were designated as 
containing major occurrences if ecoregion descriptions mentioned extensive areas of boreal and 
temperate montane forests, or as minor occurences if these forests were described as patches 
within a matrix dominated by other ecosystems. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T2.2 Temperate deciduous forests were initially identified using consensus land-cover maps (Tuanmu 
et al., 2014; generalised landcover class 3 Deciduous broadleaf trees) and then cropped to 
selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc seconds spatial resolution. 
Ecoregions were selected if: i) their descriptions mentioned features consistent with those 
identified in the profile of the Ecosystem Functional Group; and ii) if their location was consistent 
with the ecological drivers described in the profile. Ecoregions were designated as containing 
major occurrences if ecoregion descriptions mentioned extensive areas of temperate deciduous 
forests, or as minor occurences if  these forests were described as patches within a matrix 
dominated by other ecosystems. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T2.3 Cool temperate and boreal rainforest regions identified by DellaSala et al. (2011) were matched 
with ecoregion descriptions (Dinerstein et al., 2017) and proofed by author's expertise. 
Ecosregions were designated as major occurrences where rainforests dominated the landscape 
matrix, and minor occurrences where rainforests were present as patches within a matrix of other 
ecosystems. Ecoregions were mapped at 30 arc second spatial resolution. 

Semi-direct Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T2.4 Terrestrial ecoregions containing occurrences of warm temperate laurophyll forests were 
identified by consulting available ecoregion descriptions (Dinerstein et al., 2017), global and 
regional reviews, national and regional ecosystem maps, locations of relevant examples, and 
author expertise. Consequently, they are coarse-scale indicative representations of distribution, 
except where they occupy small ecoregions. Ecoregions were mapped at 30 arc second spatial 
resolution. Ecoregions were designated as containing major occurrences if ecoregion descriptions 
mentioned extensive areas of laurophyll forests, or as minor occurences if laurophyll forests were 
described as patches within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

T2.5 Remote sensing estimates of canopy height were used as a direct indicator of the distribution of 
this group of tall forest ecosystems (Armston et al., 2015, Tang et al., 2019). All areas with tree 
canopies taller than 40m were selected and clipped to the spatial extent of temperate climate 
types (Beck et al., 2018). Mapped occurrences were then aggregated to half degree spatial 
resolution and reclassified as major occurrences (>20% of cell area) and minor occurrences (< 20% 
of cell area). 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T2.6 Sclerophyll forests were initially identified using consensus land-cover maps (Tuanmu et al., 2014) 
and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc seconds 
spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features consistent 
with those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Ecoregions were designated as 
containing major occurrences if ecoregion descriptions mentioned extensive areas of sclerophyll 
forests or as minor occurences if sclerophyll forests were described as patches within a matrix 
dominated by other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T3.1 Terrestrial ecoregions containing occurrences of tropical heathlands were identified by consulting 
available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, national and 
regional ecosystem maps, locations of relevant examples, and author expertise. Consequently, 
they are coarse-scale indicative representations of distribution, except where they occupy small 
ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of tropical heathlands, or as minor occurences if these heathlands were described as patches 
within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T3.2 Terrestrial ecoregions containing occurrences of seasonal temperate heathlands were identified 
by consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional 
reviews, national and regional ecosystem maps, locations of relevant examples, and author 
expertise. Consequently, they are coarse-scale indicative representations of distribution, except 
where they occupy small ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. 
Ecoregions were designated as containing major occurrences if ecoregion descriptions mentioned 
extensive areas of seasonal temperate heathlands, or as minor occurences if these heathlands 
were described as patches within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

T3.3 Cool temperate heathlands were mapped using consensus land-cover maps (Tuanmu et al., 2014; 
Latifovic et al., 2016), cropped to selected terrestrial ecoregions at 30 arc seconds spatial 
resolution (Dinerstein et al., 2017; CEC 1997). Ecoregions were selected if they contained areas 
mentioned or mapped in published regional studies (Loidi et al., 2015; Luebert & Pliscoff, 2017), 
or if: i) their descriptions mentioned features consistent with those identified in the profile of the 
Ecosystem Functional Group; and ii) if their location was consistent with the ecological drivers 
described in the profile. Ecoregions were designated as containing major occurrences if ecoregion 
descriptions mentioned extensive areas of lowland rainforests or as minor occurences if lowland 
rainforests were described as patches within a matrix dominated by other ecosystems. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T3.4 Rocky pavements and screes were initially identified using consensus land-cover maps (Tuanmu et 
al., 2014) and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc 
seconds spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features 
consistent with those identified in the profile of the Ecosystem Functional Group; and ii) if their 
location was consistent with the ecological drivers described in the profile. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of  rocky pavements or screes or as minor occurences if these ecosystems were described as 
patches within a matrix dominated by other ecosystems. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T4.1 Trophic savannas were initially identified using consensus land-cover maps (Tuanmu et al., 2014) 
and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc seconds 
spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features consistent 
with those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Ecoregions were designated as 
containing major occurrences if ecoregion descriptions mentioned extensive areas of savannas or 
as minor occurences if these ecosystems were described as patches within a matrix dominated by 
other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T4.2 Terrestrial ecoregions containing occurrences of pyric tussock savannas were identified by 
consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, 
national and regional ecosystem maps, locations of relevant examples, and author expertise. 
Consequently, they are coarse-scale indicative representations of distribution, except where they 
occupy small ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. Ecoregions 
were designated as containing major occurrences if ecoregion descriptions mentioned extensive 
areas of pyric savannas, or as minor occurences if these ecosystems were described as patches 
within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

T4.3 The distribution of Hummock savannas in Australia was mapped from data sets compiled by Keith 
and Tozer (2017) from the Australian National Vegetation Information System (NVIS 2016). The 
original mapping was done by remote sensing with field reconnaissance. It was mapped at 30 arc 
second spatial resolution. 

Direct Qualitative expert 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T4.4 Terrestrial ecoregions containing occurrences of temperate woodlands were identified by 
consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, 
national and regional ecosystem maps, locations of relevant examples, and author expertise. 
Consequently, they are coarse-scale indicative representations of distribution, except where they 
occupy small ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. Ecoregions 
were designated as containing major occurrences if ecoregion descriptions mentioned extensive 
areas of temperate woodlands, or as minor occurences if these ecosystems were described as 
patches within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T4.5 Terrestrial ecoregions containing occurrences of temperate grasslands were identified by 
consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, 
national and regional ecosystem maps, locations of relevant examples, and author expertise. 
Consequently, they are coarse-scale indicative representations of distribution, except where they 
occupy small ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. Ecoregions 
were designated as containing major occurrences if ecoregion descriptions mentioned extensive 
areas of temperate grasslands, or as minor occurences if these ecosystems were described as 
patches within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

T5.1 Semi-desert steppes were initially identified using consensus land-cover maps (Tuanmu et al., 
2014) and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc 
seconds spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features 
consistent with those identified in the profile of the Ecosystem Functional Group; and ii) if their 
location was consistent with the ecological drivers described in the profile. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of semi-desert steppes or as minor occurences if these ecosystems were described as patches 
within a matrix dominated by other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T5.2 Succulent or thorny deserts were initially identified using consensus land-cover maps (Tuanmu et 
al., 2014) and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc 
seconds spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features 
consistent with those identified in the profile of the Ecosystem Functional Group; and ii) if their 
location was consistent with the ecological drivers described in the profile. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of succulent deserts or as minor occurences if these ecosystems were described as patches within 
a matrix dominated by other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T5.3 The distribution of Sclerophyll deserts was mapped from data sets for arid sclerophyll shrublands 
and hummock grasslands compiled by Keith and Tozer (2017) from the Australian National 
Vegetation Information System (NVIS 2016). The original mapping was done by remote sensing 
with field reconnaissance. It was mapped at 30 arc second spatial resolution. 

Direct Qualitative expert 
assessment 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T5.4 Cold deserts were initially identified using consensus land-cover maps (Tuanmu et al., 2014) and 
then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc seconds spatial 
resolution. Ecoregions were selected if: i) their descriptions mentioned features consistent with 
those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Ecoregions were designated as 
containing major occurrences if ecoregion descriptions mentioned extensive areas of cold deserts 
or as minor occurences if these ecosystems were described as patches within a matrix dominated 
by other ecosystems. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T5.5 Hyper-arid deserts were initially identified using consensus land-cover maps (Tuanmu et al., 2014) 
and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc seconds 
spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features consistent 
with those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Ecoregions were designated as 
containing major occurrences if ecoregion descriptions mentioned extensive areas of hyper-arid 
deserts or as minor occurences if these ecosystems were described as patches within a matrix 
dominated by other ecosystems. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T6.1 Areas of permanent snow were identified from consensus land-cover maps (Tuanmu et al., 2014), 
glacier inventories (Raup et al., 2007; GLIMS and NSIDC, 2005-2018) and the Antarctic Land Cover 
map for 2000 (Hui et al., 2017). A composite map was created at 30 arc seconds spatial resolution 
in geographic projection, occurrences were then aggregated to half degree spatial resolution and 
reclassified as major occurrences (cells with > 22% snow coverage) and minor occurrences (cells 
with at least one occurrence). 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T6.2 Known locations of prominent ice-free rock in glacial and alpine environments were selected from 
global geographical gazeteers (GeoNames, 2020), glacier inventories (Raup et al 2007; GLIMS and 
NSIDC, 2005-2018) and the Antarctic Land Cover map for 2000 (Hui et al., 2017). Further areas 
with mixed occurrence of barren and snow/ice cover were identified from the Circumpolar Arctic 
Vegetation Map (Raynolds et al., 2019), the USGS EROS LandCover GLCCDB, version 2 (Loveland et 
al., 2000) and a 1km consensus land-cover map (Tuanmu et al., 2014). A composite map was 
created at 30 arc seconds spatial resolution in geographic projection, occurrences were then 
aggregated to half degree cells. Cells containing at least one known location were designated 
major occurrences, while those mapped as mixed barren and snow/ice cover were designated as 
minor occurrences if snow/ice covered at least 2.5% of the cell area. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T6.3 Areas corresponding to the tundra climatic zone according to the Köppen-Geiger classification 
system (Beck et al., 2018) were first identified. Additional areas were then selected in high 
latitudes corresponding with low annual solar radiation (values <1800 in Beckmann et al., 2014). A 
union of these maps was created at 30 arc seconds spatial resolution in geographic projection, 
occurrences were then aggregated to half degree spatial resolution and reclassified cells as major 
occurrences (>80% of cell area) and minor occurrences (30-80% of cell area). 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T6.4 Terrestrial ecoregions containing occurrences of temperate alpine ecosystems were identified by 
consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, 
national and regional ecosystem maps, locations of relevant examples, and author expertise. 
Consequently, they are coarse-scale indicative representations of distribution, except where they 
occupy small ecoregions. Ecoregions were mapped at 30 arc second spatial resolution. Ecoregions 
were designated as containing major occurrences if ecoregion descriptions mentioned extensive 
areas of temperate alpine ecosystems, or as minor occurences if these ecosystems were described 
as patches within a matrix dominated by other ecosystems. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T6.5 Tropical alpine grasslands were initially identified using consensus land-cover maps (Tuanmu et 
al., 2014) and then cropped to selected terrestrial ecoregions (Dinerstein et al., 2017) at 30 arc 
seconds spatial resolution. Ecoregions were selected if: i) their descriptions mentioned features 
consistent with those identified in the profile of the Ecosystem Functional Group; and ii) if their 
location was consistent with the ecological drivers described in the profile. Ecoregions were 
designated as containing major occurrences if ecoregion descriptions mentioned extensive areas 
of tropical alpine grasslands or as minor occurences if these ecosystems were described as 
patches within a matrix dominated by other ecosystems. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T7.1 Major occurrences of croplands were taken from the map of Habitat type 14.1 by Jung et al. 
(2020) based on the IUCN Habitats Classification Scheme v3.1 (IUCN 2012). We compared this to 
cropping areas in consensus land-cover maps (Tuanmu et al., 2014) and found that maps of Jung 
et al. (2020) more closely matched the concept of T7.1. Occurrences were extracted from 
ŦǊŀŎǘƛƻƴŀƭ ŀƎƎǊŜƎŀǘŜŘ м ƪƳ ǊŜǎƻƭǳǘƛƻƴ ōŀǎŜ Řŀǘŀ όWǳƴƎ Ŝǘ ŀƭΦ нлнлύΣ ŀǇǇǊƻȄƛƳŀǘƛƴƎ ол ŀǊŎ ǎŜŎƻƴŘ 
spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T7.2 Mapping of intensive livestock pastures was based on fractional land use mapping (Ramankutty et 
al. 2008), dasymetric estimates of ruminant livestock density for cattle and sheep (Gilbert et al. 
2010), and Human Appropriation of Net Primary Production (HANPP, Haberl et al. 2007). 
Fractional land use cover indicated firstly where pastures occur and secondly where they occupy a 
large portion of area relative to croplands. This helped to exclude intensive croplands that are also 
used to graze livestock, either through temporal rotation or on the margins of cropped paddocks 
(e.g. in south Asia). Livestock densities indicated where ruminants were important components of 
pasture systems, and helped exclude some rangelands with low livestock densities. Finally, HANPP 
helped exclude low productivity rangelands with high stocking rates and additional areas of 
cropland. Mapped outputs of different combinations and thresholds for the input data layers 
were visually inspected in South Asia, Australia, West Africa, and North and South America. Major 
occurrences were mapped where pasture area fraction greater than zero (PAF>0) and greater 
than cropland area fraction (PAF-CAF>0), densities of cattle or sheep were greater than 500 per 
cell, and 100 < HANPP < 700 gC/m²/yr. Examination of the sensitivity of mapped area to variation 
in these thresholds indicated no appreciatble change in the global mapped area when livestock 
density was varied by ±20% and marginal change in mapped area with variation in the other 
thresholds by the same amount. To represent this uncertainty, we mapped minor occurrences as 
the additional area where PAF>0, PAF-CAP>-0.2 and 80 < HANPP < 840 gC/m²/yr. We acknowledge 
significant untested assumptions and limitations on spatial predictors that challenge the global-
scale delineation of pasture ecosystems with varied levels of human influence. We therefore 
advise appropriate caution in use of the spatial data for quantitative analysis. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

