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Introduction
Favourable reference values can be assessed according to two approaches: a model-based approach and a reference-based approach. Here, I present a model that estimates habitat threshold values for semi-natural grassland specialist species in Sweden. Such thresholds may form the basis for a reference-based approach to assess reference values for habitat area. However, it is suggested that assessments are also compared to historical records of habitat land cover and location.
The approach is partly based on two reports that recount potential methods to assess favourable reference areas for terrestrial habitats drafted by the SLU Swedish Species Information Centre on commission by the Swedish Environmental Protection Agency (Toräng & Berglund 2019, Toräng 2020), and partly on a habitat threshold model developed by researchers at Linköping University in a project financed by the Swedish Board of Agriculture (Bergman et al. 2022). 
Background
Land-use changes during the 20th century, including the cessation of traditional grassland management, have resulted in a tremendous decline of semi-natural grassland habitats, and a parallel loss of biodiversity (Chamberlain et al. 2000, Luoto et al. 2003, Öckinger & Smith 2006, Jiang et al. 2013, Cousins et al. 2015, Hooftman et al. 2016). The high number of threatened species (Eide et al. 2020), and the magnitude of present extinction debts (Helm et al. 2006, Cousins 2009, Krauss et al. 2010, Auffret et al. 2018) in semi-natural grasslands indicate that the extant amount of these habitats is too small to ensure the long-term viability of associated biodiversity. It is therefore necessary to re-establish functional habitat networks with sufficient area, quality, and connectivity, so that local populations of focal species can be maintained (Pärtel et al. 2005, Manton & Angelstam 2018).
One way to evaluate how much habitat that is needed for functional habitat networks is to identify relationships between the long-term maintenance of focal species and the critical amount of habitat, assuming that the probability of population persistence is rapidly reduced if the amount of habitat drops below a critical limit (Andersson et al. 2015, 2019, Manton & Angelstam 2018). These limits are species specific and represent minimum area requirements (MAR), i.e. the smallest habitat area needed to sustain viable populations (Baguette & Stevens 2013, Pe’er et al. 2014). A survey of the current scientific literature suggested that it is difficult to specify generic conservation targets in semi-natural grasslands based on habitat thresholds, even though several studies agrees on that at least 10% of the land cover is required for the long term maintenance of several species (Toräng 2020, Cousins et al. 2022). 
Methodology
Modeling critical thresholds for species persistence
The area of different types of grasslands within 409 3x3 km landscape quadrats were assessed from aerial photos as a part of the Remiil monitoring program (Lundin et al. 2016). Grassland habitat specialists may utilize many different types of grasslands but their relative importance for species viability varies depending on habitat characteristics such as current management, land-use history, and soil type. To accommodate for this variation in the habitat threshold model, the area of the different grassland types were weighted to reflect their relative importance for grassland habitat specialists, and for each of the 409 landscape quadrats, a total weighted area was thus calculated (Bergman et al 2022).
To examine the relationship between the amount of grassland habitat and the occurrence of grassland specialist species, species observation data was extracted from several sources, including data from both systematic inventories and the Swedish Species Observation System that includes spontaneously reported observations by volunteers. Binomial regression models were used to explore relationships between species occurrence and grassland habitat area, and to identify thresholds for individual species. In total, the models included more than 34 000 species observations, and thresholds were estimated for 221 species of plants, butterflies, and bees (Bergman et al. 2022). 
Most species showed a positive relationship between grassland habitat area and the probability of occurrence. In addition, significant thresholds were identified for several species, varying from a few percent up to 20% grassland habitat area, even though thresholds within the range 5-15% habitat area were most commonly observed (Bergman et al. 2022). Comparable results were found in models using similar data but with a Bayesian statistical approach (Toräng & Stephan 2021). 
Limitations
Significant correlations between population persistence and habitat area may reflect historical processes that have been lost in the modern landscape, and if so, should only be interpreted with caution. One approach to explore the possible influence of historical population processes and present day species occupancy would be to compare the present models with models where the habitat amount is quantified from historical records of grassland cover.
