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Summary 
Habitat loss, fragmentation and degradation impacts are the most direct threat to global biodiversity. In this Primer, we discuss how these three forms of habitat transformation are inextricably intertwined, and how their effects on biodiversity and ecosystems are often context-specific. We draw on recent analyses that have explored this context-dependence directly, to discuss how local-scale impacts of habitat transformation are mediated by biogeographic-scale variation in evolutionary histories and species’ geographic ranges. We also discuss how changes to ecosystem functions and services in modified habitats can be just as context-dependent – and how these changes are further obscured by high levels of ecological redundancy in species functions, which can confer resilience to habitat transformation. To avoid the impending extinction of millions of species, it is crucial that the impacts of habitat transformation are mitigated through a combination of preventing further habitat loss while simultaneously extending and repairing the habitats that remain. 

Introduction
The current biodiversity crisis has been labelled as the 6th and potentially most extreme mass extinction yet, with a larger number of species predicted to go extinct at a faster rate than ever before. In fact, we have already overshot the planetary boundaries of biodiversity intactness in many areas of the world, having lost over 75% of species in the worst affected areas and nearly 10% of individuals at a planetary scale. 
It is widely known that the main direct drivers of biodiversity loss are habitat transformation (i.e. conversion to agriculture), overexploitation (e.g. hunting and overfishing), biotic exchange (e.g. invasive species), nutrient loading (e.g. pollution and increases in nitrogen) and climate change. These drivers do not affect all ecosystems equally. For example, tropical forests specifically are being converted to agricultural land at a faster rate than any other ecosystem. More than 70% of all remaining forest is now less than 1km from the edge of a non-forest habitat. Because tropical regions hold over 75% of all species described to science, it is well accepted that habitat transformation is the leading cause of biodiversity loss.
Studies assessing the effects of habitat transformation became popular in the 1970s, under the umbrella term of “habitat fragmentation”. Habitat fragmentation was used as a catch-all concept to encompass all the changes in human-modified landscapes, where continuous blocks of habitat were transformed into small, isolated patches. In its early days, the theoretical framework of habitat fragmentation was borrowed from the Theory of Island Biogeography, which assumed homogenous habitats within islands. This theory also considered the intervening habitat (i.e. ocean) to be deleterious to all species and that changes in biodiversity were driven by a balance between speciation, extinction and colonisation. As more studies were conducted in terrestrial landscapes, it became clear that habitat patches were not oceanic islands and, importantly, the matrix habitat (see Box 1) is not as hostile as open water. Studies also started revealing the impacts of edge effects (see Box 1) on habitat quality and the availability of resources, and that communities are rarely under dynamic equilibrium, even if colonisation and extinction events are constantly happening (see Box 1). This added complexity and further nuances to the emerging science, giving birth to the discipline of landscape ecology, which treats habitat fragmentation as just one change – along with habitat loss and degradation – that can be observed in human-modified landscapes. 
The confounded effects of habitat transformation
Habitat loss represents simply “a reduction of habitat amount” and has been consistently shown to be a major factor driving biodiversity decline at the global scale (Fig. 1). Habitat fragmentation is the breaking apart of habitats, and is often quantified as changes in patch size, loss of connectivity and increased edge effects (Fig. 1). Because habitat fragmentation was historically used as an umbrella term to describe studies within the discipline of landscape ecology, this term is still used in a very broad sense with often confusing meanings. In a seminal review published in 2003, Fahrig showed the multiple, and sometimes contradictory, uses for the concept, and suggested that instead researchers should focus on studying habitat fragmentation per se, which is the breaking apart of habitats while controlling for changes in habitat amount. According to Fahrig, while habitat loss always has negative consequences on biodiversity, habitat fragmentation per se can have variable results which are often positive. These findings spurred a multitude of studies looking to set apart the relative importance of habitat loss versus fragmentation, and as of 2020 a full consensus has not yet been reached (but see section “The context-specific effects of habitat transformation”). Habitat degradation involves changes to the quality of a habitat without any significant changes to its amount or fragmentation. Habitat degradation is caused by processes such as burning or selective logging, as well as by the gradual changes that occur in ecological communities over time as a result of unequal disruptions to the birth and death rates of different species (Fig. 1).
