Shedding light on conservation strategies for the invasive species Potamopyrgus antipodarum under changing climate
Supplementary data
Appendix A1 
New Zealand mud snail Potamopyrgus antipodarum
Potamopyrgus antipodarum buries itself in the sediment when it is dry or cold, this snail is known as a mudsnail (Duft et al. 2003a). This mollusc has a small narrow shell measures 1 to 10 mm in length with a solid, well-formed operculum and a strong mobile and retractile foot (Winterbourn 1970; Kabat and Hershler 1993; Duft et al. 2003a, b). It can tolerate a wide range of environmental conditions in both native and invaded habitats (Winterbourn, 1969; Alonso and Castro-Díez, 2008; 2012). Its distribution in New Zealand appears to be limited by rather high-water temperatures (> 30 °C) (Winterbourn 1969; Alonso et al. 2023). Also, Clements et al. (2011) discovered the species populations in geothermal streams (Yellowstone National Park, USA) at water temperatures as high as 35.3 °C. Besides, Moffit and James (2012) reported that the size of the species population is regulated by near-to-below freezing winter. 











Supplementary figures
[image: ]Fig S1. Occurrence points of Potamopyrgus antipodarum.
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Fig S2. Globally suitable future habitat areas of Potamopyrgus antipodarum according to different emission scenarios (Bioclimatic).
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Fig S3. Current suitable habitats areas of Potamopyrgus antipodarum globally according to hydroclimatic and bioclimatic model.
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Fig S4. Response curves environmental variables.
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Fig S5. Response curves climatic variables.
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 Fig S6. Response curves Soils & Geology Lithological classes.




Supplementary Tables
Table S1. Environmental variables and model selection
	Variable name
	Variable
	Reference

	BIO1 = Annual Mean Temperature
	_1
	Fick, S.E. and R.J. Hijmans, 2017

	BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp))
	_2
	Fick, S.E. and R.J. Hijmans, 2017

	BIO3 = Isothermality (BIO2/BIO7) (×100)
	_3
	Fick, S.E. and R.J. Hijmans, 2017

	BIO4 = Temperature Seasonality (standard deviation ×100)
	_4
	Fick, S.E. and R.J. Hijmans, 2017

	BIO5 = Max Temperature of Warmest Month
	_5
	Fick, S.E. and R.J. Hijmans, 2017

	BIO6 = Min Temperature of Coldest Month
	_6
	Fick, S.E. and R.J. Hijmans, 2017

	BIO7 = Temperature Annual Range (BIO5-BIO6)
	_7
	Fick, S.E. and R.J. Hijmans, 2017

	BIO8 = Mean Temperature of Wettest Quarter
	_8
	Fick, S.E. and R.J. Hijmans, 2017

	BIO9 = Mean Temperature of Driest Quarter
	_9
	Fick, S.E. and R.J. Hijmans, 2017

	BIO10 = Mean Temperature of Warmest Quarter
	_10
	Fick, S.E. and R.J. Hijmans, 2017

	BIO11 = Mean Temperature of Coldest Quarter
	_11
	Fick, S.E. and R.J. Hijmans, 2017

	BIO12 = Annual Precipitation
	_12
	Fick, S.E. and R.J. Hijmans, 2017

	BIO13 = Precipitation of Wettest Month
	_13
	Fick, S.E. and R.J. Hijmans, 2017

	BIO14 = Precipitation of Driest Month
	_14
	Fick, S.E. and R.J. Hijmans, 2017

	BIO15 = Precipitation Seasonality (Coefficient of Variation)
	_15
	Fick, S.E. and R.J. Hijmans, 2017

	BIO16 = Precipitation of Wettest Quarter
	_16
	Fick, S.E. and R.J. Hijmans, 2017

	BIO17 = Precipitation of Driest Quarter
	_17
	Fick, S.E. and R.J. Hijmans, 2017

	BIO18 = Precipitation of Warmest Quarter
	_18
	Fick, S.E. and R.J. Hijmans, 2017

	BIO19 = Precipitation of Coldest Quarter
	_19
	Fick, S.E. and R.J. Hijmans, 2017

	Climate Actual Evapotranspiration Global Soil-Water Balance
	aet_mm_uyr
	Trabucco & Zomer 2010

	Climate Climate Zones GEnS
	clz_cl_smj
	Metzger et al. 2013

	Climate Potential Evapotranspiration Global-PET
	pet_mm
	Zomer et al. 2008

	Hydrology Degree of Regulation HydroSHEDS & GRanD
	dor_pc_pva
	Lehner et al. 2011

	Hydrology Groundwater Table Depth Global Groundwater Map
	gwt_cm_sav
	Fan et al. 2013