T7.3 Major occurrences of plantations were taken from the map of Habitat type 14.3 by Jung et al. 
(2020) based on the IUCN Habitats Classification Scheme v3.1 (IUCN 2012). We compared this to 
cropping areas in consensus land-cover maps (Tuanmu et al., 2014) and found that maps of Jung 
et al. (2020) more closely matched the concept of T7.3. Occurrences were extracted from 
ŦǊŀŎǘƛƻƴŀƭ ŀƎƎǊŜƎŀǘŜŘ м ƪƳ ǊŜǎƻƭǳǘƛƻƴ ōŀǎŜ Řŀǘŀ όWǳƴƎ Ŝǘ ŀƭΦ нлнлύΣ ŀǇǇǊƻȄƛƳŀǘƛƴƎ ол ŀǊŎ ǎŜŎƻƴŘ 
spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

T7.4 The distribution of urban and industrial infrastructure lands was taken from a global land use/land 
ŎƻǾŜǊ ƳŀǇ ό[¦[/ Ŏƭŀǎǎ т Ψōǳƛƭǘ ŀǊŜŀǎΩύ ŦƻǊ ǘƘŜ ȅŜŀǊ нлнл ŀǘ мл ƳŜǘǊŜ ǊŜǎƻƭǳǘƛƻƴ όYŀǊǊŀ Ŝǘ ŀƭΦ нлнмύΦ 
Class 7 includes major road and rail networks, large homogenous impervious surfaces including 
parking structures, office buildings and residential housing, dense. Sparse villages may not be 
represented. We calculated the proportion of built area per square kilometre and applied a 
threshold of 1 to 5 % for minor occurrences and >5% for major occurrences. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 



 

25 
 

Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

T7.5 The distribution of semi-natural pastures is poorly documented at global scales. Areas where 
these ecosystems are most likely to occur were estimated from land use and land suitability 
datasets for the year 2000 (Erb et al. 2007) and Human Appropriation of Net Primary Productivity 
(Haberl et al. 2007). Areas were included on the map if they met the following conditions based 
on the available spatial data if they: a) were mapped as suitable for livestock grazing; b) had a 
greater proportion of grazing lands than croplands or forestry lands (grazing> forestry and 
grazing>cropland); c) had intermediate to high cover of grazing lands (>30%); and intermediate to 
high estimates of Human Appropriation of Net Primary Productivity (20%<HANPP <90%). In 
combination, these conditions were assumed to exclude intensive pastures and wild rangelands 
with low productivity for livestock grazing. We classified areas with the highest grazing suitability 
(class 1 in Erb et al. 2007) as major occurrences, and areas with the second highest grazing 
suitability (class 2) as minor occurrences. We acknowledge significant untested assumptions and 
limitations on spatial predictors that challenge the global-scale delineation of pasture ecosystems 
with varied levels of human influence. We therefore advise appropriate caution in use of the 
spatial data for quantitative analysis. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

S1.1 Distributions of aerobic caves were based on mapped area of carbonate rock outcrop (Williams & 
Ting Fong 2016). This provides an bound limit for the area of exposed karst terrain, as not all 
carbonate rocks are karstified. Lava tubes and other rocks that may contain these ecosystem 
functional groups are not shown on this indicative map, but are less extensive than those in 
carbonate rock. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

S1.2 Global distribution throughout the earth's crust. . . . 

S2.1 Freshwater ecoregions (Abell et al., 2008) containing urban and industrialised areas with water 
transfer infrastructure were identified by consulting available ecoregion descriptions 
(http://www.feow.org/), maps of irrigation and other water infrastructure, and expertise of 
authors. Due to uncertainty and limited verification and likely limited spatial extent within 
mapped areas, all inferred occurrences were shown as minor at 30 arc seconds spatial resolution 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

SF1.1 Distributions of Underground streams and pools were based on mapped area of carbonate rock 
outcrop (Williams & Ting Fong 2016). This. provides an upper bound for the area of exposed karst 
terrain, as not all carbonate rocks are karstified. Lava tubes and other rocks that may contain 
these ecosystem functional groups are not shown on this indicative map, but are less extensive 
than those in carbonate rock. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

SF1.2 Indicative global maps of Groundwater aquifers were based on Bundesanstalt für 
Geowissenschaften und Rohstoffe & UNESCO (2012) in major groundwater basins with types 13- 
15 designated as major occurrences and types 11-12 designated as minor occurrences.  

Direct Obtained from facility 
with high data 
standards 

larger than 
1km2/30 arc-
second 

SF2.1 Freshwater ecoregions (Abell et al., 2008) containing urban and industrialised areas with water 
transfer infrastructure were identified by consulting available ecoregion descriptions 
(http://www.feow.org/), maps of irrigation and other water infrastructure, and expertise of 
authors. Due to uncertainty and limited verification and likely limited spatial extent within 
mapped areas, all inferred occurrences were shown as minor at 30 arc seconds spatial resolution. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

SF2.2 Point records of flooded mines were compiled from public databases 
(https://www.unexmin.eu/the-european-inventory-of-flooded-mines-is-now-online/), an internet 
search for "flooded mines" and locations of deep mines inferred from world mineral resources 
spatial data (USGS: https://mrdata.usgs.gov/). Terrestrial ecoregions (Dinerstein et al., 2017) with 
concentrations of these records were selected to represent an indicative global distribution of 
flooded mines at 30 arc seconds spatial resolution. 

Semi-direct Known records variable 
(points) 

SM1.1 Indicative distributions of anchialine caves and pools were based on mapped areas of carbonate 
rock outcrop (Williams & Ting Fong, 2016) and lava flows intersecting the coast, which were 
aggregated within a template of 1-degree grid cells. 

Indirect Qualitative expert 
assessment 

variable 
(polygons) 

SM1.2 Indicative distributions of anchialine caves and pools were based on mapped areas of carbonate 
rock outcrop (Williams & Ting Fong, 2016) and lava flows intersecting the coast, which were 
aggregated within a template of 1-degree grid cells. 

Indirect Qualitative expert 
assessment 

ca. 1km2 

SM1.3 Marine ecoregions (Spalding et al., 2008) containing occurrences of rocky coastline (see MT1.1) 
were verified by inspection of imagery available in Google Earth to identify an envelope of 
potential distribution for sea caves. The coastlines within these ecoregions were summarised 
using a template of 1-degree grid cell intersected with the coast. As caves represent a small 
portion of such coastlines, all mapped areas were designated as minor occurrences. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

TF1.1 Major occurrences of tropical swamp forest and flooded forest were taken from the map of 
Habitat type 1.8 by Jung et al. (2020) based on the IUCN Habitats Classification Scheme v3.1 (IUCN 
2012). We compared this to areas of of tropical swamp forest and flooded forest mapped Global 
Lakes and Wetlands Database (Lehner and Döll, 2004) as well as ecoregions with such forests 
mentioned in their description (Dinerstein et al., 2017), and found that maps of Jung et al. (2020) 
more closely matched the concept of TF1.1. Occurrences were extracted from fractional 
ŀƎƎǊŜƎŀǘŜŘ м ƪƳ ǊŜǎƻƭǳǘƛƻƴ ōŀǎŜ Řŀǘŀ όWǳƴƎ Ŝǘ ŀƭΦ нлнлύΣ ŀǇǇǊƻȄƛƳŀǘƛƴƎ ол ŀǊŎ ǎŜŎƻƴŘ ǎǇŀǘƛŀƭ 
resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

TF1.2 Terrestrial ecoregions containing occurrences of temperate forested wetlands were identified by 
consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, 
national and regional ecosystem maps, locations of relevant examples, and author expertise. 
Consequently, they are coarse-scale indicative representations of distribution, and all ecoregions 
were mapped as minor occurrences. Ecoregions were mapped at 30 arc second spatial resolution.  

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

TF1.3 Terrestrial ecoregions containing occurrences of permanent floodplain marshes were identified by 
consulting available ecoregion descriptions (Dinerstein et al., 2017), global and regional reviews, 
national and regional ecosystem maps, locations of relevant examples, and author expertise. 
Consequently, they are coarse-scale indicative representations of distribution. Mapped ecoregions 
were designated as major occurrences where the ecoregions were small and marshes dominat 
most of their area based on the text descriptions and inspection of Google Earth imagery. The 
remaining ecoregions were designated as minor occurrences. Ecoregions were mapped at 30 arc 
second spatial resolution.  

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

TF1.4 Major occurrences of freshwater marshes and floodplains were taken from the Global Lakes and 
Wetlands Database (Lehner and Döll, 2004). Occurrences in boreal and polar climates were 
excluded by removing KoeppnGeiger_classes>26 in Beck et al., (2018). Additional areas with 
minor occurrences were identified in selected freshwater ecoregions (Abell et al., 2008). 
Ecoregions were selected if: i) their descriptions mentioned features consistent with those 
identified in the profile of the Ecosystem Functional Group; and ii) if their location was consistent 
with the ecological drivers described in the profile. Occurrences were aggregated to half degree 
spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better, 
variable 
(polygons) 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

TF1.5 Major occurrences of ephemeral floodplains were mapped from remote sensing estimates of 
ephemeral surface water (classes 4, 5 and 8 from Pekel et al., 2016) within  selected ecoregions. 
Freshwater ecoregions (Abell et al., 2008) were identified as containing occurrences of this 
functional group if: i) their descriptions mentioned features consistent with those identified in the 
profile of the Ecosystem Functional Group; and ii) if their location was consistent with the 
ecological drivers described in the profile. The remaining areas of selected ecoregions were 
mapped as containing minor occurrences. Map data were presented at 0.5 minute spatial 
resolution 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

TF1.6 Terrestrial ecoregions containing major or minor occurrences of this ecosystem functional group 
were identified by consulting available ecoregion descriptions (Dinerstein et al., 2017), global and 
regional reviews, national and regional ecosystem maps, locations of relevant examples, and 
proofed by expert reviewers. Consequently, they are coarse-scale indicative representations of 
distribution, except where they occupy small ecoregions. Ecoregions were mapped at 30 arc 
second spatial resolution. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

TF1.7 Terrestrial ecoregions containing major or minor occurrences of this ecosystem functional group 
were identified by consulting available ecoregion descriptions (Dinerstein et al., 2017), global and 
regional reviews, national and regional ecosystem maps, locations of relevant examples, and 
proofed by expert reviewers. Consequently, they are coarse-scale indicative representations of 
distribution, except where they occupy small ecoregions. Ecoregions were mapped at 30 arc 
second spatial resolution. 

Indirect Quantitative thematic 
assessment 

larger than 
1km2/30 arc-
second 

F1.1 Major occurrences were mapped by intersecting selected ecoregions with the distribution of 1st-
3rd order streams taken from the RiverATLAS (v1.0) database (Linke et al., 2019) clipped to 
exclude cold or dry climates (i.e. excluding areas with mean temperature of coldest quarter <0°C, 
mean annual precipitation <300mm) based on data from Karger et al. (2017). Freshwater 
ecoregions (Abell et al., 2008) were identified as containing permanent upland streams if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. The remaining areas within selected ecoregions, clipped as above to exclude cold or 
dry climates, were designated as minor occurrences. Maps data were presented at 30 arc seconds 
spatial resolution. 

Semi-direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

F1.2 Major occurrences were mapped within selected freshwater ecoregions using stream orders 4-9 
taken from the RiverATLAS (v1.0) database (Linke et al. 2019) combined with global estimates of 
surface water phenology (classes 1, 2 and 7 from Pekel et al., 2016). Freshwater ecoregions (Abell 
et al., 2008) were identified as containing occurrences of this functional group if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. The remaining area of selected ecoregions was designated as minor occurrences. 
Occurrences were aggregated to ten minute spatial resolution. 

Semi-direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 

F1.3 Major occurrences of freeze-thaw rivers and streams was mapped from the Global River 
Classification database (Ouellet Dallaire et al., 2018), including all reaches with minimum 
temperature below 0°C. Freshwater ecoregions (Abell et al., 2008) were identified as containing 
minor occurrences of this functional group if: i) their descriptions mentioned features consistent 
with those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Occurrences were aggregated to 
ten minute spatial resolution. 

Direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 

F1.4 Within selected ecoregions, major occurrences were mapped using 1st-4th order streams (3km 
buffer) taken from the RiverATLAS (v1.0) database (Linke et al., 2019). Freshwater ecoregions 
(Abell et al., 2008) were identified as containing occurrences of this functional group if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. The remaining areas of selected ecoregions were mapped as minor occurrences. 
Occurrences were aggregated to ten minute spatial resolution. 

Semi-direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 

F1.5 Major occurrences were mapped within selected freshwater ecoregions using stream orders 4-9 
taken from the RiverATLAS (v1.0) database (Linke et al. 2019) combined with global estimates of 
surface water phenology (classes 1, 2 and 7 from Pekel et al., 2016). Freshwater ecoregions (Abell 
et al., 2008) were identified as containing occurrences of this functional group if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. The remaining area of selected ecoregions was designated as minor occurrences. 
Occurrences were aggregated to ten minute spatial resolution. 

Semi-direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

F1.6 Major occurrences of ephemeral streams were mapped by intersecting streams of all orders taken 
from the MERIT Hydro river channels dataset (Yamazaki et al. 2019) with remote sensing 
estimates of ephemeral surface water (classes 4, 5 and 8 from Pekel et al., 2016) within selected 
ecoregions. Data were aggregated at 30 arc-second resolution. Freshwater ecoregions (Abell et 
al., 2008) were identified as containing occurrences of this functional group if: i) their descriptions 
mentioned features consistent with those identified in the profile of the Ecosystem Functional 
Group; and ii) if their location was consistent with the ecological drivers described in the profile. 
The remaining river channels within the selected ecoregions were mapped as containing minor 
occurrences. 

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F1.7 The distribution of large lowland rivers was taken from the Global River Classification database 
(Ouellet Dallaire et al., 2018). Reaches with flow > 10,000 m3/s were mapped with a 20 km buffer 
(added for display) as major occurrences, clipped to exclude those with minimum temperature  
<0°C. 

Direct Obtained from facility 
with high data 
standards 

variable 
(points) 

F2.1 Locations of large lakes (>100km2) were taken from the HydroLAKES database (Messager et al., 
2016) and combined with global estimates of permanent surface water surfaces (classes 1, 2 and 7 
from Pekel et al., 2016). Freeze/thaw lakes (F2.3) in cold climates (approximated by mean 
temperature of coldest quarter < -10°C, Beck et al., 2018) were excluded. Occurrences were 
aggregated to 30 arc second spatial resolution. Grid cells with at least one lake >1000km2 were 
designated major occurrences, those only with lakes 100-1000km2 were designated minor 
occurrences. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F2.10 Major occurrences of subglacial lakes were mapped as 0.5 degree cells containing the point 
records of Wright and Siegert (2012), Bowling et al., (2019), Thór Marteinsson et al. (2013) and 
Livingstone et al. (2016). Unmapped lakes are likely to occur within areas with permanent snow 
and ice cover and were mapped as minor occurrences based on permanent snow and ice from 
Dinerstein et al. (2017) and Tuanmu et al. (2014). 