Perhaps one the greatest challenges of studying, and setting apart, the relative influences of habitat loss, fragmentation and degradation is that the three types of habitat transformation are often confounded. Although theoretically habitat loss, fragmentation and degradation can occur independently of each other, in real landscapes they are usually causally related to each other. This is clearly illustrated by land use change in the Amazon, where researchers have been able to carefully track habitat changes with satellites. The series of cascading modifications to the habitat usually start with the construction of a road. This fragments the forest and can reduce the movement of species, but does so with minimal habitat loss. However, subsequent deforestation occurs within 50 km of main roads and adjacent to networks of secondary roads, ultimately leading to more widespread loss and simultaneous fragmentation. Increased luminosity along the new forest edges can desiccate the forest floor, and a drier microclimate can cause trees to shed their leaves, together providing the conditions for surface fires. These, in turn, lead to changes in aboveground biomass and forest structure, the hallmarks of habitat degradation. While there are specific situations where habitat loss can be independently separated from either fragmentation or degradation, in the vast majority of human-modified landscapes this is not possible. 

The context-specific effects of habitat transformation
The effects of habitat loss, fragmentation and degradation are inherently scale- and species-dependent as well as context-specific. This means that two studies investigating the effects of habitat loss on the same species can obtain very different results if they are conducted at different spatial or temporal scales. The effects of fragmentation on species will also be very different if one study is investigating different aspects of fragmentation – e.g. one examining “number of patches” and the other “edge density” – despite the fact that the two variables are often used interchangeably to describe fragmentation. The effects of habitat degradation also vary among species and in different parts of the world, with biodiversity being less negatively impacted by selective logging in Borneo than in South-America, for instance. For these reasons, we still have very poor predictability about how biodiversity en masse will be impacted by habitat changes in specific locations and at specific times. 
Despite the intrinsically complex nature of studying habitat loss, fragmentation and degradation, two recent studies have shed light on potential reasons behind such extreme context-dependency. These studies provided evidence to show that species’ responses to habitat changes at local scales are often modulated by evolutionary and biogeographic processes occurring at large scales. For instance, species are more negatively affected by habitat fragmentation in the tropics and other areas where there have been relatively few disturbances over evolutionary time such as storms, fires and glaciations. Temperate species, by contrast, have a longer evolutionary history of dealing with disturbance and are more resilient to habitat changes. This explains some of the controversy regarding the importance of habitat fragmentation across studies and species. But even the responses of an individual species are not immutable: it is now known that at local scales habitat loss – which is still portrayed in the literature as always having negative effects –  can impact populations of the same species in different ways, depending on their distance from the species’ geographic range edge. Populations occurring near their range edge are negatively affected by habitat loss, while populations of the same species occurring far from the range edge tend to either not be affected or can even be positively affected by habitat loss. 

Impacts on ecosystem functions and services 
A large number of observational or theoretical studies have shown that the loss of species can lead to important changes in ecosystem functions (e.g., herbivory and nutrient cycling, see Box 1) and ecosystem services (e.g., pest control and carbon sequestration, see Box 1). These studies often use an indirect approach to obtaining information on ecosystem functions, as they use species morphological or behavioural traits, as well as their abundance or presence, to infer what would happen to the ecosystem when those species are no longer present. For instance, large seeds are often dispersed by large mammals, so evidence on the local extinction of large frugivorous mammals would then be used to suggest that seed dispersal is disrupted for many tree species. A recent review focusing solely on tropical forests showed that in general, the functional richness or diversity of animal and plant communities decreases with habitat loss and fragmentation. However, there is a lot variability in these results – including results from a study on freshwater fish which found an increase in functional diversity with habitat loss. 
It is not surprising that this indirect approach to studying changes to ecosystem function results are just as scale-, species- and context-dependent as biodiversity results, given that the underlying datasets used for analyses are exactly the same as those used in biodiversity studies (i.e., datasets of species presence and/or abundance). Another drawback of the vast majority of these studies is that they rarely analyse traits from widely different taxa which may perform similar ecosystem functions (e.g. spiders and insectivorous birds both predate invertebrate prey but are seldom studied together). By ignoring this ecological redundancy, it is likely that results from many studies are underestimating the extent to which ecosystem functions are resilient to habitat transformation.
