Assessing the impacts of climate change on biodiversity: Is below 2°C enough?
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Online Resource 1: Methods and Materials
1.1 Systematic Literature Review
We conducted a systematic review following the guidelines for CEE Evidence Synthesis Protocols (CEE 2013). The review question addressed was: What is the impact of global mean temperature increase at different intervals	on terrestrial biodiversity (Fraction of Remaining Species and Fraction of Remaining Area with Suitable Climate of taxonomic groups and biomes)?
First, we developed a search strategy to indicate how the process was conducted and to ensure reproducibility. The search strategy consists of:
a. Defining search terms, search strings and/or combination of searches. We identified four major topics that would help to answer our review question. For each topic, we identified search terms and we combined them into search strings to be used in our search to find relevant studies. 

· Climate change elements: (climat* SAME change*) OR (temperature SAME change*) OR (temperature SAME increase) OR (global SAME warming) OR (climat* SAME warming);
· Biodiversity elements: (biodiversity) OR (diversity SAME species) OR (species SAME richness*) OR (species SAME distribution*) OR (species SAME abundance*) OR (species SAME occurrence*) OR (species SAME turnover) OR (species SAME loss*) OR (species SAME gain*) OR (species SAME composition) OR (species SAME assemblage*);
· Bioclimatic modelling elements: (bioclimat* model*) OR (niche* model*) OR (climat* model*) OR (distribution model*) OR (habitat model*) OR (ecologic* model*) OR (occurrence model*) OR (species distribution model*) OR (model* distribution*) OR (model* range*) OR (climat* envelope*) OR (envelope* model*); and
· Modelling projections elements: (future SAME distribution*) OR (climat* SAME scenario*) OR (climat* SAME projection) OR (climat* SAME prediction) OR (climat* SAME pathway*).
The ISI Web-of-Science database (http://apps.webofknowledge.com/) was selected as our bibliographic database. We used EndNote X7.2.1 to store the results from the search process and retrieve them for further analysis.
b. Eligibility criteria and screening process. We defined a screening process to decide whether the studies yielded in the search were eligible for inclusion in the review (Fig. OR1. 1). 
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Fig. OR1. 1 Selection process used in the systematic literature review

c. Study inclusion criteria. To critically appraise the inclusion of studies, we defined specific criteria. We selected those studies that met the following criteria:
C1:	Study presents data on species composition (i.e. the number of species >1) and indicates the number of species (n) in the original and the projected climate situations (i.e., before and after climate change) (for FRS);
C2:	Study presents data on species composition (i.e. the number of species >1) and indicates the number of species (n) and their area with suitable climate in the original and the projected climate situations (i.e. before and after climate change) (for FRA);
C3:	Study indicates the spatial resolution of the original analysis;
C4:	Study indicates the location and extension of the case study to calculate spatial extent and to determine terrestrial biomes;
C5:	Study provides information on global temperature increase used in the original analysis; or indicates the type of climate-change scenario and general circulation model used;
C6:	Study indicates the reference and projected years for climate change; and
C7:	Study specifies the taxonomic groups assessed in the original analysis.
Studies that focussed on distributions of single species, aquatic species or exotic invading species or assessing historical effects of climate-change on species were considered to be outside the scope of our research. When the selected studies provided data for dispersal and no-dispersal cases, we extracted data for the no-dispersal case.  
d. Data extraction strategy. We estracted data from the selected studies. The data were store into an Excel file (i.e. database). Each study was assigned with a code (i.e., ‘rq1_1’) corresponding to the original search results. Each study was exhautively checked in its methods and results sections in order to extract the necessary information. When the study indicated that additional information was in the supplementary material, we also checked those files to ensure a complete review of the study. 
1.2 Variance estimate
The sampling variances were calculated as follows:
i) following references 1, 2 and assuming that the species data in the original study show a Poisson distribution whereby Ơ2=µ, thus: 
(Equation 1)

where Ơ2 is the variance of the effect size FRS for species, Sdi is number of expected species in disturbed situation with climate change and Soi is number of species in original situation without climate change. A full description of how the variance was calculated is presented in elsewhere (Kuiper et al. 2014).
ii) assuming the variance of the internal error:
(Equation 2)

where Ơ2 is the variance of effect size FRH, Hdi is the climatically suitable habitat for species i in disturbed situation with climate change, µ is the mean of Hd among all species and S is the number of species. A full description of how the variance was calculated is presented elsewhere (Kuiper et al. 2014).
And iii) assuming binomial distribution:
(Equation 3)