Direct Known records variable 
(points) 
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Code Description Concept 
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Base data 
evaluation 

Spatial 
resolution 

F2.2 Within selected freshwater ecoregions (2008), major occurrences of small permanent lakes 
(<100km2),  were mapped by taking water body types 1 and 3 (which exclude artificial lakes), from 
the HydroLAKES database (Messager et al., 2016) and combining them with global estimates of 
surface water phenology (classes 1, 2 and 7 from Pekel et al., 2016). Freshwater ecoregions (Abell 
et al., 2008) were identified as containing occurrences of these functional groups if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. Occurrences were aggregated to 10 minutes spatial resolution. Grid cells occupied by 
җсƪƳн ƻŦ ƭŀƪŜǎ ǿŜǊŜ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ƳŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎΣ ǿƘƛƭŜ ǘƘƻǎŜ ǿƛǘƘ ғсƪƳн ŀƴŘ ҔмƪƳн ƻŦ 
lakes were designated minor occurrences. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F2.3 Within selected freshwater ecoregions (2008), major occurrences of small permanent lakes 
(<100km2),  were mapped by taking water body types 1 and 3 (which exclude artificial lakes), from 
the HydroLAKES database (Messager et al., 2016) and combining them with global estimates of 
surface water phenology (classes 1, 2 and 7 from Pekel et al., 2016). Freshwater ecoregions (Abell 
et al., 2008) were identified as containing occurrences of these functional groups if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. Occurrences were aggregated to 10 minutes spatial resolution. Grid cells occupied by 
җсƪƳн ƻŦ ƭŀƪŜǎ ǿŜǊŜ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ƳŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎΣ ǿƘƛƭŜ ǘƘƻǎŜ ǿƛǘƘ ғсƪƳн ŀƴŘ ҔмƪƳн ƻŦ 
lakes were designated minor occurrences. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F2.4 Major occurrences of freeze-thaw lakes were mapped by taking water body types 1 and 3 of all 
sizes from the HydroLAKES database with minimum temperature below 0°C (Linke et al., 2019). 
Occurrences were aggregated to ten minute spatial resolution. Grid cellǎ ƻŎŎǳǇƛŜŘ ōȅ җсƪƳн ƻŦ 
lakes were designated as major occurrences, while those with <6km2 and >1km2 of lakes were 
designated minor occurrences. 

Direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 

F2.5 Major occurrences of natural ephemeral freshwater lakes were mapping by intersecting the 
estimated distribution of ephemeral surface water (classes 9 and 10 from Pekel et al., 2016) with 
global lake databases (Lehner and Döll, 2004; types 1 an 3 from Messager et al., 2016), excluding 
those from endorheic basins cf. F2.7 (Linke et al., 2019). Occurrences were aggregated to 10 
ƳƛƴǳǘŜǎ ǎǇŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴΦ DǊƛŘ ŎŜƭƭǎ ƻŎŎǳǇƛŜŘ ōȅ җсƪƳн ƻŦ ƭŀƪŜǎ ǿŜǊŜ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ƳŀƧƻǊ 
occurrences, while those with <6km2 and >1km2 of lakes were designated minor occurrences. 

Semi-direct Obtained from facility 
with high data 
standards 

30 arc-second 
(ca. 1km2) or 
better 
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Base data 
evaluation 

Spatial 
resolution 

F2.6 Major occurrences of permanent salt and soda lakes were compiled from a list of known salt lakes 
in Wurtsbaugh et al., (2017) and augmented by the authors, then matched with names in the 
HydroLAKES database to identify natural lakes (types 1 and 3 of Messager et al., 2016). Minor 
occurrences were mapped within arid and semi-arid parts of selected freshwater ecoregions 
(Abell et al., 2008) by clipping ecoregions to exclude areas with mean annual rainfall >250mm 
(Harris et al., 2014a). Freshwater ecoregions (Abell et al., 2008) were selected if they contained 
occurrences of permanent salt or soda lakes if: i) their descriptions mentioned features consistent 
with those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. Occurrences were aggregated to 10 
minutes spatial resolution. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F2.7 Ephemeral salt lakes were mapped by intersecting water bodies taken from global lake databases 
(Lehner and Döll, 2004; types 1 and 3 from Messager et al., 2016) with estimated ephemeral 
surface water (classes 9 and 10 from Pekel et al., 2016) and the distribution of arid and semi-arid, 
endorheic basins (Linke et al., 2019). Occurrences were aggregated to 10 minutes spatial 
ǊŜǎƻƭǳǘƛƻƴΦ DǊƛŘ ŎŜƭƭǎ ƻŎŎǳǇƛŜŘ ōȅ җсƪƳн ƻŦ ƭŀƪŜǎ ǿŜǊŜ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ƳŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎΣ ǿƘƛƭŜ 
those with <6km2 and >1km2 of lakes were designated minor occurrences. 

Semi-direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F2.8 Within selected freshwater ecoregions (2008), major occurrences of small permanent lakes 
(<100km2) were mapped by taking water body types 1 and 3 (which exclude artificial lakes), from 
the HydroLAKES database (Messager et al., 2016) and combining them with global estimates of 
surface water phenology (classes 1, 2 and 7 from Pekel et al., 2016). Freshwater ecoregions (Abell 
et al., 2008) were identified as containing occurrences of these functional groups if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. The remaining area of selected ecoregions was designated as minor occurrences. 
Occurrences were aggregated to 10 minutes spatial resolution. 

Indirect Quantitative accuracy 
assessment 

variable 
(polygons) 
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Base data 
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Spatial 
resolution 

F2.9 Within selected freshwater ecoregions (2008), major occurrences of small permanent lakes 
(<100km2),  were mapped by taking water body types 1 and 3 (which exclude artificial lakes), from 
the HydroLAKES database (Messager et al., 2016) and combining them with global estimates of 
surface water phenology (classes 1, 2 and 7 from Pekel et al., 2016). Freshwater ecoregions (Abell 
et al., 2008) were identified as containing occurrences of these functional groups if: i) their 
descriptions mentioned features consistent with those identified in the profile of the Ecosystem 
Functional Group; and ii) if their location was consistent with the ecological drivers described in 
the profile. The remaining area of selected ecoregions was designated as minor occurrences. 
Occurrences were aggregated to 10 minutes spatial resolution. 

Indirect Qualitative expert 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F3.1 Polygons of reservoirs were obtained from water bodies in classes 2 and 3 in the HydroLakes 
database, except for those larger than 100 km2, as checking showed that these included a number 
of semi-regulated natural lakes (Messager et al. 2016). Additional point locations were taken from 
the Global Georeferenced Database of Dams (Mulligan et al. 2020), adding a spatial buffer of 15 
arc-minutes to represent uncertainty in their exact location and extent. Major and minor 
occurrences were not distinguished . 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

F3.2 A spatial buffer of 10 km was applied to generalise point locations of over 1 million small water 
bodies (area: 0.1 - 1 km2) obtained from the HydroLakes database (Messager et al. 2016). These 
areas were intersected with estimated the intensity of agricultural use using the mapped area 
fractions of pasture (PAF) and cropland (CAF) from Ramankutty et al. (2008), assuming that the 
majority of small water bodies within these intensive use areas are likely to be artificial. We 
classified the intersection of the lakes-buffer with PAF+CAF>0.5 as major occurrence and the 
intersection of the lakes-buffer with 0.05<(PAF+CAF)<0.5 as minor occurrences. The resulting map 
should show the main concentrations of  constructed lacustrine wetlands but will underestimate 
occurrences in non-agricultural areas. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

F3.3 The distribution of rice paddies was estimated from the percentage of rice cover at a 5 arc minute 
resolution based on Monfreda et al. (2008). Cells with > 10% rice cover were designated as major 
occurrences, and those with 1-10% rice cover were designated as minor occurrences. 

Direct Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 
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resolution 

F3.4 Direct data on the distribution of freshwater aquafarms are currently unavailable. To approximate 
the global distribution, freshwater ecoregions (Abell et al., 2008) were identified as containing 
minor occurrences of freshwater aquafarms if: i) their descriptions mentioned features consistent 
with those identified in the profile of the Ecosystem Functional Group; and ii) if their location was 
consistent with the ecological drivers described in the profile. The selections were checked by 
expert reviewers. Occurrences were mapped at 30 arc seconds spatial resolution. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

F3.5 A global map of irrigation for the year 2005 (Siebert et al. 2013) was used to map areas containing 
irrigation canals and a global land use/land cover (LULC) map for the year 2020 (Karra et al. 2021) 
to map built areas likely to contain drains and canals. Both maps were resampled and aggregated 
to a 30 arc-second (ca. 1km) resolution. The mapped areas were designated as major occurrences 
of canals, ditches and drains were designated where the percentage of area equipped for 
irrigation was >20% (Siebert et al. 2013) or the proportion of built area was >5% (Karra et al. 
2021). Minor occurrences were designated where irrigation-equipped area was 10-20%) or where 
there was low cover of built area (1-5%).  The irrigation map compiled by Siebert et al. (2013) was 
selected instead of a more recent one prepared by Nagaraj et al. (2021) because a comparison 
revealed more mapping artefacts in the latter data set.  

Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

FM1.1 Known locations of fjords were selected from a global geographical gazetteer (GeoNames, 2020) 
and the composite gazetteer of Antarctica (SCAR, 1992-2020). We further selected related coastal 
areas from a global coastal typology (Type IV in Dürr et al., 2011) and the adjacent marine shelves 
to 2000 metre depth (Becker et al., 2009). A composite map was created at 30 arc seconds spatial 
resolution in geographic projection, occurrences were then aggregated to half degree spatial 
resolution and reclassified as major occurrences (cells with at least one known occurrence) and 
minor occurrences (cells with > 5% occurrence of coastal/marine shelf areas). Minor occurrences 
were clipped to a 50km buffer along the coast to remove inland and oceanic areas. 

Direct Known records 30 arc-second 
(ca. 1km2) or 
better 

FM1.2 Approximate distributions of permanently open coastal inlets were identified in marine 
ecoregions (Spalding et al., 2008) likely to contain occurrences based on inspection of coastal 
maps, imagery available in Google Earth and expertise of authors. Occurrences were converted to 
30 arc second spatial resolution and clipped to a 50 km buffer along the coastline to exclude 
inland and offshore areas of the ecoregions. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

FM1.3 Marine ecoregions (Spalding et al., 2008) containing major occurrences of intermittently closed 
and open coastal lagoons identified by McSweeney et al. (2017) were mapped and supplemented 
with minor occurrences identified by apprasial of imagery available in Google Earth and expertise 
of authors. Occurrences were converted to 30 arc second spatial resolution and clipped to a 50 km 
buffer along the coastline to exclude inland and offshore areas of the ecoregions. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

M1.1 Indicative maps of Seagrass meadows were obtained from UNEP-WCMC & Short (2017) based on 
Green & Short (2003). Occurrences were converted to 30 arc second spatial resolution. 

Direct Qualitative expert 
assessment 

variable 
(polygons) 

M1.2 Ecoregions with major and minor occurrences of Kelp forests were identified by overlaying a 
global map of kelp systems (Wernberg and Filbee-Dexter, 2019) on marine ecoregions (Spalding et 
al., 2008), and then clipping to bathymetry with <80m depth (Becker et al., 2009). Clipped 
ecoregions were assigned to major and minor occurrences based on information in Wernberg and 
Filbee-Dexter (2019) and author expertise, and proofed by specialist reviewers. Occurrences were 
converted to 30 arc second spatial resolution. 

Direct Known records 30 arc-second 
(ca. 1km2) or 
better 

M1.3 Indicative maps of Photic coral reefs were obtained from Institute for Marine Remote Sensing et 
al. (2011). Occurrences were converted to 30 arc second spatial resolution. 

Direct Qualitative expert 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

M1.4 Major and minor occurrences of shellfish beds and reefs were identified by overlaying a global 
map of oyster reefs (Beck et al., 2011) on marine ecoregions (Spalding et al., 2008), and then 
ŎƭƛǇǇƛƴƎ ǘƻ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ ŀǎ ƳŀǇǇŜŘ ōȅ IŀǊǊƛǎ Ŝǘ ŀƭΦ όнлмпōύΦ 
Occurrences were converted to 30 arc second spatial resolution. 