Indeed, studies that have used experimental approaches to measure ecosystem functions directly have found that natural ecosystems have a lot of redundancy: there are multiple species across the tree of life that can perform similar roles in the ecosystem. For instance, a study in Borneo has shown that in pristine forests, arthropods are primarily responsible for seed and invertebrate predation, while in degraded forests vertebrates begin to increase their contribution to those roles. Further experiments in tropical and temperate regions have also shown that insectivorous vertebrates have an important role in controlling herbivores and herbivory far from the forest edge, while in open areas and near the edge the trophic chain is headed by invertebrates. What these studies have in common is that rates of ecosystem function, such as herbivory or seed predation, were remarkably resilient to habitat transformation. Biodiversity-ecosystem functioning (BEF) experiments on plants that have independently manipulated the numbers of species and functional groups have also shown that – at high levels of diversity – there is a reasonable degree of functional redundancy contributing to ecological resilience.
There is less information about how ecosystem services (see Box 1) are affected by different aspects of habitat transformation. Importantly, carbon stocks and sequestration, two key ecosystem services in the face of climate change, seem to be differently affected by edges effects in the tropics and temperate zones. Studies in tropical forests have shown strong declines in carbon stocks up to 100 m from forest edges, while studies in Europe have shown that carbon stocks are higher near edges. Tropical forest edges often go through a process of “secondarisation”, where old-growth hardwood trees die with increased heat, desiccation and wind, and are replaced by fast-growing, low-density trees. These disturbed habitats hold significantly less carbon than old-growth forests. In temperate deciduous forests, however, nitrogen deposition is higher near forest edges which promotes tree growth. These results re-emphasise the context-dependence of habitat change impacts, and also highlight (1) the importance of measuring ecosystem functions and services directly, and (2) the need for more studies on how functions and services are affected by habitat loss, fragmentation and degradation in different parts of the world.  

Informing conservation and management strategies
Preventing habitat loss is without doubt the most important step to reduce the impacts of habitat transformation – it can take centuries for restored habitats to provide the same level of biodiversity, functions and services as pristine habitats. However, just reducing or stopping habitat loss is not enough, as in many regions of the world the amount of existing habitat is less than what it is required for preserving those species and functions. Habitat restoration is a powerful tool to mitigate the impacts of habitat transformation - a recent study has estimated that restoring just 15% of converted land  across the world's priority areas (most of which are tropical forest ecosystems) would help avoid 60% of extinctions while sequestering nearly 300 GT of CO2. There are two basic options for restoring habitat: extending a habitat or repairing a habitat. Extending a habitat primarily helps counteract the effects of habitat loss and fragmentation, while repairing a habitat helps to counteract the effects of habitat degradation (Fig. 2).
Extending a habitat
Approaches to extending a habitat vary with spatial scale. Restoration projects that involve passive (e.g. natural regeneration) or active habitat manipulation (e.g. seed-planting) are often small in scale due to sheer costs of the initiative. In Brazil, some estimates of active restoration are around USD5,000 per ha/year. At larger scales, extending a habitat is often done through the creation of buffer zones around protected areas to reduce edge effects (Fig 2A), or through the establishment of corridors for target species (Fig 2B). These initiatives aim to connect networks of adjacent protected areas, or to bridge physical barriers within natural habitats such as roads or rivers. 
Corridors are generally designed around the needs of large mammals, with high profile initiatives related to the conservation of grizzly bears, elephants and big cats. In some cases, these animals are considered to act as proxies, or ‘umbrellas’, for a wider range of species when planning to restore connectivity across large areas. For example, species like the grizzly bear have wide ranges but are sensitive to human disturbance, so managing land in a manner that is sympathetic to them can be simultaneously beneficial to the rest of species within that ecosystem. The Yellowstone to Yukon Conservation Initiative uses this premise, forming one of the world’s leading montane ecosystem management projects, and is comprised of core conservation areas and linkage zones. The Panthera Jaguar Corridor initiative between Mexico and Brazil works in a similar fashion, and is known to benefit river turtle, spider monkey and Baird’s tapir as well as jaguars.
Repairing a habitat
Repairing a habitat is often done through enrichment planting (Fig. 2C), where seedlings of native species are planted inside a degraded forest. But there are many alternative approaches, such as the re-introduction of keystone species leading to trophic cascades (see Box 1) that improve habitat quality. For instance, the reintroduction of wolves in Yellowstone National Park (USA) led to a change in behaviour in herbivores, with cascading consequences to regrowth of riparian forests. In other locations, manual removal of invasive pests such as goats and deer in temperate forests (New Zealand) or the cutting of lianas in tropical forests (Southeast Asia) are methods designed to restore an ecological balance in which natural habitat regeneration processes are given an advantage, allowing the ecosystem to eventually repair itself (Fig. 2D,E). 