	Hydrology Inundation Extent GIEMS-D15
	inu_pc_ult
	Fluet-Chouinard et al. 2015

	Hydrology Inundation Extent GIEMS-D15
	inu_pc_umn
	Fluet-Chouinard et al. 2015

	Hydrology Lake Volume HydroLAKES
	lkv_mc_usu
	Messager et al. 2016

	Hydrology Land Surface Runoff WaterGAP v2.2
	run_mm_syr
	Döll et al. 2003

	Hydrology Limnicity (Percent Lake Area) HydroLAKES
	lka_pc_use
	Messager et al. 2016

	Hydrology Natural Discharge WaterGAP v2.2
	dis_m3_pmn
	Döll et al. 2003

	Hydrology Natural Discharge WaterGAP v2.2
	dis_m3_pyr
	Döll et al. 2003

	Hydrology Natural Discharge WaterGAP v2.2
	dis_m3_max
	Döll et al. 2003

	Hydrology Reservoir Volume GRanD v1.1
	rev_mc_usu
	Lehner et al. 2011

	Hydrology River Area HydroSHEDS & WaterGAP
	 ria_ha
	Lehner & Grill 2013

	Hydrology River Volume HydroSHEDS & WaterGAP
	riv_tc
	Lehner & Grill 2013

	Landcover Forest Cover Extent GLC2000
	for_pc_use
	Bartholomé & Belward 2005

	Landcover Freshwater Major Habitat Types FEOW
	fmh_cl_smj
	Abell et al. 2008

	Landcover Wetland Extent GLWD
	wet_cl_smj
	Lehner & Döll 2004

	Physiography Elevation EarthEnv-DEM90
	ele_mt_uav
	Robinson et al. 2014

	Physiography Stream Gradient EarthEnv-DEM90
	sgr_dk_sav
	Robinson et al. 2014

	Physiography Terrain Slope EarthEnv-DEM90
	slp_dg_uav
	Robinson et al. 2014

	Soils & Geology Clay Fraction in Soil SoilGrids1km
	cly_pc_uav
	Hengl et al. 2014

	Soils & Geology Karst Area Extent Rock Outcrops v3.0
	kar_pc_use
	Williams & Ford 2006

	Soils & Geology Lithological Classes GLiM
	lit_cl_smj
	Hartmann & Moosdorf 2012

	Soils & Geology Organic Carbon Content in Soil SoilGrids1km
	soc_th_uav
	Hengl et al. 2014

	Soils & Geology Sand Fraction in Soil SoilGrids1km
	snd_pc
	Hengl et al. 2014

	Soils & Geology Silt Fraction in Soil SoilGrids1km
	slt_pc_uav
	Hengl et al. 2014

	Topographic Position Index
	tpi
	






Table S2. Environmental variables used in the model.
	Variable name
	Variable
	Reference

	BIO1 = Annual Mean Temperature
	_1
	Fick, S.E. and R.J. Hijmans, 2017

	BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp))
	_2
	Fick, S.E. and R.J. Hijmans, 2017

	BIO3 = Isothermality (BIO2/BIO7) (×100)
	_3
	Fick, S.E. and R.J. Hijmans, 2017

	BIO4 = Temperature Seasonality (standard deviation ×100)
	_4
	Fick, S.E. and R.J. Hijmans, 2017

	BIO5 = Max Temperature of Warmest Month
	_5
	Fick, S.E. and R.J. Hijmans, 2017

	BIO6 = Min Temperature of Coldest Month
	_6
	Fick, S.E. and R.J. Hijmans, 2017

	BIO7 = Temperature Annual Range (BIO5-BIO6)
	_7
	Fick, S.E. and R.J. Hijmans, 2017

	BIO8 = Mean Temperature of Wettest Quarter
	_8
	Fick, S.E. and R.J. Hijmans, 2017

	BIO9 = Mean Temperature of Driest Quarter
	_9
	Fick, S.E. and R.J. Hijmans, 2017

	BIO10 = Mean Temperature of Warmest Quarter
	_10
	Fick, S.E. and R.J. Hijmans, 2017

	BIO11 = Mean Temperature of Coldest Quarter
	_11
	Fick, S.E. and R.J. Hijmans, 2017

	BIO12 = Annual Precipitation
	_12
	Fick, S.E. and R.J. Hijmans, 2017

	BIO13 = Precipitation of Wettest Month
	_13
	Fick, S.E. and R.J. Hijmans, 2017

	BIO14 = Precipitation of Driest Month
	_14
	Fick, S.E. and R.J. Hijmans, 2017

	BIO15 = Precipitation Seasonality (Coefficient of Variation)
	_15
	Fick, S.E. and R.J. Hijmans, 2017