Semi-direct Known records larger than 
1km2/30 arc-
second 

M1.5 Photo-limited marine animal forests are widespread through the global extent of the marine shelf 
biome. Reliable data on their precise distribution are limited. To represent regional uncertainty, 
ǘƘŜƛǊ ƛƴŘƛŎŀǘƛǾŜ ŘƛǎǘǊƛōǳǘƛƻƴǎ ǿŜǊŜ ƳŀǇǇŜŘ ǘƘǊƻǳƎƘ ǘƘŜ Ŧǳƭƭ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ 
as mapped by Harris et al. (2014b). Occurrences were converted to 30 arc second spatial 
resolution. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

M1.6 Subtidal rocky reefs are widespread through the global extent of the marine shelf biome. Reliable 
data on their precise distribution are limited. To represent regional uncertainty, their indicative 
ŘƛǎǘǊƛōǳǘƛƻƴǎ ǿŜǊŜ ƳŀǇǇŜŘ ǘƘǊƻǳƎƘ ǘƘŜ Ŧǳƭƭ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ ŀǎ ƳŀǇǇŜŘ ōȅ 
Harris et al. (2014b). Occurrences were converted to 30 arc second spatial resolution. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

M1.7 Subtidal sand beds are widespread through the global extent of the marine shelf biome. Reliable 
data on their precise distribution are limited. To represent regional uncertainty, their indicative 
distributions were mappeŘ ǘƘǊƻǳƎƘ ǘƘŜ Ŧǳƭƭ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ ŀǎ ƳŀǇǇŜŘ ōȅ 
Harris et al. (2014b). Occurrences were converted to 30 arc second spatial resolution. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

M1.8 Subtidal mudplains  are widespread through the global extent of the marine shelf biome. Reliable 
data on their precise distribution are limited. To represent regional uncertainty, their indicative 
ŘƛǎǘǊƛōǳǘƛƻƴǎ ǿŜǊŜ ƳŀǇǇŜŘ ǘƘǊƻǳƎƘ ǘƘŜ Ŧǳƭƭ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ ŀǎ ƳŀǇǇŜŘ ōȅ 
Harris et al. (2014b). Occurrences were converted to 30 arc second spatial resolution. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

M1.9 Marine ecoregions (Spalding et al., 2008) with major and minor occurrences of Upwelling zones 
were identified by consulting global and regional reviews (Hutchings et al. 1995; Cury et al. 2003), 
maps of relevant ecosystems and expertise of authors. The identified ecoregions were then 
ŎƭƛǇǇŜŘ ǘƻ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ ŀǎ ƳŀǇǇŜŘ ōȅ IŀǊǊƛǎ Ŝǘ ŀƭΦ όнлмпōύΦ 
Occurrences were converted to 30 arc second spatial resolution. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

M1.10 The distribution of Rhodolith/Maërl beds was mapped directly from distribution models of species 
that primarily form rhodoliths (Fragkopoulou et al. 2021). Models were evaluated by cross-
validation and performed well (AUC ~0.9). Models for polar-cold temperate and tropicalwarm 
temperate affiliated species were combined (as in Fig 2 of Fragkopoulou et al. 2021). The data has 
a spatial resolution of 5 arc-minute. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

M2.1 Indicative distributions of these epipelagic ocean waters were based on bathymetric spatial data 
(Becker et al. 2009) using a depth range of 0-200m. Occurrences were mapped at 30 arc second 
spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

M2.2 Indicative distributions of these mesopelagic ocean waters were based on bathymetric spatial 
data (Becker et al. 2009) using a depth range of 200-1000m. Occurrences were mapped at 30 arc 
second spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

M2.3 Indicative distributions of these bathypelagic ocean waters were based on bathymetric spatial 
data (Becker et al. 2009) using a depth range of 1000-3000m. Occurrences were mapped at 30 arc 
second spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

M2.4 Indicative distributions of these epipelagic ocean waters were based on bathymetric spatial data 
(Becker et al. 2009) using a depth range of >3000m. Occurrences were mapped at 30 arc second 
spatial resolution. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

M2.5 Indicative distributions of sea ice were obtained from Fetterer et al. (2017). To approximate the 
maximum annual global extent, we used the monthly extent for March 2019 for the northern 
hemisphere, and the monthly extent for September 2018 for the southern hemisphere. 
Occurrences were mapped at 30 arc second spatial resolution. 

Direct Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

M3.1 aŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ ŎƻƴǘƛƴŜƴǘŀƭ ŀƴŘ ƛǎƭŀƴŘ ǎƭƻǇŜǎ ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ΨǎƭƻǇŜΩ ƎŜƻƳƻǊǇƘƛŎ ǳƴƛǘ ƻŦ 
Harris et al. (2014b). Occurrences were converted to 30 arc second spatial resolution. 

Direct Quantitative accuracy 
assessment 

variable 
(polygons) 

M3.2 aŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ ǎǳōƳŀǊƛƴŜ Ŏŀƴȅƻƴǎ ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ΨŎŀƴȅƻƴǎΩ ƎŜƻƳƻǊǇƘƛŎ ǳƴƛǘ ƻŦ IŀǊǊƛǎ Ŝǘ 
al. (2014b). Occurrences were converted to 30 arc second spatial resolution. 

Direct Quantitative accuracy 
assessment 

variable 
(polygons) 

M3.3 aŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ !ōȅǎǎŀƭ Ǉƭŀƛƴǎ ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ΨǇƭŀƛƴǎΩ ŀƴŘ ΨƘƛƭƭǎΩ ŎƭŀǎǎŜǎ ǿƛǘƘƛƴ ǘƘŜ ŀōȅǎǎŀƭ 
geomorphic unit of Harris et al. (2014b). Occurrences were converted to 30 arc second spatial 
resolution. 

Direct Quantitative accuracy 
assessment 

variable 
(polygons) 

M3.4 Major occurrences of seamounts, ridges and plateaus was based on the ΨƳƻǳƴǘŀƛƴǎΩ ŎƭŀǎǎŜǎ ǿƛǘƘƛƴ 
the abyssal geomorphic unit of Harris et al. (2014b). Occurrences were converted to 30 arc second 
spatial resolution. 

Direct Quantitative accuracy 
assessment 

variable 
(polygons) 

M3.5 The distribution of deepwater biogenic beds wŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ΨƳƻǳƴǘŀƛƴǎΩ ŀƴŘ ΨƘƛƭƭǎΩ ŎƭŀǎǎŜǎ 
within the abyssal geomorphic unit of Harris et al. (2014b). These were mapped as minor 
occurrences to acknowledge considerable uncertainties in the distribution of biogenic beds within 
these geomorphic units. Occurrences were converted to 30 arc second spatial resolution. 

Indirect Quantitative accuracy 
assessment 

larger than 
1km2/30 arc-
second 

M3.6 aŀƧƻǊ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ IŀŘŀƭ ǘǊŜƴŎƘŜǎ ŀƴŘ ǘǊƻǳƎƘǎ ǿŜǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ ΨƘŀŘŀƭΩ ŀƴŘ ΨǘǊŜƴŎƘŜǎΩ 
geomorphic units of Harris et al. (2014b). Occurrences were converted to 30 arc second spatial 
resolution. 

Direct Quantitative accuracy 
assessment 

variable 
(polygons) 

M3.7 Major occurrences of Chemosynthetic-based ecosystems were based on the distribution of 
ƘȅŘǊƻǘƘŜǊƳŀƭ ǾŜƴǘǎ ƻƴ ǎǇǊŜŀŘƛƴƎ ǇƭŀǘŜ ōƻǳƴŘŀǊƛŜǎ ƳŀǇǇŜŘ ƛƴ ΨtƭŀǘŜ ƭƛƴŜǎ ŀƴŘ ǇƻƭȅƎƻƴǎΩ Řŀǘŀ ōȅ 
USGS/ESRI (undated). Occurrences were converted to 30 arc second spatial resolution. The 
distribution of cold seeps is poorly known and was not mapped. 

Indirect Undocumented larger than 
1km2/30 arc-
second 

M4.1 Marine ecoregions that include occurrences of submerged artificial structures were identified by 
overlaying a mapped distribution of shipwrecks (Monfils, 2004) on marine ecoregions (Spalding et 
al., 2008). Occurrences were converted to 30 arc second spatial resolution. In many cases these 
ecoregions encompassed other submerged structures such as energy infrastructure. To represent 
uncertainty, indicative distributions were mapped as minor occurrences. 

Direct Known records larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

M4.2 Marine ecoregions (Spalding et al., 2008) containing marine aquafarms were identified by 
consulting global and regional reviews, suitability maps (Gentry et al., 2017) and expertise of 
ŀǳǘƘƻǊǎΦ ¢ƘŜǎŜ ǿŜǊŜ ŎƭƛǇǇŜŘ ǘƻ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƳŀǊƛƴŜ ΨǎƘŜƭŦΩ ōŀǎŜ ƭŀȅŜǊ ŀǎ ƳŀǇǇŜŘ ōȅ IŀǊǊƛǎ Ŝǘ 
al. (2014b) and converted to 30 arc second spatial resolution. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

MT1.1 Marine ecoregions (Spalding et al., 2008) containing rocky shorelines were identified by consulting 
regional substrate maps, imagery available in Google Earth (to exclude ecoregions with extensive 
sandy or muddy shores) and expertise of authors. Occurrences were aggregated to 1 degree 
spatial resolution. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

MT1.2 Tidal flats were mapped directly from remote sensing time series and aggregated to 1 degree 
spatial resolution by Murray et al. (2019). Major occurrences were mapped in 1-degree cells with 
>200km2 mudflat extent, and minor occurrences were mapped in cells with 5-200km2 mudflat 
extent. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

MT1.3 The indicative map of Sandy shorelines was based on point records of sandy coastlines mapped by 
Vousdoukas et al. (2020) aggregated to 1 degree spatial resolution. Cells with >50 points were 
reclassified as major occurrences, and those with 1-50 points were reclassified as minor 
occurrences. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

MT1.4 Marine ecoregions (Spalding et al., 2008) containing boulder and cobble shorelines were 
identified by consulting regional substrate maps, imagery available in Google Earth (to exclude 
ecoregions with extensive sandy or muddy shores) and expertise of authors. Occurrences were 
aggregated to 1 degree spatial resolution. 

Indirect Qualitative expert 
assessment 

larger than 
1km2/30 arc-
second 

MT2.1 Coastlines were mapped between 60°S and 60°N with a 20 km buffer applied. Indirect Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

MT2.2 Spatial data on Nitrogen (N) and Phosphorus (P) deposition from seabird colonies (Otero et al. 
2018) were used as indicators of the distribution of seabird and pinniped colonies. Original point 
data were in decimal degrees rounded to 6 arc-min resolution, which were aggregated data to 
square grid cells of 250 km. We used a threshold of >1000 and <100000 kg/yr N to identify minor 
occurrences and a threshold of >100000 kg/yr N for major occurrences. 

Direct Known records larger than 
1km2/30 arc-
second 
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Code Description Concept 
alignment 

Base data 
evaluation 

Spatial 
resolution 

MT3.1 Marine ecoregions (Spalding et al., 2008) containing major and minor occurrences of urbanised 
shorelines were identified from the map of night lights (Cinzano et al. 2019), imagery available on 
Google Earth and expertise of authors. Occurrences were aggregated to 1 degree spatial 
resolution and intersected with the coastline to exclude areas inland and in the open ocean. 

Indirect Quantitative accuracy 
assessment 

variable 
(polygons) 

MFT1.1 The extent of major coastal deltas was taken directly from Nienhuis et al. (2020). The data are 
based on polygons that encompass the lowest reaches of deltaic floodplains and a marine buffer 
approximating the extent of subtidal deltaic sediments. We checked the data for completeness 
against point locations shown in Fig. 1 of Goodbred & Saito (2012) and maps of Tessler et al. 
(2015) and found them to be inclusive of major occurrences. Tessler et al. (2015) included fewer 
deltas and polygons that extended some distance up freshwater floodplains into the Freshwater-
Terrestrial (FT) transition biome and therefore was not used. 

Direct Qualitative expert 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

MFT1.2 The indicative map for Intertidal forests and shrublands was was developed by resampling the 
known global distribution of mangrove forests for the year 2016 mapped by Global Mangrove 
Watch (Bunting et al. 2018). We used a buffer of 1km around the distribution data and a 30 arc 
second grid, thus large aggregations (> 1km2) are depicted as major occurrences, and the buffer 
areas with small occurrences are shown as minor occurrences. 

Direct Quantitative accuracy 
assessment 

30 arc-second 
(ca. 1km2) or 
better 

MFT1.3 The indicative map for Coastal saltmarshes was based on mapping by McOwen et al. (2017) 
summarised within a template of 1-degree grid cells. Cells with >5% cover of marsh vegetation 
were reclassified as major occurrences, and those with non-zero cover up to 5% were reclassified 
as minor occurrences. 

Direct Qualitative expert 
assessment 

30 arc-second 
(ca. 1km2) or 
better 
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Use of references 

Key references are listed in the descriptive profiles as sources of further information for each 

EFG. Preference has been given to recent global reviews and where these are not available, 

regional reviews or publications addressing characteristic ecological processes are provided for 

respective ecosystem groups. Older literature was cited where it addressed key features more 

directly than recent literature. 

Updates 

The Global Ecosystem Typology will be updated periodically as new information comes to light. 

Updates to version 1.0 incorporated in version 1.01 include: 

¶ an expanded glossary of terms (see Supplementary Information) 

¶ a full copy edit of descriptive profiles 

¶ inclusion of a new Ecosystem Functional Group, F2.10 Subglacial Lakes 

Version 2.0 is the outcome of further major review and revision of the typology by 48 additional 

ecosystem specialists in 2020. Updates to version 1.01 incorporated in version 2.0 include: 

¶ addition of five new Ecosystem Functional Groups to Level 3 of the typology in response 

ÔÏ ÒÅÖÉÅ×ÅÒÓȭ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎÓ ɉÏÎÅ ÆÒÅÓÈ×ÁÔÅÒ ÇÒÏÕÐ F1.7, one anthropogenic 

terrestrial group  T7.5, two subterranean freshwater groups SM1.2 and SM1.3; and one 

artificial subterranean-freshwater group SF2.2)  

¶ major revisions to four existing profiles for freshwater EFGs (F1.2, F1.4, F1.5, F3.2) 

¶ amendments to diagrammatic models for 28 EFGs in response to recommendations 

from specialist reviewers,  

¶ thematic adjustments to distribution maps for 12 EFGs  

¶ addition or replacement of references in 12 EFGs. 

¶ minor edits to text in profiles for all EFGs to improve clarity and detail 

¶ substantial expansion of the glossary (see Supplemenatry Information) 

¶ comprehensive upgrade of broad-scale indicative maps to higher resolution maps based 

directly on remote sensing, or point locations, or indirectly on environmental proxies.   

Version 2.01 was the outcome of additional reviews completed in 2021 and revision. Updates to 

version 2.0 incorporated in version 2.01 include: 

¶ minor adjustment to names of four EFGs to improve clarity and distinction from related 

EFGs (T4.5, T7.1, T7.2, T7.4) 

¶ minor revisions to text for eight EFGs (T1.1, T1.2, T1.3, T1.4, T7.1, T7.2, T7.5, M1.5) 

¶ updates to maps for eight EFGs (T7.2, T7.4, T7.5, F3.1, F3.2, F3.5, MFT1.1, MFT1.2) 

¶ refinements to the format of diagrammatic models for all EFGs (changing labels from 

Ȭ%ÃÏÌÏÇÉÃÁÌ ÔÒÁÉÔÓȭ ÔÏ Ȭ%ÃÏÓÙÓÔÅÍ 0ÒÏÐÅÒÔÉÅÓȭȟ ÁÄÄÉÎÇ ÆÅÅÄÂÁÃËÓ ÔÏ ÂÉÏÔÉÃ ÉÎÔÅÒÁÃÔÉÏÎÓɊ 

¶ further additions to the glossary (see Supplemenatry Information) 

Version 2.1 expanded the set set of Level 3 units, updated maps and incorporated text revisions 

from additional reviews completed in early 2022. Updates to version 2.01 incorporated in 

version 2.1 include: 
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¶ two additional EFGs in level 3, M1.10 Rhodolith/Maër l beds and MT2.2 Large seabird 

and pinniped colonies 

¶ updates to maps for six EFGs (T1.3, T4.3, T5.3, TF1.2, TF1.5, F1.6) 

¶ Minor revisions to text for four EFGs. 