Ideally, habitat repairs are either undertaken in large areas of continuous habitat, or if they’re done in small habitat areas they should be supported by habitat extension initiatives. This is because if the habitat area that is restored is too small to resist the continued pressures of habitat fragmentation and degradation that will predictably occur in the future, the habitat will be unable to sustain itself in the long term and will need continuous human intervention.
Influencing policy
Results from studies investigating the effects of habitat loss, fragmentation and loss have now been used to inform conservation and management decisions on a range of countries across the world. A multi-taxa study in the Atlantic Forest of Brazil, for instance, unequivocally demonstrated that 30% of forest is required to maintain biodiversity at levels similar to those found in protected areas. This study was subsequently used to underpin three different pieces of environmental legislation designed to enshrine priority areas for restoration in law, with the goal of both extending and repairing habitats to increase biodiversity and protect water resources. If done right, 1 billion tonnes of CO2 could be sequestered at the same time. 

Conclusions and outlook 
It is clear that habitat transformation – be it through habitat loss, fragmentation or degradation – is leading to the loss of thousands (if not millions) of species, with potentially unpredictable impacts on the ecosystem functions and services they provide. However, we are still a long way from being able to create highly accurate models to predict which species are going to go extinct and where, and what will be the consequences to humans and the world we live in. 
Because many of the effects of habitat transformation are context-specific, general rules of thumb like the 30% threshold found for the Atlantic Forest cannot be generically applied to guide legislation the world over. Unfortunately, such multi-taxa knowledge is not available in all parts of the world to allow such precise management decisions. But fortunately, the inevitable correlation between habitat loss, fragmentation and degradation can become an advantage rather than a disadvantage in this management context. This seemingly counterintuitive conclusion holds because any action to manage one of the three forms of habitat transformation will likely have simultaneous, indirect benefits on the other two. Despite this, however, habitat management will never be optimised without detailed, context-specific understanding of local habitat transformation effects.
Despite all uncertainties, we do know that the only way to halt biodiversity loss, and help mitigate the impacts of climate change, is to both significantly reduce the rate of habitat conversion and deploy large-scale habitat restoration projects. The timescales of habitat management and transformation are highly sensitive to change: decades of good governance can be undone by just months of environmental attacks or extreme climatic events such as drought-induced fires, so safeguarding the future of millions of species will require concerted efforts consistently maintained over long time periods.
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Box 1. Glossary
	Ecosystem functions: Ecological processes that enable the movement of energy and nutrients through the environment
Ecosystem services: Defined in the Millennium Ecosystem Assessment, these are the benefits people can derive from ecosystems, such as food (provisioning), pollination (supporting), flood protection (regulating) and recreation (cultural). 
Edge effects: How the boundary between different habitat types influences the communities and processes within that range
Matrix: The non-native habitat between fragments of original habitat
Population dynamics: The change in the structure of a population over time, dictated by colonisation and extinction, or recruitment and mortality. 
Resilience: the capacity of an ecosystem to recover from damage or disturbance and return to its previous stable state
Resistance: The ability of an ecosystem to maintain ecosystem functioning and dynamics when subjected to damage or disturbance 
Trophic cascades: Trophic cascades are the effects of predators/prey on the abundance, biomass or productivity of a trophic level more than one trophic link away






Figure legends
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Figure 1: Habitat loss, fragmentation and degradation. The three components of habitat transformation are causally related and difficult to separate in many contexts. Habitat loss often drives fragmentation, and vice-versa, and both these habitat changes lead to degradation through edge effects and disturbance to species composition and ecosystem functioning.
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Figure 2: Conservation and management strategies for habitat restoration. Extending habitats. (A) Creation of buffer zones can expand habitat area and dampen edge effects. (B) Providing habitat corridors links patches of habitat, and creates network of protected areas, allowing movement of species.  Repairing habitats. (C) Removal of species that limit natural regeneration processes can also enhance ecosystem services such as carbon storage. (D) Reducing browsing pressure by removal or exclusion of large herbivores can help restore natural succession processes. (E) Enrichment planting can restore species diversity and accelerate recovery of degraded habitats.
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