[bookmark: _GoBack]In addition, most of the surveyed quadrats contained small areas of grassland habitat, and less than what is expected to be required for the long-term maintenance of many of the study species. It is therefore likely that several reported occurrences (especially for plants) were present due to time delays before local populations go extinct (i.e. extinction debt, Hanski & Ovaskainen 2002). If so, modelled thresholds would underestimate true breaking points for critical habitat amount.
Finally, it is important to consider whether the geographical scale of the study is relevant for the spatial ecology of the study species. The present study is limited by the spatial scale used in the monitoring program from which data was extracted and this constraint is difficult to overcome.
Comparison to other studies
Even though thresholds are dependent on the scale of study, and varies among species and habitats, the results from the modelling reported here agrees with several published studies of area requirements among grassland specialists (reviewed by Toräng 2020), in that many species seem to require that at least 10% of the landscape area is covered by functional grassland habitat.
Conclusions
Models of species persistence as a function of habitat area that are based on empirical data will almost certainly be limited by spatial scale. Given that favourable reference areas should be specified for biogeographical regions, it is therefore required that the results from such models are extrapolated to the biogeographical or national scale with caution. In a draft for Guidelines on concepts and definitions for the next Article 17 reporting (DG Environment 2022), it is suggested that the assessment of favorable reference area for many semi-natural habitats “may require a combination of reference-based and area-based approaches”. Thus, comparisons of benchmark estimates from models of required habitat area with historical records of land cover and location, may be a promising approach for the assessment of justifiable reference areas of grassland habitats. 
The present models cover the total amount of grassland area in the landscape. Given that several of the semi-natural grassland types in the Habitats Directive are ecologically quite similar and many of the study species inhabit several habitat types, this should be the realistic approach. Identified thresholds thus reflect the total semi-natural grassland area required. However, to inform how such thresholds may be allocated to separate favourable reference areas specific for each Natura 2000 habitat type, other sources of data are necessary.
References
Andersson, L., K.-O. Bergman, C. Hellsten, & H. Paltto Andersen. 2019. Landscape ecological gap and functionality analysis (BRIFUNK). Svensk botanisk tidskrift, 113: 276-293.  
Andersson, L., H. Paltto, T. Appelqvist, & C. Hellsten. 2015. Landskapsekologisk Brist- och Funktionalitetsanalys. Avseende sex olika biotoper med huvudsakligt fokus på biosfärområde Östra Vätterbranterna. Pro Natura & Biosfärområde Östra Vätterbranterna. (http://www.pro-natura.net/publikat-filer/Landskapsekologisk%20Brist-%20och%20Funktionalitetsanalys.pdf). 
Aufftret, A.G., A. Kimberley, J. Plue, & E. Waldén. 2018. Super-regional land-use change and effects on the grassland specialist flora. Nature communications, 9: 3464.
Baguette, M., & V. Stevens. 2013. Predicting minimum area requirements of butterflies using life-history traits. Journal of insect conservation, 17: 645–652. 
Bergman, K-O., V. Johansson, & L. Westerberg. 2022. Tröskelvärden för mängden habitat för arter i naturbetesmarker. Jordbruksverket. Unpublished report. 
Chamberlain, D.E., R.J. Fuller, R.G.H. Bunce, J.C. Duckworth, & M. Shrubb. 2000. Changes in the abundance of farmland birds in relation to the timing of agricultural intensification in England and Wales. Journal of applied ecology 37: 771–788.
Cousins, S.A.O. 2009. Extinction debt in fragmented grasslands: paid or not? Journal of Vegetation Science, 20: 3-7.
Cousins, S.A.O., A.G. Auffret, J. Lindgren, & L. Tränk. 2015. Regional-scale land-cover change during the 20th century and its consequences for biodiversity. Ambio, 44: S17-S27.
