Appendix S2. Conceptual foundations for the IUCN Global Ecosystem Typology: a generic model of ecosystem assembly 

‘Earth’s ecosystems: a function-based typology for conservation and sustainability’
David A. Keith, Jose R. Ferrer-Paris, Emily Nicholson, Melanie J. Bishop, Beth A. Polidoro, Eva Ramirez-Llodra, Mark G. Tozer, Jeanne L. Nel, Ralph Mac Nally, Edward J. Gregr, Kate E. Watermeyer, Franz Essl, Don Faber-Langendoen, Janet Franklin, Caroline E. R. Lehmann, Andres Etter, Dirk Roux, Jonathan S. Stark, Jessica A. Rowland, Neil A. Brummitt, Ulla C. Fernandez-Arcaya, Iain M. Suthers, Susan K. Wiser, Ian Donohue, Leland J. Jackson, R. Toby Pennington, Thomas M. Iliffe, Vasilis Gerovasileiou, Paul Giller, Belinda J. Robson, Nathalie Pettorelli, Angela Andrade, Arild Lindgaard, Teemu Tahvanainen, Aleks Terauds, Michael A Chadwick, Nicholas J. Murray, Justin Moat, Patricio Pliscoff, Irene Zager, Richard T. Kingsford 
Nature 2022
Rationale
The only three existing ecological typologies that attempt to cover the entire biosphere (Goodall 1974-2005; IUCN 2012; Goldstein & DellaSala 2020) lack a consistent conceptual rationale for synthesis and classification across terrestrial and aquatic environments (Appendix S1). A strong foundation in ecological theory should enable an ecosystem typology to support generalisations and predictions about ecosystem properties and responses to environmental change that are robust to developing knowledge and data availability (Moncrieff et al. 2016). Ecological classifications based on tested and established theory are more likely to support generalisations that are robust to new information because differences between groups are founded on causal relationships, compared to classifications in which groups are based only on observed patterns and correlations. 

Here we elaborate on the rationale for a conceptual model of ecosystem assembly as a basis for grouping ecosystems according to functional similarities in the upper levels of the IUCN Global Ecosystem Typology (Appendix S3) to meet the design principles listed in Table S1.1 (for definitions of terms, see Glossary in Appendix S4). 

[bookmark: _Hlk75007126]Our conceptual model draws on community assembly theory (HilleRisLambers et al. 2012; Keddy & Laughlin 2022) to elucidate potential relationships among different ecological processes that shape and interact with characteristic properties of ecosystems over time. Our purpose was to identify biological and physical properties that distinguish functionally different groups of ecosystems from one another by highlighting different ecological drivers that come to the fore in structuring their assembly. More broadly, assembly theory is used widely to test coexistence mechanisms, phylogenetic convergence, predict community composition, or isolate the roles of environmental filtering and neutral processes in shaping community structure (Ackerley & Cornwell 2007; Cadotte & Tucker 2010; HilleRisLambers et al. 2012; Keddy & McLachlin 2022), but this was not our purpose here. 

[bookmark: _Hlk75006834]Traditional assembly theory recognises three groups of filters that determine which biota from a large pool of potential colonists can occupy an area: dispersal, the abiotic environment and biotic interactions (Keddy & Laughlin 2022). In reviewing these key components of the model, we divided the abiotic and biotic filters into five groups of inter-related ecological drivers, recognising that may they act simultaneously and interact. For example, outcomes of species’ interactions typically depend on aspects of the physical environment (Menge et al. 1987; Maestre et al. 2009). 
Abiotic drivers
We segregated abiotic filters into three groups. 
Resource filters
These drivers of ecosystem assembly include the availability of five fundamental resources essential to sustaining all life: water, nutrients, oxygen, carbon and energy (Fig. 1). Their availability may be expressed in environmental gradients that vary across global and local scales. For example, global-scale climatic gradients shape a sequence spanning water surplus to water deficit that encompasses humid forest ecosystems in the wet tropics through subhumid grassy ecosystems to xeric ecosystems in the subtropics and warm temperate latitudes that define Walter’s (1973) zonal biomes. Local gradients shaped by topography and the depth and texture of substrates also profoundly influence water availability, resulting in juxtaposition of functionally contrasting ecosystems within landscapes (see Fig. 2 in main text). In the oceans, currents that operate on global and regional scales mediate dynamic gradients in the availability of nutrients and oxygen, while extended local depth gradients structure the availability of light energy and nutrients that assemble a sequence from eutrophic near-surface ecosystems to oligotrophic ecosystems of the deep seas (Ramirez-Llodra et al. 2010). In some cases, such as arid ecosystems, it is not only the level of resource availability, but the temporal and spatial patterns of variability, that profoundly influences ecosystem assembly and function (Morton et al. 2011). 