where Ơ2 is the variance of effect size FRH and FRH is Fraction Remaining Climatically Suitable Habitat for all species in the original study. 
1.3 Meta-analysis
Random-effects structures 
We ran random-effects structures with a full-fixed effects structure to account for the resolution and spatial extent of the studies. We specified study identity, grid cell resolution and spatial extent of the original studies as random-effects factors. Since the resolution of the grid cells is given in different units (e.g. degrees, arc-minutes, kilometres, hectares), we converted all units into degrees (°) to indicate a common resolution unit among the studies. We calculated the spatial extent of the study area for each original study (and multiple locations when the study requested it) in ArcGIS 10.5. We used the ArcGIS Spatial Analyst Toolbox to locate the case-study area on a common map and to extract the necessary information to account for the spatial extent (i.e. number of pixels). We controlled for different resolutions and spatial extent of studies within the models. We fitted the following random-effects structures:
1. (1 | 1) 
2. (1 | Study)
3. (1 | Resolution) 
4. (1 | Extent) 
5. (1 | Study + 1 | Resolution) 
6. (1 | Study + 1 | Extent) 
7. (1 | Study + 1 | Resolution + 1 | Extent) 
8. (1 | Resolution + 1 | Extent)
The structures were run with a full fixed effects structure and without intercept: 
Equation 4

Random-effects meta-models
We ran the random-effects meta-models separately for three cases: i) the response of the effect sizes FRS and FRA; ii) the logit-transformed of the effect sizes FRS and FRA; and iii) the log10-transformed of the effect sizes FRS and FRA. Meta-analyses for logit and log10-transformed data are performed to account for non-normal distribution of the data and to help reducing heterogeneity to make results more robust. The first case uses the effect sizes FRS and FRA and sampling variances to derive the pooled effect. We used sampling variances to assign more weight to studies with low estimated variance of the effects size, this usually includes studies with a high number of species (Osenberg et al. 1999; Kuiper et al. 2014). The second case used the logit-transformed FRS and FRA and it was calculated as , where R is the effect size FRS or FRA. The model that is fitted to logit, used the number of original species to weight each study to correct for non-normality and to account for uncertainty in estimates of heterogeneity (Ioannidis et al. 2007; Urban 2015). The logit of 0 and 1 are not defined, therefore and for consistency, 0.5 was added as a new observation to effect sizes with values of 0 and 1, and corrected as  (e.g. Viechtbauer 2010). The third case used the log10-transformed of the effect sizes FRS and FRA and aimed to linearize the power-law relationship as they are normally distributed around zero, allowing the use of simple linear regressions (Hedges et al. 1999; Gerstner et al. 2014). FRS and FRA were log10-transformed to fit random-effects models using the number of original species to weight each study. 
Table OR1.1 List of mixed-effects meta-models fitted to datasets FRS to explore sources of heterogeneity in meta-analysis
	Code
	Model
	Description

	M1.FRS

	Effect size ~ variance + random =(1 | Study + 1 | Extent)
	Basic model fitted to datasets without moderators 

	M2.FRS
	Effect size ~ variance + random =(1 | Study + 1 | Extent) + GMTI intervals
	Series of sub-models fitted to datasets at different temperature intervals: 1-2°C, 2-3°C, 3-4°C and >4°C

	M3.FRS
	Effect size ~ variance + random =(1 | Study + 1 | Extent) + GMTI intervals
+taxonomic group
	Series of sub-models fitted to datasets and to individual taxonomic groups (vertebrates and plants) at different temperature intervals: 1-2°C, 2-3°C, 3-4°C and >4°C 

	M4.FRS
	Effect size ~ variance + random =(1 | Study + 1 | Extent) + mods = ~ GMTI
	Model including ‘gmti’ as moderator and fitted to datasets 

	M5.FRS
	Effect size ~ variance + random =(1 | Study + 1 | Extent) + mods = ~ GMTI + biome + GMTI*biome
	Model including ‘gmti’ and ‘biomes’ as moderators and their interaction, fitted to datasets

	M6.FRS
	Effect size ~ variance + random =(1 | Study + 1 | Extent) + mods = ~ biome + GMTI
	Model including ‘biomes’ as moderator and fitted to datasets





[bookmark: _GoBack]Table OR1.2 List of mixed-effects meta-models fitted to dataset FRA to explore sources of heterogeneity in meta-analysis
	Code
	Model 
	Description

	M1.FRA

	Effect size ~ variance + random =(1 | Extent)
	Basic model fitted to datasets without moderators 

	M2.FRA
	Effect size ~ variance + random =(1 | Extent) + GMTI intervals
	Series of sub-models fitted to datasets at different temperature intervals: 1-2°C, 2-3°C, 3-4°C and >4°C

	M3.FRA
	Effect size ~ variance + random =(1 | Extent) + GMTI intervals
+taxonomic group
	Series of sub-models fitted to datasets and to individual taxonomic groups (vertebrates and plants) at different temperature intervals: 1-2°C, 2-3°C, 3-4°C and >4°C 