	BIO16 = Precipitation of Wettest Quarter
	_16
	Fick, S.E. and R.J. Hijmans, 2017

	BIO17 = Precipitation of Driest Quarter
	_17
	Fick, S.E. and R.J. Hijmans, 2017

	BIO18 = Precipitation of Warmest Quarter
	_18
	Fick, S.E. and R.J. Hijmans, 2017

	BIO19 = Precipitation of Coldest Quarter
	_19
	Fick, S.E. and R.J. Hijmans, 2017

	Climate Actual Evapotranspiration Global Soil-Water Balance
	aet_mm_uyr
	Trabucco & Zomer 2010

	Climate Climate Zones GEnS
	clz_cl_smj
	Metzger et al. 2013

	Climate Potential Evapotranspiration Global-PET
	pet_mm
	Zomer et al. 2008

	Hydrology Degree of Regulation HydroSHEDS & GRanD
	dor_pc_pva
	Lehner et al. 2011

	Hydrology Groundwater Table Depth Global Groundwater Map
	gwt_cm_sav
	Fan et al. 2013

	Hydrology Inundation Extent GIEMS-D15
	inu_pc_ult
	Fluet-Chouinard et al. 2015

	Hydrology Inundation Extent GIEMS-D15
	inu_pc_umn
	Fluet-Chouinard et al. 2015

	Hydrology Lake Volume HydroLAKES
	lkv_mc_usu
	Messager et al. 2016

	Hydrology Land Surface Runoff WaterGAP v2.2
	run_mm_syr
	Döll et al. 2003

	Hydrology Limnicity (Percent Lake Area) HydroLAKES
	lka_pc_use
	Messager et al. 2016

	Hydrology Natural Discharge WaterGAP v2.2
	dis_m3_pmn
	Döll et al. 2003

	Hydrology Natural Discharge WaterGAP v2.2
	dis_m3_pyr
	Döll et al. 2003

	Hydrology Natural Discharge WaterGAP v2.2
	dis_m3_max
	Döll et al. 2003

	Hydrology Reservoir Volume GRanD v1.1
	rev_mc_usu
	Lehner et al. 2011

	Hydrology River Area HydroSHEDS & WaterGAP
	 ria_ha
	Lehner & Grill 2013

	Hydrology River Volume HydroSHEDS & WaterGAP
	riv_tc
	Lehner & Grill 2013

	Landcover Forest Cover Extent GLC2000
	for_pc_use
	Bartholomé & Belward 2005

	Landcover Freshwater Major Habitat Types FEOW
	fmh_cl_smj
	Abell et al. 2008

	Landcover Wetland Extent GLWD
	wet_cl_smj
	Lehner & Döll 2004

	Physiography Elevation EarthEnv-DEM90
	ele_mt_uav
	Robinson et al. 2014

	Physiography Stream Gradient EarthEnv-DEM90
	sgr_dk_sav
	Robinson et al. 2014

	Physiography Terrain Slope EarthEnv-DEM90
	slp_dg_uav
	Robinson et al. 2014

	Soils & Geology Clay Fraction in Soil SoilGrids1km
	cly_pc_uav
	Hengl et al. 2014

	Soils & Geology Karst Area Extent Rock Outcrops v3.0
	kar_pc_use
	Williams & Ford 2006

	Soils & Geology Lithological Classes GLiM
	lit_cl_smj
	Hartmann & Moosdorf 2012

	Soils & Geology Organic Carbon Content in Soil SoilGrids1km
	soc_th_uav
	Hengl et al. 2014

	Soils & Geology Sand Fraction in Soil SoilGrids1km
	snd_pc
	Hengl et al. 2014

	Soils & Geology Silt Fraction in Soil SoilGrids1km
	slt_pc_uav
	Hengl et al. 2014

	Topographic Position Index
	tpi
	







Table S3. Environmental classes (Categorical data).
	GLWD_ID
	GLWD_Name (wet_cl)
	GEnZ_ID
	GEnZ_Name (clz_cl)

	1
	Lake
	1
	Arctic 1

	2
	Reservoir
	2
	Arctic 2

	3
	River
	3
	Extremely cold and wet 1

	4
	Freshwater marsh, floodplain
	4
	Extremely cold and wet 2

	5
	Swamp forest, flooded dorest
	5
	Cold and wet

	6
	Coastal wetland (incl. mangove, estuary, delta, lagoon)
	6
	Extremely cold and mesic

	7
	Pan, brackish/saline wetland
	7
	Cold and mesic

	8
	Bog, fen, mire (peatland)
	8
	Cool temperate and dry

	9
	Intermittent wetland/lake
	9
	Cool temperate and xeric

	10
	50-100% wetland
	10
	Cool temperate and moist

	11
	25-50% wetland
	11
	Warm temperate and mesic

	12
	Wetland complex (0-25%)
	12
	Warm temperate and xeric

	 
	 