Ambient environmental factors
The second group of abiotic drivers includes ambient environmental factors that modify the availability of resources or the ability of organisms to acquire them. Ambient temperature, for example, can regulate the length of the growing season in plants, with the cumulative number of growing degree-days (0°C base) a good predictor of the distribution of trees in cold environments (Prentice et al. 1992). Temperature also defines physiological limits to cell metabolic function, with cell death occurring beyond upper and lower thresholds (Clarke et al. 2013; Oerllana et al. 2018). Similarly, salinity filters ecosystem composition by limiting the ability of some organisms to acquire water and nutrients more than others (Waterkeyn et al. 2008) and pH does so by influencing nutrient availability and uptake functions (e.g. Guerinot & Yi 1994; Orr 2005). Substrate properties, kinetic energy of aquatic media and geomorphology all influence the supply and retention of nutrients and water, and the ability of organisms to extract them by absorption, filter feeding, mobile foraging or hunting. Spatial variation in these ambient environmental factors may be expressed in global-scale climatic gradients, landscape- or seascape scale gradients in altitude, depth or geomorphology, local-scale geomorphic gradients (e.g. on sea shores) or micro-scale spatial gradients (e.g. geothermal vents and chimneys).

Disturbance regimes
The third group of abiotic filters includes a range of disturbances that destroy living biomass, liberate and redistribute resources and trigger life history processes in some organisms. Consequently, they are engaged in top-down mechanisms of ecosystem assembly, in contrast to bottom-up mechanisms associated with the first two groups of abiotic processes (e.g. Bond & Keeley 2005). Typically, disturbance regimes operate at landscape or seascape scales, but may also influence ecosystem processes at regional or local scales (Archibald et al. 2013). Contrasting fire regimes, for example, influence the distribution and character of savannas, forests and Mediterranean-type shrublands (Bond & Keeley 2005; He et al. 2019), while flood regimes are integral to structuring fluvial and wetland ecosystems (Leigh et al. 2010). In general, ecosystem responses to regimes of recurring disturbances depend on features of the events (intensity, depth, duration, season) and the intervals between them (frequency). 
Biotic drivers
Biotic interactions
These interactions among organisms include a wide range of ecological processes that may have positive, negative or mixed effects on the survival, growth and reproduction of the organisms that make up the biotic assemblages of ecosystems. They include competition, predation, pathogenicity, parasitism, mutualism, facilitation and symbiosis. These biotic interactions influence ecosystem assembly from landscape to local scales, most often through top-down mechanisms (Fig. 1). Trophic interactions, for example, have major influences on the assembly of large lake and pelagic ocean ecosystems (e.g. Estes et al 2016), as well as some savannas (Archibald & Hempson 2016). In contrast, mutualistic interactions between corals and unicellular algae, for example, contribute collectively as ecosystem engineers to the structure and assembly of coral reef ecosystems in tropical neritic waters (Baker 2003; Sheppard et al. 2018). When the mutualism breaks down (e.g. via repeated bleaching or disease outbreaks), the ecosystem collapses (Hughes et al. 2018). Competition is unique among ecosystems in limiting the number of species that share similar traits, whereas other biological interactions promote trait convergence rather than divergence (Keddy & Laughlin 2022).

Human activity
Humans have had varied and changing roles in different ecosystems through the Quaternary era. In the Anthropocene, effects of human activity became pervasive, affecting all biophysical processes (Steffen et al. 2015) and influencing ecosystem assembly from global to local scales. While the assembly model (Fig. 1) portrays humans as integral drivers of ecosystem assembly, we segregated human activity from other biotic interactions to highlight interactions and feedbacks between ecosystems and socio-economic systems (Erb et al. 2013; Meyfroidt et al. 2016) and the need to assess their consequences for biodiversity and ecosystem functioning in designing policies that change human activities or mitigate their effects. Almost all contemporary threats to ecosystems derive directly or indirectly from human activity, with the underlying mechanisms differing from those of other drivers. 