	M4.FRA
	Effect size ~ variance + random =(1 | Extent) + mods = ~ GMTI
	Model including ‘gmti’ as moderator and fitted to datasets 

	M5.FRA
	Effect size ~ variance + random =(1 | Extent) + mods = ~ GMTI + biome + GMTI*biome
	Model including ‘gmti’ and ‘biomes’ as moderators and their interaction, fitted to datasets

	M6.FRA
	Effect size ~ variance + random =(1 | Extent) + mods = ~ biome + GMTI
	Model including ‘biomes’ as moderator and fitted to datasets



Moderator variable: Biomes
We introduced the variable ‘biomes’ as a moderator to determine sources of heterogeneity. In principle terrestrial biomes were classified following the information provided in the original study (e.g. biomes classification from the Integrated Model to Assess the Global Environment (Stehfest et al. 2014) or the Namibian biomes (Thuiller et al. 2006). For those studies that did not provide a biomes classification, we classified them according to the Terrestrial Ecoregions used by the Nature Conservancy (Olson et al. 2001). We then aggregated the biomes into common classes to overcome data deficiency for some of the categories (see Table OR1.3 in Online Resource 1).


Table OR1.3 Classification of biomes used in previous studies and new simplified categories defined for the meta-analysis
	Code
	Category
	Source
	Aggregated category

	1
	Tropical and Subtropical Moist Broadleaf Forests
	WWF_MHTNAMa
	Tropical forest

	2
	Tropical and Subtropical Dry Broadleaf Forests
	WWF_MHTNAM
	Tropical forest

	3
	Tropical and Subtropical Coniferous Forests
	WWF_MHTNAM
	Tropical forest

	4
	Temperate Broadleaf and Mixed Forests
	WWF_MHTNAM
	Temperate forest

	5
	Temperate Conifer Forests
	WWF_MHTNAM
	Temperate forest

	6
	Boreal Forests/Taiga
	WWF_MHTNAM
	Boreal forest

	7
	Tropical and Subtropical Grasslands, Savannas and Shrublands
	WWF_MHTNAM
	Shrublands

	8
	Temperate Grasslands, Savannas and Shrublands
	WWF_MHTNAM
	Grasslands

	9
	Flooded Grasslands and Savannas
	WWF_MHTNAM
	Grasslands

	10
	Montane Grasslands and Shrublands
	WWF_MHTNAM
	Grasslands

	11
	Tundra
	WWF_MHTNAM
	Tundra and ice

	12
	Mediterranean Forests, Woodlands and Scrub
	WWF_MHTNAM
	Shrublands

	13
	Deserts and Xeric Shrublands
	WWF_MHTNAM
	Deserts

	14
	Mangroves
	WWF_MHTNAM
	Shrublands

	98
	Inland water
	WWF_MHTNAM
	Water

	99
	Rock and ice
	WWF_MHTNAM
	Tundra and ice

	7
	Ice
	IMAGEb
	Tundra and ice

	8
	Tundra
	IMAGE
	Tundra and ice

	9
	Wooded tundra
	IMAGE
	Tundra and ice

	10
	Boreal forest
	IMAGE
	Boreal forest

	11
	Cool coniferous forest
	IMAGE
	Boreal forest

	12
	Temperate mixed forest
	IMAGE
	Temperate forest

	13
	Temperate deciduous forest
	IMAGE
	Temperate forest

	14
	Warm mixed forest
	IMAGE
	Temperate forest

	15
	Grassland and steppe
	IMAGE
	Grasslands

	16
	Hot desert
	IMAGE
	Deserts

	17
	Scrubland
	IMAGE
	Shrublands

	18
	Savannah
	IMAGE
	Grasslands

	19
	Tropical Woodland
	IMAGE
	Tropical forest

	20
	Tropical forest
	IMAGE
	Tropical forest

	21
	Mediterranean vegetation
	IMAGE
	Shrublands

	1
	Desert an xeric shrublands
	Thuiller et al 2006 
	Deserts

	2
	Flooded grasslands and savanna
	Thuiller et al 2006 
	Shrublands

	3
	Mangroves
	Thuiller et al 2006 
	Shrublands

	4
	Mediterranean forests
	Thuiller et al 2006 
	Shrublands

	5
	Montane grasslands and savanna
	Thuiller et al 2006 
	Shrublands

	6
	Tropical grasslands and savanna
	Thuiller et al 2006 
	Shrublands

	7
	Tropical moist broadleaf forests
	Thuiller et al 2006 
	Tropical forest


 a Categories as defined in Olson et al. (2001)
b Categories as defined in the Integrated Model to Assess the Global Environment (IMAGE); see Stehfest et al. (2014)
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