Cousins, S.A.O., J. Lindgren, J. Plue, I. Brown, & A. Kimberley. 2022. Landskapsindikatorer för biologisk mångfald. Rapport 7064. Naturvårdsverket.  
DG Environment. 2022. Reporting under Article 17 of the Habitats Directive: Explanatory notes and guidelines for the period 2019-2024. Unpublished draft.
Eide, W., K. Ahrné, U. Bjelke, & S. Nordström (eds.). 2020. Tillstånd och trender för arter och deras livsmiljöer – rödlistade arter i Sverige 2020. SLU Artdatabanken, Uppsala.
Hanski, I., & O. Ovaskainen. 2002. Extinction debt at extinction threshold. Conservation biology, 16: 666-673. 
Helm, A., I. Hanski, & M. Pärtel. 2006. Slow response of plant species richness to habitat loss and fragmentation. Ecology letters, 9: 72-77.
Hooftman, D.A.P., B. Edwards, & J.M. Bullock. 2016. Reductions in connectivity and habitat quality drive local extinctions in a plant diversity hotspot. Ecography, 39: 583-592.
Jiang, M., J.M. Bullock, & D.A.P. Hooftman. 2013. Mapping ecosystem service and biodiversity changes over 70 years in a rural English county. Journal of applied ecology, 50: 841–850.
Krauss, J., R.Bommarco, M. Guardiola, R.K. Heikkinen, A. Helm, M. Kuussaari, R. Lindborg, E. Öckinger, M. Pärtel, J. Pino, J. Pöyry, K.M. Raatikainen, A. Sang, C. Stefanescu, T.Teder, M. Zobel, & I. Steffan-Dewenter. 2010. Habitat fragmentation causes immediate and timedelayed biodiversity loss at different trophic levels. Ecology letters, 13: 597-605.
Lundin, A., M. Kindström, & A. Glimskär. 2016. Metodik för regional miljöövervakning av gräsmarker och våtmarker 2015-2020. Länsstyrelsen i Örebro län, publikationsnummer: 2016:21.
Luoto, M., S. Rekolainen, J. Aakkula, & J. Pykälä. 2003. Loss of plant species richness and habitat connectivity in grasslands associated with agricultural change in Finland. Ambio, 32: 447-452. 
Manton, M., & P. Angelstam. 2018. Defining benchmarks for restoration of green infrastructure: a case study combining the historical range of variability of habitat and species’ requirements. Sustainability, 10:326; doi:10.3390/su10020326.
Öckinger, E., & H.G. Smith. 2006. Landscape composition and habitat area affects butterfy species richness in semi-natural grasslands. Oecologia, 149: 526–534.
Pärtel, M., H.H. Bruun, & M. Sammul. 2005. Biodiversity in temperate European grasslands: origin and conservation. In Grassland Science in Europe (Vol. 10, pp. 1-14). Grassland Science in Europe.
Pe’er, G., M.A. Tsianou, K.W. Franz, Y.G. Matsinos, A.D. Mazaris, D. Storch, L. Kopsova, J. Verboom, M. Baguette, V.M. Stevens, & K. Henle. 2014. Toward better application of minimum area requirements in conservation planning. Biological conservation, 170: 92-102.
Toräng, P. 2020. Critical thresholds – habitat loss, fragmentation, and species extinction risk in semi-natural grasslands. SLU Artdatabanken, rapport SLU.DHA.2020.5.2-157.
Toräng, P., & H. Berglund. 2019. Samordnad analys av referensarealer med fokus på gräsmarkernas och kustdynernas naturtyper (flerårsplan). SLU Artdatabanken, rapport SLU.DHA.2019.5.2-16.
Toräng, P., & J. Stephan. 2021. Minimum Area Requirements to denote Favourable Reference Areas for Natura 2000 habitats. SLU Artdatabanken, rapport SLU.DHA.2021.5.2-87.