Some human activities are large transformative processes, such as change in land use and land cover, where natural or semi-natural vegetation is replaced by agricultural, urban or industrial systems (Watson et al. 2016) or where infrastructure is installed on land, watercourses or seabeds to create new systems such as large water reservoirs (dams) or artificial reefs. Others involve resource exploitation, notably water, affecting flow regimes and variation in water body levels (Vorosmarty et al. 2010). Others include direct harvesting of trophic dominants (e.g. large fish) or structural dominants (e.g. trees, corals) or engineers (e.g. large herbivores) at levels that disrupt ecosystem functions or ecological processes (e.g. Scheffer et al. 2005). Human activity also influences ecosystem assembly indirectly, for example through movement of organisms that become invasive outside their natural range, and through a diversity of mechanisms related to climate change caused by greenhouse gas emissions (Scheffers et al. 2016). These activities modify existing abiotic and biotic filters, and also create new ones. They also alter dispersal processes, breaking down some barriers and creating new ones, resulting in transformation of ecosystem functions, ecological processes and prevalent species traits (Hobbs et al. 2006).

[bookmark: _Hlk77069901][bookmark: _Hlk78798861]The strength of these effects varies from negligible to transformative, resulting in changes between ecosystems types and variation within ecosystem types spatially and temporally. For example, global models of Human Appropriation of Net Primary Productivity (HANPP) estimate variation from 0 to ~100%, as well as some areas where land use increases NPP above potential natural levels (Haberl et al. 2007). In the typology, we recognise major transformative outcomes of human activity by defining anthropogenic ecosystems as those created and sustained by human activity. We distinguish these types of ecosystems from lesser human influences where the underlying identity of a ‘natural’ system (i.e. its characteristic biota and ecological processes) is retained, albeit modified to some degree. Cessation of human activities or removal of anthropogenic infrastructure may lead to transformation into ecosystem types with different attributes and organisational processes. Examples include abandonment of croplands (Foster & O’Keefe 2000), abandonment of cities (Islebe et al. 1996), decommissioning of large dams or oil platforms, etc. 

[bookmark: _Hlk78798929][bookmark: _Hlk77071432]Characterising the intensity of human activity requires analytical frameworks that consider the multidimensional nature of land-use, water-use or sea-use intensity (Erb et al. 2013). These frameworks are most advanced for production systems (agriculture, forestry, fisheries), with conceptual models encompassing land use inputs, outputs, their interactions, and changes in system properties (Erb et al. 2013). Spatial modelling of indices such as HANPP (Haberl et al. 2007), offer opportunities to map global distributions of certain anthropogenic ecosystem types, and to assess human impacts on natural and semi-natural types, particularly where there is continuous variation in the drivers of human activity. 

For non-anthropogenic ecosystem types, we focussed descriptions on reference states with negligible influence of human activity on characteristic components and processes. Hence, human activities are not shown in the assembly models of non-anthropogenic ecosystems, even though they may exert important influences over some or all of their contemporary distributions. This approach enables the degree and nature of human influence to be described and measured against these reference states using appropriate assessment methods such as land use intensity metrics (Erb et al. 2017) and risk assessment protocols (Keith et al. 2013). 
Dispersal processes and evolutionary legacies
Dispersal processes are an important part of assembly theory that have received less attention than other filters. Occupancy outcomes are mediated by a regional species pool that defines the set of biota exposed to local selection processes associated with abiotic and biotic filters. 

At scales of biomes and large ecosystems, species’ pools (more generally biotic pools) include local evolutionary legacies whose progenitors had long histories of prior occupancy (Chase 2003), as well as taxa that evolved elsewhere and arrived more recently by dispersal. Although contemporary biomes comprise various mixtures of these occupancy types (e.g. Crisp & Cook 2003), the apparent niche conservatism within many evolutionary lineages can have profound effects on ecosystem assembly and function (Wiens et al. 2010). Even rare dispersal events (Clark et al. 1998), are critical in mediating functional differences between ecosystems that occupy broadly similar climatic niches in different places.  Savanna ecosystems on different continents, for example, include trees with markedly differentiated responses to fire, indicating how evolutionary legacies and limitations on intercontinental tree dispersal may affect ecosystem form and function (Lehmann & Parr 2016). Other examples include alpine and Mediterranean-type ecosystems, insular water bodies and even tropical rainforests (Corlett & Primack 2016). 