An interactive interface to the IUCN Global Ecosystem Typology, its hierarchical structure, 

descriptive profiles and maps is available at https://global -ecosystems.org/. Future updates 

will also be available at that site. 

  

https://global-ecosystems.org/
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List of Ecosystem Functional Groups by realms and biomes 

 
Realm Biome Ecosystem Functional Group (EFG) 

Terrestrial  
T1 Tropical-subtropical 
forests 

T1.1Tropical-subtropical lowland rainforests 

Terrestrial  
T1 Tropical-subtropical 
forests 

T1.2 Tropical-subtropical dry forests and 
thickets 

Terrestrial  
T1 Tropical-subtropical 
forests 

T1.3 Tropical-subtropical montane rainforests 

Terrestrial  
T1 Tropical-subtropical 
forests 

T1.4 Tropical heath forests 

Terrestrial  
T2 Temperate-boreal forests 
& woodlands 

T2.1 Boreal and temperate montane forests and 
woodlands 

Terrestrial  
T2 Temperate-boreal forests 
& woodlands 

T2.2 Deciduous temperate forests  

Terrestrial  
T2 Temperate-boreal forests 
& woodlands 

T2.3 Oceanic cool temperate rainforests 

Terrestrial  
T2 Temperate-boreal forests 
& woodlands 

T2.4 Warm temperate laurophyll forests  

Terrestrial  
T2 Temperate-boreal forests 
& woodlands 

T2.5 Temperate pyric humid forests 

Terrestrial  
T2 Temperate-boreal forests 
& woodlands 

T2.6 Temperate pyric sclerophyll forests and 
woodlands 

Terrestrial  
T3 Shrublands & shrubby 
woodlands 

T3.1 Seasonally dry tropical shrublands 

Terrestrial  
T3 Shrublands & shrubby 
woodlands 

T3.2 Seasonally dry temperate heaths and 
shrublands 

Terrestrial  
T3 Shrublands & shrubby 
woodlands 

T3.3 Cool temperate heathlands 

Terrestrial  
T3 Shrublands & shrubby 
woodlands 

T3.4 Rocky pavements, screes and lava flows 

Terrestrial  T4 Savannas and grasslands T4.1 Trophic savannas 

Terrestrial  T4 Savannas and grasslands T4.2 Pyric tussock savannas 

Terrestrial  T4 Savannas and grasslands T4.3 Hummock savannas 

Terrestrial  T4 Savannas and grasslands T4.4 Temperate woodlands 

Terrestrial  T4 Savannas and grasslands T4.5 Temperate tussock grasslands 

Terrestrial  T5 Deserts and semi-deserts T5.1 Semi-desert steppes 

Terrestrial  T5 Deserts and semi-deserts T5.2 Thorny deserts and semi-deserts 

Terrestrial  T5 Deserts and semi-deserts T5.3 Sclerophyll hot deserts and semi-deserts 

Terrestrial  T5 Deserts and semi-deserts T5.4 Cool deserts and semi-deserts 

Terrestrial  T5 Deserts and semi-deserts T5.5 Hyper-arid deserts 

Terrestrial  
T6 Polar-alpine T6.1 Ice sheets, glaciers and perennial 

snowfields 



 

49 
 

Realm Biome Ecosystem Functional Group (EFG) 

Terrestrial  T6 Polar-alpine T6.2 Polar-alpine rocky outcrops 

Terrestrial  T6 Polar-alpine T6.3 Polar tundra and deserts 

Terrestrial  
T6 Polar-alpine T6.4 Temperate alpine grasslands and 

shrublands 

Terrestrial  T6 Polar-alpine T6.5 Tropical alpine grasslands and shrublands 

Terrestrial  
T7 Intensive land-use 
systems 

T7.1 Croplands 

Terrestrial  
T7 Intensive land-use 
systems 

T7.2 Intensive livestock pastures 

Terrestrial  
T7 Intensive land-use 
systems 

T7.3 Plantations 

Terrestrial  
T7 Intensive land-use 
systems 

T7.4 Cities, villages and infrastructure 

Terrestrial  
T7 Intensive land-use 
systems 

T7.5 Derived semi-natural pastures and 
oldfields 

Subterranean 
S1 Subterranean lithic 
systems 

S1.1 Aerobic caves 

Subterranean 
S1 Subterranean lithic 
systems 

S1.2 Endolithic systems 

Subterranean 
S2 Anthropogenic 
subterranean voids 

S2.1 Anthropogenic subterranean voids 

Subterranean-Freshwater 
SF1 Subterranean 
freshwaters 

SF1.1 Underground streams and pools 

Subterranean-Freshwater 
SF1 Subterranean 
freshwaters 

SF1.2 Groundwater ecosystems 

Subterranean-Freshwater 
SF2 Anthropogenic 
subterranean freshwaters 

SF2.1 Water pipes and subterranean canals 

Subterranean-Freshwater 
SF2 Anthropogenic 
subterranean freshwaters 

SF2.2 Flooded mines and other voids 

Subterranean-Marine 
SM1 Tidal subterranean 
systems 

SM3.1 Anchialine caves 

Subterranean-Marine 
SM1 Tidal subterranean 
systems 

SM3.2 Anchialine pools 

Subterranean-Marine 
SM1 Tidal subterranean 
systems 

SM3.1 Sea caves 

Freshwater-Terrestrial  
TF1 Palustrine wetlands TF1.1 Tropical flooded forests and peat forests 

Freshwater-Terrestrial  TF1 Palustrine wetlands TF1.2 Subtropical/temperate forested wetlands 

Freshwater-Terrestrial  TF1 Palustrine wetlands TF1.3 Permanent marshes 

Freshwater-Terrestrial  TF1 Palustrine wetlands TF1.4 Seasonal floodplain marshes 

Freshwater-Terrestrial  TF1 Palustrine wetlands TF1.5 Episodic arid floodplains 

Freshwater-Terrestrial  
TF1 Palustrine wetlands TF1.6 Boreal, temperate and montane peat bogs 

Freshwater-Terrestrial  TF1 Palustrine wetlands TF1.7 Boreal and temperate fens 
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Realm Biome Ecosystem Functional Group (EFG) 

Freshwater F1 Rivers and streams F 1.1 Permanent upland streams 

Freshwater F1 Rivers and streams F 1.2 Permanent lowland rivers 

Freshwater F1 Rivers and streams F1.3 Freeze-thaw rivers and streams 

Freshwater F1 Rivers and streams F 1.4 Seasonal upland streams 

Freshwater F1 Rivers and streams F 1.5 Seasonal lowland rivers 

Freshwater F1 Rivers and streams F 1.6 Episodic arid rivers 

Freshwater F1 Rivers and streams F 1.7 Large lowland rivers 

Freshwater F2 Lakes F2.1 Large permanent freshwater lakes 

Freshwater F2 Lakes F2.2 Small permanent freshwater lakes 

Freshwater F2 Lakes F2.3 Seasonal freshwater lakes 

Freshwater F2 Lakes F2.4 Freeze-thaw freshwater lakes 

Freshwater F2 Lakes F2.5 Ephemeral freshwater lakes 

Freshwater F2 Lakes F2.6 Permanent salt and soda lakes 

Freshwater F2 Lakes F2.7 Ephemeral salt lakes 

Freshwater F2 Lakes F2.8 Artesian springs and oases  

Freshwater F2 Lakes F2.9 Geothermal pools and wetlands 

Freshwater F2 Lakes F2.10 Subglacial lakes 

Freshwater F3 Artificial fresh waters F3.1 Large reservoirs 

Freshwater F3 Artificial fresh waters F3.2 Constructed lacustrine wetlands 

Freshwater F3 Artificial fresh waters F3.3 Rice paddies 

Freshwater F3 Artificial fresh waters F3.4 Freshwater aquafarms 

Freshwater F3 Artificial fresh waters F3.5 Canals, ditches and drains 

Freshwater-Marine 
FM1 Semi-confined 
transitional waters 

FM1.1 Deepwater coastal inlets 

Freshwater-Marine 
FM1 Semi-confined 
transitional waters 

FM 1.2 Permanently open riverine estuaries and 
bays 

Freshwater-Marine 
FM1 Semi-confined 
transitional waters 

FM 1.3 Intermittently closed and open lakes and 
lagoons 

Marine M1 Marine shelves M1.1 Seagrass meadows 

Marine M1 Marine shelves M1.2 Kelp forests 

Marine M1 Marine shelves M1.3 Photic coral reefs 

Marine M1 Marine shelves M1.4 Shellfish beds and reefs 

Marine M1 Marine shelves M1.5 Photo-limited marine animal forests 

Marine M1 Marine shelves M1.6 Subtidal rocky reefs 

Marine M1 Marine shelves M1.7 Subtidal sand beds 

Marine M1 Marine shelves M1.8 Subtidal mud plains 

Marine M1 Marine shelves M1.9 Upwelling zones 

Marine M1 Marine shelves M1.10 Rhodolith/Maërl beds 

Marine M2 Pelagic ocean waters M2.1 Epipelagic ocean waters 

Marine M2 Pelagic ocean waters M2.2 Mesopelagic ocean waters 

Marine M2 Pelagic ocean waters M2.3 Bathypelagic ocean waters 

Marine M2 Pelagic ocean waters M2.4 Abyssopelagic ocean waters 

Marine M2 Pelagic ocean waters M2.5 Sea ice 

Marine M3 Deep sea floors M3.1 Continental and island slopes  
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Realm Biome Ecosystem Functional Group (EFG) 

Marine M3 Deep sea floors M3.2 Marine canyons 

Marine M3 Deep sea floors M3.3 Abyssal plains 

Marine M3 Deep sea floors M3.4 Seamounts, ridges and plateaus 

Marine M3 Deep sea floors M3.5 Deepwater biogenic beds 

Marine M3 Deep sea floors M3.6 Hadal trenches and troughs 

Marine M3 Deep sea floors M3.7 Chemosynthetically-based ecosystems 

Marine 
M4 Anthropogenic marine 
systems 

M4.1 Submerged artificial structures 

Marine 
M4 Anthropogenic marine 
systems 

M4.2 Marine aquafarms 

Marine-Terrestrial  MT1 Shoreline systems MT1.1 Rocky shores 

Marine-Terrestrial  MT1 Shoreline systems MT1.2 Muddy shores 

Marine-Terrestrial  MT1 Shoreline systems MT1.3 Sandy shores 

Marine-Terrestrial  MT1 Shoreline systems MT1.4 Boulder and cobble shores 

Marine-Terrestrial  
MT2 Supralittoral coastal 
systems 

MT2.1 Coastal shrublands and grasslands 

Marine-Terrestrial  
MT2 Supralittoral coastal 
systems 

MT2.2 Large seabird and pinniped colonies 

Marine-Terrestrial  
MT3 Anthropogenic 
shorelines 

MT3.1 Artificial shores 

Marine-Freshwater-Terrestrial MFT1 Brackish tidal systems MFT 1.1 Coastal river deltas 

Marine-Freshwater-Terrestrial MFT1 Brackish tidal systems MFT1.2 Intertidal forests and shrublands 

Marine-Freshwater-Terrestrial MFT1 Brackish tidal systems MFT 1.3 Coastal saltmarshes and reedbeds 
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T1. Tropical-subtropical forests biome 

 

 
Tropical rainforest, Phang Nga bay, Thailand. 

Credit: Matteo Colombo / Getty Images 

 

The Tropical-subtropical forests biome includes moderate to highly productive ecosystems with closed tree 
canopies occurring at lower latitudes north and south of the equator. Fragmented occurrences extend to the 
subtropics in suitable mesoclimates. 

High primary productivity is underpinned by high insolation, warm temperatures, relatively low seasonal 
variation in day length and temperature (increasing to the subtropics), and strong water surpluses associated 
with the intertropical convergence zone extending to wetter parts of the seasonal tropics and subtropics. 
Productivity and biomass vary in response to: i) strong rainfall gradients associated with seasonal migration of 
the intertropical convergence zone, ii) altitudinal gradients in precipitation, cloud cover, and temperatures, and 
iii) edaphic gradients that influence the availability of soil nutrients. 

Species diversity and the complexity of both vegetation and trophic structures are positively correlated with 
standing biomass and primary productivity, however, trophic webs and other ecosystem processes are strongly 
regulated from the bottom-up by the dominant photoautotrophs (trees), which fix abundant energy and 
carbon, engineer habitats for many other organisms, and underpin feedbacks related to nutrient and water 
cycling and regional climate. 

Complex nutrient cycling and/or sequestering mechanisms are common, countering the high potential for soil 
nutrient leaching due to high rainfall. Plant species exhibit leaf plasticity, shade tolerance, and gap-phase 
dynamics in response to the periodic opening of canopy gaps initiated by tree death, storm damage, and 
lightning strikes. Fires may occur in ecotonal areas between these forests and savannas. 

Biogeographic legacies result in strong compositional distinctions and consequently some functional 
differences among land masses within the biome.



Contributors: DA Keith, KR Young, RT Corlett 

Map is for illustrative purposes only and does not support spatial analyses unless formally validated. 
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T1.1 Tropical/Subtropical lowland rainforests 

Ecosystem properties: These closed-canopy forests are renowned for their complex structure and high 
primary productivity, which support high functional and taxonomic diversity. At subtropical latitudes they 
transition to warm temperate forests (T2.4). Bottom-up regulatory processes are fuelled by large 
autochthonous energy sources that support very high primary productivity, biomass and LAI. The structurally 
complex, multi-layered, evergreen tree canopy has a large range of leaf sizes (typically macrophyll-notophyll) 
and high SLA, reflecting rapid growth and turnover. Diverse plant life forms include buttressed trees, bamboos 
(sometimes abundant), palms, epiphytes, lianas and ferns, but grasses and hydrophytes are absent or rare. 
Trophic networks are complex and vertically stratified with low exclusivity and diverse representation of 
herbivorous, frugivorous, and carnivorous vertebrates. Tree canopies support a vast diversity of invertebrate 
herbivores and their predators. Mammals and birds play critical roles in plant diaspore dispersal and 
pollination. Growth and reproductive phenology may be seasonal or unseasonal, and reproductive masting is 
common in trees and regulates diaspore predation. Fungal, microbial, and diverse invertebrate decomposers 
and detritivores dominate the forest floor and the subsoil. Diversity is high across taxa, especially at the upper 
taxonomic levels of trees, vertebrates, fungi, and invertebrate fauna. Neutral processes, as well as micro-niche 

partitioning, may have a role in sustaining high 
diversity, but evidence is limited. Many plants are in 
the shade, forming seedling banks that exploit gap-
phase dynamics initiated by individual tree-fall or 
stand-level canopy disruption by tropical storms (e.g. 
in near-coastal forests). Seed banks regulated by 
dormancy are uncommon. Many trees exhibit leaf 
plasticity enabling photosynthetic function and survival 
in deep shade, dappled light or full sun, even on a single 
individual. A few species germinate on tree trunks, 
gaining quicker access to canopy light, while roots 
absorb microclimatic moisture until they reach the soil. 