Dispersal filters are especially important for assembly of ecosystems that develop functional or composition properties as a consequence of insularity. Examples on a global scale include include systems in Mediterranean-type climate zone with similar climatic drivers, but lon-isolated evolutionary lineages that retain some legacies of vicariance, but with very infrequent subsequent interchange of biota through rare dispersal events (Keeley et al. 2012).
Ecosystem properties
[bookmark: _Hlk75556243]Ecosystem properties are attributes of ecosystems and their component biota that result from assembly processes (see Glossary, Appendix S4). These properties include three types: i) aggregate ecosystem functions (stocks and fluxes); ii) ecological processes (e.g. trophic networks), structural features (e.g. 3-D spatial structure, physiognomy, diversity); and iii) species-level traits that influence the performance (e.g. fitness) of characteristic organisms (Violle et al. 2014).  Species-level traits encompass life-histories, life-forms, morphology, phenology, behavioural and ecophysiological features (Fig. 1). The assembly processes include the combined action of the abiotic, biotic and dispersal filters described above (Fig. 1).

Many terrestrial ecosystems are dominated by vascular plants (sessile photoautotrophs) that contribute to energy capture, account for most of the world’s biomass, engage in diverse biotic interactions and define the physical structure and niche diversity of the system. Consequently, leaf, wood, root and phenological traits of plants are critical in differentiating vegetation physiognomy and structure across many different types of terrestrial ecosystems (Pérez-Harguindeguy et al. 2013), and thus provide an important means of differentiating functionally contrasting terrestrial ecosystems (Appendix S4). 

In contrast, subterranean ecosystems have truncated trophic structure, generally lacking photoautotrophs, vertebrate herbivores and large predators. Heterotrophs dominate these systems, supported by chemoautotrophs and allochthonous energy, and more complex organisms display traits that reflect low metabolic rates and aphotic sensory mechanisms enabling foraging, reproduction and predator avoidance in darkness (Gibert & Deharveng 2002). Similar traits are expressed in deep marine ecosystems (Sutton 2013). 

In most freshwater and marine aquatic ecosystems, primary productivity is contributed largely by mobile photoautotrophs that live in the water column (planktonic algae). Some of these systems also have benthic biofilms or macrophytes. Trophic webs are often complex and dominated by heterotrophs. Consequently, the traits of dominant heterotrophs including diets, feeding modes, morphological and behavioural traits related to movement and predation or predator avoidance are often key biotic features that differentiate functionally contrasting ecosystems in freshwater and marine environments (e.g. Rossi et al. 2017 cf. Byers & Grabowski 2014). This is especially so in the deep seas where photoautotrophs are absent. Ecophysiological traits that confer tolerance to salinity are also prominent among dominant organisms of some aquatic ecosystems (Cloern et al. 2017).
Interactions, dependencies and feedbacks
[bookmark: _Hlk74730920]Different assembly processes (Fig. 1) do not act independently in shaping the properties of ecosystems, but rather covary and interact through space and time (Cadotte & Tucker 2010). Resource levels, for example, may influence ecosystem assembly directly through niche partitioning or indirectly by altering biotic interactions. Variations on the model template applied to different groups of ecosystems (Fig. 1 & Appendix S4) reflect our hypotheses about drivers that operate on ecosystem attributes directly or indirectly through effects on other drivers. 

Although existing knowledge is patchy and still developing, there is strong evidence of the importance of interactions, dependencies and feedbacks in ecosystem assembly across all components of the biosphere. In lotic ecosystems, for example, geomorphology and kinetic energy (turbulence) affect both the distribution of resources and flooding and drying regimes, reflecting a 3-way interaction between the ambient environment, disturbance regimes and resource availability that profoundly shape assembly and function (Lytle & Poff. 2004). 

Similar interactions involving waves, tides and currents profoundly influence ecosystem structure and function on marine shorelines and shelves, while feedbacks from biotic components may regulate physical processes to maintain stability and resilience to environmental change (De Boer 2007). 

On land, recurring fires (disturbance regimes, Fig. 1) produce pulses of increased light, nutrient and water availability (resources, Fig. 1) and interrupt competitive interactions (biotic interactions, Fig. 1), allowing coexistence of species with various traits promoting fire evasion, resistance, colonisation and in situ regeneration in fire-prone ecosystems (Bond and van Wilgen 1995; Keith 2012). Feedbacks between vegetation and fire mediate stability or regime shifts in contrasting systems that may occupy climatically and edaphically similar environments (Tepley et al. 2018). 