Tropical rainforest, Daintree, northeast Australia. 
Credit: David Keith 

Ecological drivers : Precipitation exceeds evapo-
transpiration with low intra - and inter -annual 
variability, creating a reliable year-round 
surplus, while closed tree canopies maintain 
humid microclimate and shade. Temperatures 
are warm with low-moderate diurnal and 
seasonal variation (mean winter minima rarely 
<10°C except in subtropical transitional zones). 
Soils are moist but not regularly inundated or 
peaty (see TF1.1) and vary widely in nutrient 
status. Most nutrient capital is sequestered in 
vegetation or cycled through the dynamic litter 
layer, critical for retaining nutrients that would 
otherwise be leached or lost to runoff. In some 
coastal regions outside equatorial latitudes 
(mostly >10° and excluding extensive forests in continental America and Africa), decadal regimes of tropical 
storms drive cycles of canopy destruction and renewal. 

Distribution : Humid tropical and 
subtropical regions in Central and West 
Africa, Southeast Asia, Oceania, northeast 
Australia, Central and tropical South 
America and the Caribbean. 

References: 

Ashton PS, Seidler R (2014) On the forests of tropical 
Asia: lest the memory fade. Kew Publishing: Kew. 

Corlett RT, Primack RB (2011) Tropical Rain Forests: 
An ecological and biogeographical comparison. Wiley-
Blackwell.

https://global-ecosystems.org/explore/groups/T2.4
https://global-ecosystems.org/explore/groups/TF1.1


Contributors: RT Pennington, J Franklin, NA Brummitt, A Etter, KR Young, RT Corlett, DA Keith 

Map is for illustrative purposes only and does not support spatial analyses unless formally validated. 
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T1.2 Tropical/Subtropical dry forests and thickets 

Ecosystem properties: These closed-canopy forests and thickets have drought-deciduous or semi-deciduous 
phenology in at least some woody plants (rarely fully evergreen), and thus seasonally high LAI. Strongly 
seasonal photoautotrophic productivity is limited by a regular annual water deficit/surplus cycle. Diversity is 
lower across most taxa than T1.1, but tree and vertebrate diversity is high relative to most other forest systems. 
Plant growth forms and leaf sizes are less diverse than in T1.1. Grasses are rare or absent, except on savanna 
ecotones, due to canopy shading and/or water competition, while epiphytes, ferns, bryophytes, and forbs are 
present but limited by seasonal drought. Trophic networks are complex with low exclusivity and diverse 
representation of herbivorous, frugivorous, and carnivorous vertebrates. Fungi and other microbes are 
important decomposers of abundant leaf litter and N-fixing plants can be abundant. Many woody plants are 

dispersed by wind and some by vertebrates. Most 
nutrient capital is sequestered in vegetation or cycled 
through the litter layer. Trees typically have thin bark 
and low fire tolerance and can recruit in shaded 
microsites, unlike many in savannas. Plants are 
tolerant of seasonal drought but can exploit moisture 
when it is seasonally available through high SLA and 
plastic productivity. Gap-phase dynamics are driven 
primarily by individual tree -fall and exploited by 
seedling banks and vines (seedbanks are uncommon). 
These forests may be involved in fire-regulated stable-
state dynamics with savannas. 

Tropical dry forest, northern Minas Gerais, Brazil. 
Credit: Toby Pennington 

Ecological drivers : Overall water surplus (or 
small deficit <100 mm), but a substantial seasonal 
deficit in winter in which little or no rain falls 
within a 4ɀ7-month period. Warm temperatures 
(minima rarely <10°C) with low-moderate diurnal 
and seasonal variability in the tropics, but greater 
seasonal variability in subtropical continental 
areas. Diverse substrates generally produce high 
levels of nutrients. Tropical storms may be 
important disturbances in some areas but 
flammability is low due to limited ground fuels 
except on savanna ecotones. 

Distribution : Seasonally dry tropical and 
subtropical regions in Central and West Africa, 
Madagascar, southern Asia, north and northern 
and eastern Australia, the Pacific, Central and South America and the Caribbean. 

References: 
Bunyavejchewin SC, Baker P, Davis SJ (2011) Seasonally dry tropical forests in continental southeast Asia - structure, composition, and 
dynamics. The ecology and conservation of seasonally dry forests in Asia WJ McShea, SJ Davis, N Bhumpakphan, (Eds), pp. 9-35. 
Smithsonian Institution Scholarly Press, Washington DC. ISBN 9781935623021. 

DRYFLOR, Banda-R K, Delgado-Salinas A, 
Dexter KG et al. (2016) Plant diversity patterns 
in neotropical dry forests and their 
conservation implications. Science 353:1383-
1387. 

Murphy PG, Lugo AE (1986) Ecology of tropical 
dry forest. Annual Review of Ecology and 
Systematics 17:67ɀ88. 

Pennington RT, Lewis G, Ratter J (2006) 
Neotropical savannas and dry forests: plant 
diversity, biogeography and conservation CRC 
Press, Florida.  
Sanchez-Azofeifa A, Powers JS, Fernandes GW, 
1ÕÅÓÁÄÁ - ɉςπρωɊ Ȭ4ÒÏÐÉÃÁÌ $ÒÙ &ÏÒÅÓÔÓ ÉÎ ÔÈÅ 
Americas: ecology, conservation, and 
maÎÁÇÅÍÅÎÔȢȭ ɉ#2# 0ÒÅÓÓȡ &ÌÏÒÉÄÁɊ

https://global-ecosystems.org/explore/groups/T1.1
https://global-ecosystems.org/explore/groups/T1.1
https://scholarlypress.si.edu/store/life-sciences-biodiversity/ecology-conservation-seasonally-dry-forests-as/


Contributors: DA Keith, NA Brummitt, KR Young, RT Corlett, A Etter 

Map is for illustrative purposes only and does not support spatial analyses unless formally validated. 
55 

T1.3 Tropical/Subtropical montane rainforests 

Ecosystem properties: Closed-canopy evergreen forests on tropical mountains usually have a single-layer low 
tree canopy (~5ɀ20m tall) with small leaf sizes (microphyll-notophyll ) and moderate-high SLA. They transition 
to lowland rainforests (T1.1) with decreasing altitude and to warm temperate forests (T2.4) at higher latitudes. 
Structure and taxonomic diversity become more diminutive and simpler with altitude, culminating in elfinwood 
forms. Conspicuous epiphytic ferns, bryophytes, lichens, orchids, and bromeliads drape tree branches and 
exploit atmospheric moisture (cloud stripping), but grasses are rare or absent, except for bamboos in some 
areas. Moderate productivity fuelled by autochthonous energy is limited by high exposure to UV-B radiation, 
cool temperatures, and sometimes by shallow soil or wind exposure. Limited energy and sequestration in 

humic soils may limit N and P uptake. Growth and 
reproductive phenology is usually seasonal. Plant 
propagules are dispersed mostly by wind and territorial 
birds and mammals. Tree diversity is moderate to low, 
while epiphytes are diverse, but there is often high local 
endemism at higher altitudes in most groups, especially 
amphibians, birds, plants, and invertebrates. Gap-phase 
dynamics are driven by tree-fall, landslides, lightning 
strikes, or in some areas more rarely by extreme wind 
storms. Seedling banks are common (seedbanks are 
uncommon) and most plants are shade tolerant and can 
recruit in the shade. 

Cloud forest, Mt Gower, Lord Howe Island, Oceania. 
Credit: David Keith 

Ecological drivers : Substantial cloud 
moisture and high humidity underpin a 
reliable year-round rainfall surplus over 
evapotranspiration. Altitudinal gradients in 
temperature, precipitation, and exposure are 
pivotal in ecosystem structure and function. 
Frequent cloud cover from orographic uplift 
and closed tree canopies maintain a moist 
microclimate and shady conditions. 
Temperatures are mild-cool with occasional 
frost. Seasonal variability is low-moderate but 
diurnal variability is moderate-high. Winter 
monthly mean minima may be around 0°C in 
some areas. Landslides are a significant form 
of disturbance that drives successional 
dynamics on steep slopes and is exacerbated 
by extreme rainfall events. Mountains 
experience elevated UV-B radiation with altitude and, in some regions, are exposed to local or regional storms. 

Distribution : Humid tropical and subtropical regions in East Africa, East Madagascar, Southeast Asia, west 
Oceania, northeast Australia, Central and tropical South America. 

References: 
Ashton PS, Seidler R (2014) On the forests of 
tropical Asia: lest the memory fade Kew 
Publishing: Kew. 

Gradstein SR, Homeier J, Gansert D (2008) 
The tropical mountain forest ɀ patterns and 
processes in a biodiversity hotspot Biodiversity 
and Ecology Series 2. Göttingen, Centre for 
Biodiversity and Ecology. 

Grubb PJ (1977) Control of forest growth and 
distribution on wet tropical mountains. Ann. 
Rev. Ecol. Syst. 8, 83-107. 

Hamilton LS, Juvik JO, Scatena FN (1995) 
Tropical Montane Cloud Forests. Ecological 
Studies 110. Springer-Verlag, Berlin.

https://global-ecosystems.org/explore/groups/T1.1
https://global-ecosystems.org/explore/groups/T2.4
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T1.4 Tropical heath forests 

Ecosystem properties: Structurally simple evergreen forests with high densities of thin stems, closed to open 
uniform canopies, typically 5ɀ20 m tall and uniform with a moderate to high LAI. Productivity is lower than in 
other tropical forests, weakly seasonal and limited by nutrient availability and in some cases by soil anoxia, but 
decomposition is rapid. Plant traits such as insectivory, N-fixing microbial associations and ant mutualisms are 
well represented, suggesting adaptive responses to nitrogen deficiency. Plant insectivory aside, trophic 
networks are simple compared to other tropical forests. Diversity of plant and animal taxa is also relatively low, 

but dominance and endemism are proportionately 
high. Tree foliage is characterised by small 
(microphyll -notophyll) leaves with lower SLA than 
other tropical forests. Leaves are leathery and often 
ascending vertically, enabling more light 
penetration to ground level than in other tropical 
forests. Tree stems are slender (generally <20 cm 
in diameter), sometimes twisted, and often densely 
packed and without buttresses. Epiphytes are 
usually abundant but lianas are rare and ground 
vegetation is sparse, with the forest floor 
dominated by insectivorous vascular plants and 
bryophytes. 

Kerangas Sundaland Heath Forest, Bako National Park, 
Malaysia. 
Credit: Bernard Dupont 

Ecological drivers : These forests experience an 
overall water surplus, but productivity is limited by 
deep sandy low-nutrient acidic substrates, which are 
leached by high rainfall. Acidity promotes high Al 
levels that inhibit root growth. Most nutrients are 
retained in vegetation. Downward movement of clay 
and organic particles through the soil profile results 
in a deep, white sandy horizon capped by a thin grey 
surface horizon (typical of podzols), limiting the 
capacity of the soil to retain nutrients (especially 
nitrogen) and moisture within the shallow rooting 
zone. Hence they are prone to inter-annual droughts, 
but waterlogging may occur where the water table is 
close to the surface, resulting in periodic anoxia 
within the root zone. Landscape water-table 
gradients result in surface mosaics in which heath forests may be juxtaposed with more waterlogged peat 
forests (TF1.1) and palustrine wetland systems (TF1.2). 

Distribution : Scattered through northwest and west Amazonia, possibly Guiana, and Southeast Asia, notably in 
the Rio Negro catchment and southern Kalimantan. Poorly known in Africa, but possibly in the Gabon region. 
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T2. Temperate-boreal forests and woodlands biome 

 

 
Petworth, Sussex, England. 

Credit: David Keith 

 

Temperate-boreal forests and woodlands biome include moderate to highly productive tree-dominated 
systems with a wide range of physiognomic and structural expressions distributed from warm-temperate to 
boreal latitudes. 

Although generally less diverse than Tropical-subtropical forests (T1) in taxa such as flowering plants, 
primates, and birds, these Temperate-boreal forests exhibit greater temporal and spatial variability in 
productivity, biomass, phenology, and leaf traits of trees. Temporal variability is expressed primarily through 
seasonal variation in water balance and/or temperature, which regulate the length and timing of growing and 
breeding seasons. Inter-annual variation is usually less important than in some other biomes (e.g. T5), but 
nonetheless may play significant roles in resource availability and disturbance regimes (e.g. fire and storms). 

Gradients in minimum temperatures, soil nutrients, and fire regimes differentiate ecosystem functional groups 
within this  biome. These influence traits such as leaf form (broadleaf vs. needleleaf), leaf phenology (evergreen 
vs. deciduous), ecophysiological and morphological traits promoting nutrient acquisition and conservation, and 
morphological traits related to flammability, fire resistance, and recovery. 

The dominant photoautotrophs (trees) engineer habitats and underpin trophic webs. Resource gradients exert 
strong bottom-up controls on trophic processes, but in some temperate forests, fires are significant top-down 
consumers of biomass, as well as influencing flammability feedbacks and timing of life-history processes, such 
as reproduction and recruitment

https://global-ecosystems.org/explore/biomes/T1
https://global-ecosystems.org/explore/biomes/T5
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T2.1 Boreal and temperate high montane forests and woodlands 

Ecosystem properties: Evergreen, structurally simple forests and woodlands in cold climates are dominated by 
needle-leaf conifers and may include a subdominant component of deciduous trees, especially in disturbed sites, 
accounting for up to two-thirds of stand-level leaf biomass. Boreal forests are generally less diverse, more cold-
tolerant and support a more migratory fauna than temperate montane forests. Structure varies from dense forest 
up to 30 m tall to stunted open woodlands <5 m tall. Large trees engineer habitats of many fungi, non-vascular 
plants, invertebrates, and vertebrates that depend on rugose bark, coarse woody debris, or large tree canopies. 
Energy is mainly from autochthonous sources but may include allochthonous subsidies from migratory 
vertebrates. Primary productivity is limited by seasonal cold and may also be limited by water deficit on coarse 
textured soils. Forested bogs occupy peaty soils (TF1.6). Seasonal primary productivity may sustain a trophic 
web with high densities of small and large herbivores (e.g. hare, bear, deer, and insects), with feline, canine, and 
raptor predators. Browsers are top-down regulators of plant biomass and cyclers of nitrogen, carbon, and 
nutrients. Forest structure may be disrupted by insect defoliation or fires on multi-decadal cycles. Tree 
recruitment occurs semi-continuously in gaps or episodically after canopy fires and may be limited by spring 
frost, desiccation, permafrost fluctuations, herbivory, and surface fires. Plants and animals have strongly seasonal 
growth and reproductive phenology and possess morphological, behavioural, and ecophysiological traits 
enabling cold-tolerance and the exploitation of short growing seasons. Plant traits include bud protection, extra-
cellular freezing tolerance, hardened evergreen needle leaves with low SLA or deciduous leaves with high SLA, 

cold-stratification seed dormancy, seasonal geophytic 
growth forms, and vegetative storage organs. Tracheids 
in conifers confer resistance to cavitation in drought by 
compartmentalising water transport tissues. Some 
large herbivores and most birds migrate to winter 
habitats from the boreal zone, and thus function as 
mobile links, dispersing other biota and bringing 
allochthonous subsidies of energy and nutrients into 
the system. Hibernation is common among sedentary 
vertebrates, while insect life cycles have adult phases 
cued to spring emergence. 

Boreal forest with old growth spuce, near Sideby, Finland. 
Credit: Staffan Storteir 

Ecological drivers : These systems are driven by large 
seasonal temperature ranges, cold winters with 
prolonged winter snow, low light, short growing 
seasons (1ɀ3 months averaging >10°C) and severe 
post-thaw frosts. There is an overall water surplus, 
but annual precipitation can be <200 mm. Soil 
moisture recharged by winter snow sustains the 
system through evapotranspiration peaks in summer, 
but moisture can be limiting where these systems 
extend to mountains in warm semi-arid latitu des. The 
acid soils usually accumulate peat and upper horizons 
may be frozen in winter. Forests may be prone to 
lightning-induced canopy fires on century time scales 
and surface fires on multi-decadal scales. 

Distribution : Boreal distribution across Eurasia 
and North America, extending to temperate 
(rarely subtropical) latitudes on mountains. 
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T2.2 Deciduous temperate forests 

Ecosystem properties: These structurally simple, winter deciduous forests have high productivity and LAI in 
summer. Winter dormancy, hibernation and migration are common life histories among plants and animals 
enabling cold avoidance. Local endemism is comparatively low and there are modest levels of diversity across 
major taxa. The forest canopy comprises at least two-thirds deciduous broad-leaf foliage (notophylll-
mesophyll) with high SLA and up to one-third evergreen (typically needleleaf) cover. As well as deciduous 
woody forms, annual turnover of above-ground biomass also occurs some in non-woody geophytic and other 
ground flora, which are insulated from the cold beneath winter snow and flower soon after snowmelt before 
tree canopy closure. Annual leaf turnover is sustained by fertile substrates and water surplus, with nutrient 
withdra wal from foliage and storage of starch prior to fall. Tissues are protected from cold by supercooling 
rather than extra-cellular freeze-tolerance. Dormant buds are insulated from frost by bracts or by burial below 
the soil in some non-woody plants. Fungal and microbial decomposers play vital roles in cycling carbon and 
nutrients in the soil surface horizon. Despite highly seasonal primary productivity, the trophic network includes 
large browsing herbivores (deer), smaller granivores and herbivores (rodents and hares), and mammalian 
predators (canids and felines). Most invertebrates are seasonally active. Behavioural and life-history traits 
allow animals to persist through cold winters, including through dense winter fur, food caching, winter 
foraging, hibernation, dormant life phases, and migration. Migratory animals provide allochthonous subsidies of 

energy and nutrients and promote incidental dispersal of other 
biota. Browsing mammals and insects are major consumers of 
plant biomass and cyclers of nitrogen, carbon, and nutrients. 
Deciduous trees may be early colonisers of disturbed areas 
(later replaced by evergreens) but are also stable occupants 
across large temperate regions. Tree recruitment is limited by 
spring frost, allelopathy, and herbivory, and occurs semi-
continuously in gaps. Herbivores may influence densities of 
deciduous forest canopies by regulating tree regeneration. 
Deciduous leaf fall may exert allelopathic control over tree 
seedlings and seasonal ground flora. 

Deciduous forest during autumn leaf fall, Inkoo, Finland. 
Credit: Anne Raunio 

Ecological drivers : Phenological processes in 
these forests are driven by large seasonal 
temperature ranges, (mean winter temperatures 
ЃϺρЈ#ȟ ÓÕÍÍÅÒ ÍÅÁÎÓ ÕÐ ÔÏ ςςЈ#Ɋȟ ÔÙÐÉÃÁÌÌÙ 
with substantial winter snow and limited 
growing season, with 4ɀ6 months >10°C, and 
severe post-thaw frosts. Fertile soils with high N 
levels and an overall water surplus support 
deciduous leaf turnover. Fires are uncommon. 

Distribution : Cool temperate Europe 
(southwest Russia to British Isles), northeast 
Asia (northeast China, southern Siberia Korea, 
and Japan), and northeast America. Limited 
occurrences in warm-temperate zones of south 

Europe and Asia and the Midwest USA. 
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T2.3 Oceanic cool temperate rainforests 

Ecosystem properties: Broadleaf and needleleaf rainforests in cool temperate climates have evergreen or 
semi-deciduous tree canopies with high LAI and mostly nanophyll-microphyll foliage. Productivity is moderate 
to high and constrained by strongly seasonal growth and reproductive phenology and moderate levels of frost 
tolerance. SLA may be high but lower than in T2.2. Evergreen trees typically dominate, but deciduous species 
become more abundant in sites prone to severe frost and/or with high soil fertility and moisture surplus. The 
smaller range of leaf sizes and SLA, varied phenology, frost tolerance, broader edaphic association, and wetter, 
cooler climate distinguish these forests from warm temperate forests (T2.4). Local or regional endemism is 
significant in many taxa. Nonetheless, energy sources are primarily autochthonous. Trophic networks are less 
complex than in other cool-temperate or boreal forests (T2.1 and T2.2), with weaker top-down regulation due 
to the lower diversity and abundance of large herbivores and predators. Tree diversity is low (usually <8ɀ10 

spp./ha), with abundant epiphytic and terrestrial 
bryophytes, pteridophytes, lichens, a modest range of 
herbs, and conspicuous fungi, which are important 
decomposers. The vertebrate fauna is mostly 
sedentary and of low-moderate diversity. Most plants 
recruit in the shade and some remain in seedling banks 
until gap-phase dynamics are driven by individual 
tree-fall, lightning strikes, or by extreme wind storms 
in some areas. Tree recruitment varies with tree 
masting events, which strongly influence trophic 
dynamics, especially of rodents and their predators. 

Cool temperate evergreen forest, Hwequehwe, Chile. 
Credit: David Keith 

Ecological drivers : There is a large water surplus, 
rarely with summer deficits. Rainfall is seasonal, 
borne on westerly winds peaking in winter months 
and inter-annual variability is relatively low. Cool 
winters (minima typically <0ɀ5°C for 3 months) limit 
the duration of the growing season. Maritime air 
masses are the major supply of climatic moisture and 
moderate winters and summer temperatures. Light 
may be limited in winter by frequent cloud cover and 
high latitude. Intermittent winter snow does not 
persist for more than a few days or weeks. Soils are 
moderately fertile to infertile and may accumulate 
peat. Exposure to winter storms and landslides 
leaves imprints on forest structure in some regions. 
Fires are rare, occurring on century time scales when 
lightning (or human) ignitions follow extended droughts. 

Distribution : Cool temperate coasts of Chile and Patagonia, New Zealand, Tasmania and the Pacific Northwest, 
rarely extending to warm-temperate latitudes on mountains in Chile, southeast Australia, and outliers above 
2,500-m elevation in the New Guinea highlands. Some authors extend the concept to wet boreal forests on the 
coasts of northwest Europe, Japan, and northeast Canada. 
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T2.4 Warm temperate laurophyll forests 

Ecosystem properties: Relatively productive but structurally simple closed-canopy forests with high LAI occur 
in humid warm-temperate to subtropical climates. The tree canopies are more uniform than most tropical 
forests (T1.1 and T1.2) and usually lack large emergents. Their foliage is often leathery and glossy (laurophyll) 
with intermediate SLA values, notophyll-microphyll sizes, and prodigiously evergreen. Deciduous species are 
rarely scattered within the forest canopies. These features, and drier, warmer climates and often more acid 
soils distinguish them from oceanic cool temperate forests (T2.3), while in the subtropics they transition to T1 
forests. Autochthonous energy supports relatively high primary productivity, weakly limited by summer 
drought and sometimes by acid substrates. Forest function is regulated mainly by bottom-up processes related 
to resource competition rather than top-down trophic processes or disturbance regimes. Trophic structure is 
simpler than in tropical forests, with moderate levels of diversity and endemism among major taxa (e.g. 
typically <20 tree spp./ha), but local assemblages of birds, bats, and canopy invertebrates may be abundant and 
species-rich and play important roles in pollination and seed dispersal. Canopy insects are the major 
consumers of primary production and a major food source for birds. Decomposers and detritivores such as 
invertebrates, fungi, and microbes on the forest floor are critical to nutrient cycling. Vertebrate herbivores are 
relatively uncommon, with low-moderate mammalian diversity. Although epiphytes and lianas are present, 
plant life-form traits that are typical of tropical forests (T1.1 and T1.2) such as buttress roots, compound leaves, 

monopodial growth, and cauliflory are uncommon or 
absent in warm-temperate rainforests. Some trees 
have ecophysiological tolerance of acid soils (e.g. 
through aluminium accumulation). Gap-phase 
dynamics are driven by individual tree-fall and 
lightning strikes, but many trees are shade-tolerant 
and recruit slowly in the absence of disturbance. 
Ground vegetation includes varied growth forms but 
few grasses. 

Warm temperate rainforest with Coachwood 
(Ceratopetalum apetalum), Washpool National Park, New 
South Wales, Australia. 
Credit: Jaime Plaza van Roon / AUSCAPE 

Ecological drivers : The environmental niche of 
these forests is defined by a modest overall water 
surplus with no distinct dry season, albeit moderate 
summer water deficits in some years. Mean annual 
rainfall is typically 1,200ɀ2,500 mm, but topographic 
mesoclimates (e.g. sheltered gullies and orographic 
processes) sustain reliable moisture at some sites. 
Temperatures are mild with moderate seasonality 
and a growing season of 6ɀ8 months, and mild frosts 
occur. Substrates may be acidic with high levels of Al 
and Fe that limit the uptake of nutrients. These 
forests may be embedded in fire-prone landscapes 
but are typically not flammable due to their moist 
microclimates . 

Distribution : Patchy warm temperate-
subtropical distribution at 26ɀ43° 
latitude, north or south of the Equator. 
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T2.5 Temperate pyric humid forests 

Ecosystem properties: This group includes the tallest forests on earth. They are moist, multi-layered forests in 
wet-temperate climates with complex spatial structure and very high biomass and LAI. The upper layer is an 
open canopy of sclerophyllous trees 40ɀ90-m tall with long, usually unbranched trunks. The open canopy 
structure allows light transmission sufficient for the development of up to three subcanopy layers, consisting 
mostly of non-sclerophyllous trees and shrubs with higher SLA than the upper canopy species. These forests 
are highly productive, grow rapidly, draw energy from autochthonous sources and store very large quantities 
of carbon, both above and below ground. They have complex trophic networks with a diverse invertebrate, 
reptile, bird, and mammal fauna with assemblages that live primarily in the tree canopy or the forest floor, and 
some that move regularly between vertical strata. Some species are endemic and have traits associated with 
large trees, including the use of wood cavities, thick or loose bark, large canopies, woody debris, and deep, 
moist leaf litter. There is significant diversification of avian foraging methods and hence a high functional and 
taxonomic diversity of birds. High deposition rates of leaf litter and woody debris sustain diverse fungal 
decomposers and invertebrate detritivores and provide nesting substrates and refuges for ground mammals 
and avian insectivores. The shade-tolerant ground flora may include a diversity of ferns forbs, grasses (mostly 
C3), and bryophytes. The dominant trees are shade-intolerant and depend on tree-fall gaps or periodic fires for 

regeneration. In cooler climates, trees are killed by 
canopy fires but may survive surface fires, and canopy 
seedbanks are crucial to persistence. Epicormic 
resprouting (i.e. from aerial stems) is more common in 
warmer climates. Subcanopy and ground layers include 
both shade-tolerant and shade-intolerant plants, the 
latter with physically and physiologically dormant 
seedbanks that cue episodes of mass regeneration to 
fire. Multi -decadal or century-scale canopy fires 
consume biomass, liberate resources, and trigger life-
history processes in a range of biota. Seedbanks sustain 
plant diversity through storage effects. 

Structurally complex pyric wet forest, Guy Fawkes National 
Park, Australia. 
Credit: Monica Campbell 

Ecological drivers : There is an annual water 
surplus with seasonal variation (peak surplus in 
winter) and rare major summer deficits 
associated with inter-annual drought cycles. 
Multiple tree layers produce a light diminution 
gradient and moist micro-climates at ground 
level. Winters are cool and summers are warm 
with occasional heatwaves that dry out the moist 
micro-climate and enable periodic fires, which 
may be extremely intense and consume the 
canopy. The growing season is 6ɀ8 months. Snow 
is uncommon and short-lived. Soils are relatively 
fertile, but often limited in Nitrogen. 