In some cases, these interactions and feedbacks among different assembly filters and ecosystem properties are defining features that discriminate functionally contrasting ecosystem types. Understanding interactions among ecological processes, while often complex, may be critical to evidence-based inferences and generalisations identifying salient drivers for particular groups of ecosystems, such as savannas (Lehmann & Parr 2016); those dominated by megafauna (Estes et al. 2016) and many other types. 

[bookmark: _Hlk74731132]Terrestrial anthropogenic ecosystems (biome T7 in Appendix S4) provide instructive examples of interactions between human activity and other assembly filters. Assembly processes may involve complex interactions and feedbacks between ecosystems and socio-economic systems with varied settings for labour and capital inputs, technology, market dynamics, cultural beliefs, economic decision making and geopolitics (Meyfroidt et al. 2016).  

We posited that addition or removal of ecosystem components by humans may directly or indirectly alter ecosystem attributes such as diversity, productivity, dominance, characteristic life-histories, etc. Direct effects may occur independently of any modifications of other drivers. For example in T7.1 Annual croplands, the introduction of new crop strains with faster growth rates is an anthropogenic assembly process that directly influences ecosystem productivity, without operating through other drivers, because the new strains are inherently more efficient in resource extraction even when supply levels are unchanged (e.g. Pan et al. 2011). These direct effects contrast with interactive assembly processes, which operate on ecosystem properties through indirect effects on other drivers. For example, introduction of disease-resistant crop strains or control agents act indirectly on ecosystem assembly by altering interactions with pathogens (Kohl et a. 2019), while addition of fertilisers operates indirectly by altering resource levels (Berzsenyi et al. 2000). Tillage can be viewed as having direct effects (e.g. by altering soil structure and function, and removing indigenous biota) and indirect interactive effects (e.g. by increasing aeration, water permeability and oxygen availability, promoting nutrient release, etc.) (Hamza & Anderson 2003). 
Synthesis
Uncertainties exist in distinguishing direct and indirect effects of all drivers, and the key drivers and their interactions remain poorly understood in many ecosystems. However, assembly models that provide for both direct and indirect interactive effects of drivers offer more complete and parsimonious hypotheses about assembly processes than models that exclude all possibility of interactions, dependencies and feedbacks. The conceptual relationships posited in the assembly models offer hypotheses to advance our understanding of these underlying mechanisms of ecosystem dynamics and assembly. 

Keddy & Laughlin (2022) posited that only a few of the possible range of filters will be important for the assembly any given community. By extension, we suggest that only a few key drivers shape the properties of particular ecosystems. We use this principle to help define and describe the distinguishing features of major biomes and ecosystem functional groups in a global typology.



[image: ]
[bookmark: _Hlk78446883][bookmark: _Hlk78613085]Figure 1 [reproduced from main text]. The generic model of ecosystem assembly underlying the global ecosystem typology (Appendix S2 for details). Boxes represent abiotic (resources, the ambient environment, disturbance regimes) and biotic (biotic interactions, human activity) drivers that filter assemblages and form evolutionary pressures, in turn, shaping ecosystem-level properties (filled green ellipse). The range of major organisational scales at which drivers operate are shown in italics in the boxes, followed by a list of the major expressions of the drivers. The species pool is the set of ‘available’ traits on which the assembly filters and evolutionary pressures operate over short and longer time frames, respectively. Species pools are dynamic products of vicariance, dispersal and evolution, that depend on biogeographic context and history. The outer green ellipse represents the contemporary dispersal filter that mediates the biota currently subjected to local selection by the abiotic and biotic filters/pressures. The inner filled green ellipse represents the properties (aggregate ecosystem functions and species-level traits) that characterise the ecosystem. Closed arrows show the influence of filtering processes on ecosystem properties. Feedbacks can occur whereby ecosystem properties modulate filtering processes (examples shown with bidirectional arrows). Interactions among drivers, include indirect effects of human activity on assembly through other drivers (black open arrows) and the indirect effects of ambient environmental conditions on assembly by modulating resource availability or uptake (dark blue open arrow). Interactions among other drivers (omitted here for simplicity) are shown in ecosystem-specific adaptations of this generic model for each ecosystem functional group (Level 3 of the typology) in Appendix S4. See Glossary (Supplementary information) for explanation of terms.
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