Distribution : Subtropical - temperate southeast 

and temperate southwest Australia. 
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T2.6 Temperate pyric sclerophyll forests and woodlands 

Ecosystem properties: Forests and woodlands, typically 10ɀ30-m tall with an open evergreen sclerophyllous 
tree canopy and low-moderate LAI grow in fire-prone temperate landscapes. Productivity is lower than other 
temperate and tropical forest systems, limited by low nutrient availability and summer water deficits. 
Abundant light and water (except in peak summer) enable the development of substantial biomass with high 
C:N ratios. Trees have microphyll foliage with low to very low SLA. Sclerophyll or subsclerophyll shrubs with 
low to very low SLA foliage form a prominent layer between the trees. A sparse ground layer of C3 and C4 
tussock grasses and forbs becomes more prominent on soils of loamy texture. Diversity and local endemism 
may be high among some taxa including plants, birds, and some invertebrates such as dipterans and 
hemipterans. Low nutrients and summer droughts limit the diversity and abundance of higher trophic levels. 
Plant traits (e.g. sclerophylly, stomatal invagination, tubers, and seedbanks) confer tolerance to pronounced but 
variable summer water deficits. Plants possess traits that promote the efficient capture and retention of 
nutrients, including specialised root structures, N-fixing bacterial associations, slow leaf turnover, and high 
allocation of photosynthates to structural tissues and exudates. Consumers have traits that enable the 
consumption of high-fibre biomass. Mammalian herbivores (e.g. the folivorous koala) can exploit high-fibre 
content and phenolics. Plants and animals have morphological and behavioural traits that allow tolerance or 

avoidance of fire and the life-history processes of 
many taxa are cued to fire (especially plant 
recruitment). Key fire traits in plants include 
recovery organs protected by thick bark or burial, 
serotinous seedbanks (i.e. held in plant canopies), 
physical and physiological seed dormancy and 
pyrogenic reproduction. Almost all plants are shade-
intolerant and fire is a critical top-down regulator of 
diversity through storage effects and the periodic 
disruption of plant competition. 

Sclerophyll Forest regenerating after fire, Royal National 
Park, Australia. 
Credit: David Keith 

Ecological drivers : Hot summers generate a 
marked but variable summer water deficit, 
usually with a modest winter surplus, irrespective 
of whether rainfall is highly seasonal with winter 
maximum, aseasonal, or weakly seasonal with 
inter -annually variable summer maxima. Soils are 
acidic, sandy, or loamy in texture, and low to very 
impoverished in P and N. Hot summers define a 
marked season for canopy or surface fires at 
decadal to multi-decadal intervals. Light frost 
occurs periodically in some areas but snow is 
rare. 

Distribution : Temperate regions of Australia, the 
Mediterranean, and central California. 
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T3. Shrublands and shrubby woodlands biome 

 

 
Anna Bay, Western Australia. 

Credit: David Keith 

The Shrublands and shrub-dominated woodlands biome includes oligotrophic systems occurring on acidic, 
sandy soils that are often shallow or skeÌÅÔÁÌȢ #ÌÁÓÓÉÃÁÌÌÙ ÒÅÇÁÒÄÅÄ ÁÓ ȬÁÚÏÎÁÌȭ ÂÉÏÍÅÓ ÏÒ ȬÐÅÄÏÂÉÏÍÅÓȭ ɉÉȢÅȢ 
biomes determined by soils), they are scattered across all landmasses outside the polar regions, generally (but 
not always) closer to continental margins than to interior regions and absent from central Asia. 

Productivity and biomass are low to moderate and limited by soil fertility. The effect of nutrient poverty on 
productivity is exacerbated in tropical to mid-latitudes by water deficits occurring during either winter 
(tropics) or summer (temperate humid and Mediterranean climates) and by low insolation and cold 
temperatures at higher latitudes. Trophic networks are simple but the major functional components 
(photoautotrophic plants, decomposers, detritivores, herbivores, and predators) are all represented and fuelled 
by autochthonous energy sources. 

Shrubs are the dominant primary producers and possess a diversity of leaf and root traits as well as mutualistic 
relationships with soil microbes that promote the capture and conservation of nutrients. Recurrent disturbance 
events exert top-down regulation by consuming biomass, releasing resources, and triggering life-history 
processes (including recruitment and dispersal) in a range of organisms. 

Fire is the most widespread mechanism, with storms or mass movement of substrate less frequently 
implicated. Storage effects related to re-sprouting organs and seed banks appear to be important for 
maintaining plant diversity and hence structure and function in shrublands exposed to recurring fires and 
water deficits.



Contributors: DA Keith, J Russell-Smith 

Map is for illustrative purposes only and does not support spatial analyses unless formally validated. 
65 

T3.1 Seasonally dry tropical shrublands 

Ecosystem properties: These moderate-productivity, mostly evergreen shrublands, shrubby grasslands and 
low, open forests (generally <6-m tall) are limited by nutritional poverty and strong seasonal drought in the 
tropical winter months. Taxonomic and functional diversity is moderate in most groups but with high local 
endemism in plants, invertebrates, birds, and other taxa. Vegetation is spatially heterogeneous in a matrix of 
savannas (T4.2) or tropical dry forests (T1.2) and dominated by sclerophyllous shrubs with small leaf sizes 
(nanophyll-microphyll) and low SLA. C4 grasses may be conspicuous or co-dominant (unlike in most temperate 
heathlands, T3.2) but generally do not form a continuous stratum as in savannas (T4). These systems have 
relatively simple trophic networks fuelled by autochthonous energy sources. Productivity is low to moderate 
and constrained by seasonal drought and nutritional poverty. Shrubs are the dominant primary producers and 

show traits promoting the capture and 
conservation of nutrients (e.g. sclerophylly, 
cluster roots, carnivorous structures, and 
microbial and fungal root mutualisms) and 
tolerance to severe seasonal droughts (e.g. 
stomatal invagination). Nectarivorous and/or 
insectivorous birds and reptiles and 
granivorous small mammals dominate the 
vertebrate fauna, but vertebrate herbivores are 
sparse. Recurring fires play a role in the top-
down regulation of ecosystem structure and 
composition. 

Tropical maquis on serpentinite, Pic Maloui, New 
Caledonia. 
Credit: Oliver Descoeudres 

Ecological drivers : A severe seasonal 
climatic water deficit during tropical winter 
months is exacerbated by sandy or shallow 
rocky substrates with low moisture 
retention. Nutritional poverty (especially N 
and P) stems from oligotrophic, typically acid 
substrates such as sandstones, ironstones, 
leached sand deposits, or rocky volcanic or 
ultramafic substrates. Vegetation holds the 
largest pool of nutrients. Temperatures are 
warm, rarely <10°C, with low diurnal and 
seasonal variation. Dry-season fires recur on 
decadal or longer time scales, but they are 
rare in table-top mountains (tepui). 

Distribution : Brazilian campos rupestres 
(where grasses are important), Venezuelan 
tepui, Peruvian tabletops, Florida sands, and scattered in northern Australia and montane oceanic islands. 
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T3.2 Seasonally dry temperate heath and shrublands 

Ecosystem properties: Sclerophyllous, evergreen shrublands are distinctive ecosystems of humid and subhumid 
climates in mid-latitudes. Their low-moderate productivity is fuelled by autochthonous energy sources and is 
limited by resource constraints and/or recurring disturbance. Vegetation is dominated by shrubs with very low 
SLA, high C:N ratios, shade-intolerance, and long-lived, small, often ericoid leaves, sometimes with a low, open 
canopy of sclerophyll trees. The ground layer may include geophytes and sclerophyll graminoids, though less 
commonly true grasses. Trophic webs are simple, with large mammalian predators scarce or absent, and low 
densities of vertebrate herbivores. Native browsers may have local effects on vegetation. Diversity and local 
endemism may be high among vascular plants and invertebrate consumers. Plants and animals have 
morphological, ecophysiological, and life-history traits that promote persistence under summer droughts, 
nutrient poverty, and recurring fires, which play a role in top-down regulation. Stomatal regulation and root 
architecture promote drought tolerance in plants. Cluster roots and acid exudates, mycorrhizae, and insectivory 
promote nutrient capture, while cellulose, lignin, exudate production, and leaf longevity promote nutrient 
conservation in plants. Vertebrate herbivores and granivores possess specialised dietary and digestive traits 
enabling consumption of foliage with low nutrient content and secondary compounds. Slow decomposition rates 

are slow, allowing litter-fuel accumulation to add to 
well-aerated fine fuels in shrub canopies. Life-history 
traits such as recovery organs, serotiny, post-fire 
seedling recruitment, pyrogenic flowering, and fire-
related germination cues promote plant survival, 
growth, and reproduction under recurring canopy fires. 
Animals evade fires in burrows or through mobility. 
Animal pollination syndromes are common (notably 
dipterans, lepidopterans, birds, and sometimes 
mammals) and ants may be prominent in seed dispersal. 

Fynbos, Pakhuispas, Cederberg Mountains, South Africa. 
Credit: David Keith 

Ecological drivers : A marked summer water deficit 
and a modest winter surplus is driven by high 
summer temperatures and evapotranspiration with 
winter -maximum or aseasonal rainfall patterns. 
Winters are mild, or cool at high elevations. Sandy soil 
textures or reverse-texture effects of clay-loams 
exacerbate an overall water deficit. Soils are typically 
acid, derived from siliceous sand deposits, 
sandstones, or acid intrusives or volcanics, and are 
low to very low in P, N, and mineral cations (though 
this varies between regions, e.g, base-rich limestones, 
marl and dolomites in southern Europe). The climate, 
soils, and vegetation promote summer canopy fires at 
decadal to multi-decadal intervals. Positive feedbacks 
between fire and vegetation may be important in 
maintaining flammability. 

Distribution : Mediterranean-type climate regions of Europe, north and south Africa, southern Australia, 
western North and South America, and 
occurrences in non-Mediterranean climates 
in eastern Australia, the USA, and Argentina. 

References: 
Keeley JE, Bond WJ, Bradstock RA, Pausas, JG, Rundel 
PW (2012) Fire in Mediterranean Ecosystems: ecology, 
evolution and management Cambridge University 
Press, Cambridge. 

Lamont BB, Keith DA (2017) Heathlands and 
associated shrublands. Australian vegetation (Ed. DA 
Keith), pp 339-368. Cambridge University Press, 
Cambridge. ISBN 978-1-107-11843-0.

http://www.cambridge.org/9781107118430


Contributors: DA Keith, F Essl, NA Brummitt, J Loidi 
 

Map is for illustrative purposes only and does not support spatial analyses unless formally validated. 
67 

T3.3 Cool temperate heathlands 

Ecosystem properties: These mixed graminoid shrublands are restricted to cool-temperate maritime 
environments. Typically, the vegetation cover is >70% and mostly less than 1-m tall, dominated by low, semi-
sclerophyllous shrubs with ferns and C3 graminoids. Shrub foliage is mostly evergreen and ericoid, with low 
SLA or reduced to spiny stems. Modular growth forms are common among shrubs and grasses. Diversity and 
local endemism are low across taxa and the trophic network is relatively simple. Primary productivity is low, 
based on autochthonous energy sources and limited by cold temperatures and low-fertility acid soils rather 
than by water deficit (as in other heathlands, T3). Seasonally low light may limit productivity at the highest 
latitudes. Cool temperatures and low soil oxygen due to periodically wet subsoil limit decomposition by 
microbes and fungi so that soils accumulate organic matter despite low productivity. Mammalian browsers 

including cervids, lagomorphs, and camelids (South 
America) consume local plant biomass but subsidise 
autochthonous energy with carbon and nutrients 
consumed in more productive forest or anthropogenic 
ecosystems adjacent to the heathlands. Browsers and 
recurring low-intensity fires appear to be important in 
top-down regulatory processes that prevent the 
transition to forest, as is anthropogenic fire, grazing, 
and tree removal. Canids and raptors are the main 
vertebrate predators. Other characteristic vertebrate 
fauna include ground-nesting birds and rodents. At 
least some communities exhibit autogenic cyclical 
patch dynamics in which shrubs and grasses are 
alternately dominant, senescent, and regenerating. 

Magellanic heath, Patagonia, Chile. 
Credit: David Keith 

Ecological drivers : Unlike most other 
heathlands, these ecosystems have an overall 
water surplus, though sometimes with small 
summer deficits. Mild summers and cold winters 
with periodic snow are tempered by maritime 
climatic influences. A short day length and low 
solar angle limits energy influx at the highest 
latitudes. Severe coastal storms with high winds 
occur periodically. Acid soils, typically with high 
humic content in upper horizons, are often 
limited in N and P. Low-intensity fires recur at 
decadal time scales or rarely. Some northern 
European heaths were derived from forest and 
return to forest when burning and grazing ceases. 

Distribution : Boreal and cool temperate coasts of 
western Europe and America, the Azores, and the 
Magellanic region of South America, mostly at >40° latitude, except where transitional with warm-temperate 

heaths (e.g. France and Spain). 
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T3.4 Young rocky pavements, lava flows and screes 

Ecosystem properties : Vegetation dominated by cryptogams (lichens, bryophytes) develops on skeletal rocky 
substrates and may have scattered shrubs with very low LAI. These low-productivity systems are limited by 
moisture and nutrient scarcity, temperature extremes, and periodic disturbance through mass movement. 
Diversity and endemism is low across taxa and the trophic structure is simple. Reptiles and ground-nesting 
birds are among the few resident vertebrates. Lichens and bryophytes may be abundant and perform critical 
roles in moisture retention, nutrient acquisition, energy capture, surface stabilisation, and proto-soil 
development, especially through carbon accumulation. N-fixing lichens and cyanobacteria, nurse plants, and 
other mutualisms are critical to ecosystem development. Rates of ecosystem development are linked to 
substrate weathering, decomposition, and soil development, which mediate nutrient supply, moisture 
retention, and temperature amelioration. Vascular plants have nanophyll-microphyll leaves and low SLA. Their 
cover is sparse and comprises ruderal pioneer species (shrubs, grasses, and forbs) that colonise exposed 
surfaces and extract moisture from rock crevices. Species composition and vegetation structure are dynamic in 

response to surface instability and show limited 
differentiation across environmental gradients 
and microsites due to successional development, 
episodes of desiccation, and periodic disturbances 
that destroy biomass. Rates of vegetation 
development, soil accumulation, and 
compositional change display amplified 
temperature-dependence due to resource-
concentration effects. Older rocky systems have 
greater micro-habitat diversity, more insular 
biota, and higher endemism and are classified in 
other functional groups. 

Lava flow, Conguillo National Park, Chile. 
Credit: David Keith 

Ecological drivers : Skeletal substrates (e.g. lava 
pavements, scree slopes, and rock outcrops) 
limit water retention and nutrient capital and 
increase heat absorption, leading to periodically 
extreme temperatures. High summer 
temperatures and solar exposure concentrate 
resources and increase the temperature-
sensitivity of biogeochemical processes. Winter 
temperatures may be cold at high elevations 
(see T6.2). Recurring geophysical disturbances 
such as lava flow, mass movement, and 
geothermal activity as well as desiccation 
episodes periodically destroy biomass and reset 
successional pathways. 

Distribution : Localised areas scattered around 
the Pacific Rim, African Rift Valley, Mediterranean and north Atlantic. 
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