	13
	Hot and mesic

	 
	 
	14
	Hot and dry

	 
	 
	15
	Hot and arid

	 
	 
	16
	Extremely hot and arid

	 
	 
	17
	Extremely hot and xeric

	 
	 
	18
	Extremely hot and moist

	MHT_ID
	MHT_Name (fmh_cl)
	GLiM_ID
	Class_Name (lit_cl)

	1
	Large lakes
	1
	Unconsolidated Sediments (SU)

	2
	Large river deltas
	2
	Basic Volcanic Rocks (VB)

	3
	Montane freshwaters
	3
	Siliciclastic Sedimentary Rocks (SS)

	4
	Xeric freshwaters and endorheic basins
	4
	Basic Plutonic Rocks (PB)

	5
	Temperate coastal rivers
	5
	Mixed Sedimentary Rocks (SM)

	6
	Temperate upland rivers
	6
	Carbonate Sedimentary Rocks (SC)

	7
	Temperate floodplain rivers and wetlands
	7
	Acid Volcanic Rocks (VA)

	8
	Tropical and subtropical coastal rivers
	8
	Metamorphic Rocks (MT)

	9
	Tropical and subtropical upland rivers
	9
	Acid Plutonic Rocks (PA)

	10
	Tropical and subtropical floodplain rivers and wetlands
	10
	Intermediate Volcanic Rocks (VI)

	11
	Polar freshwaters
	11
	Water Bodies (WB)

	12
	Oceanic islands
	12
	Pyroclastics (PY)

	98
	Greenland
	13
	Intermediate Plutonic Rocks (PI)

	99
	No Data
	14
	Evaporites (EV)

	 
	 
	15
	No Data (ND)

	 
	 
	16
	Ice and Glaciers (IG)



Table S4. Niche breadth (Levins’ B) values for hydro-environmental characteristics climate scenarios.
	FILE
	B1 (inverse concentration)
	B2 (uncertainty)

	new_zealand_env
	0.914162512042318
	0.993594711710418

	Türkiye_env
	0.708480930651308
	0.980664901976915

	Europe_env
	0.254042805709541
	0.923283769552706

	North_america_env
	0.210772268170236
	0.915106212755716

	Global
	0.128334177521377
	0.897044381139796

	South_america_env
	0.121105075367444
	0.88709889697757

	Australia_env
	0.0901821216777056
	0.844921490227077

















Table S5. Niche breadth (Levins’ B) values for climatic characteristics and climate scenarios. 
	FILE
	B1 (inverse concentration)
	B2 (uncertainty)

	Avusturalia_126_2050
	0.155702606637606
	0.879815643249344

	Avusturalia _126_2100
	0.156658760216157
	0.880033518789105

	Avusturalia _585_2050
	0.142047653968496
	0.874966248756241

	Avusturalia _585_2100
	0.107062892957422
	0.862509478949175

	Avusturalia _current
	0.175829148784215
	0.886899029204148

	Global_126_2050
	0.146016752022659
	0.903467293416744

	Global _126_2100
	0.14449415342054
	0.903025516221806

	Global _585_2050
	0.147492398928756
	0.90418319107259

	Global _585_2100
	0.156341857369604
	0.907997571640835

	Global _current
	0.151748702101672
	0.904236190867328

	North America_126_2050
	0.216419173628164
	0.914875554505958

	North America _126_2100
	0.213257905906269
	0.914097297650647

	North America _585_2050
	0.221598895960357
	0.916748895133284

	North America _585_2100
	0.27232920077771
	0.931604886278794

	North America _current
	0.217300419770325
	0.914968131394029

	New Zealand_126_2050
	0.959856551029199
	0.997015074883545

	New Zealand _126_2100
	0.956647904792547
	0.9967464693703

	New Zealand _585_2050
	0.968403482134532
	0.997758353667803

	New Zealand _585_2100
	0.968309676769328
	0.997934914017367

	New Zealand _current
	0.932094480331734
	0.994719947128184

	Europe_126_2050
	0.28471195165182
	0.932381685889211

	Europe_126_2100
	0.280473847881404
	0.931637712305957

	Europe _585_2050
	0.291395907683919
	0.934399403246343

	Europe _585_2100
	0.280710683206472
	0.933697660201023

	Europe _current
	0.292331823273274
	0.930463044568914

	South America_126_2050
	0.132096215017602
	0.880868238974835

	South America _126_2100
	0.133293962338249
	0.881285165157838

	South America _585_2050
	0.124903470680865
	0.877107431645998

	South America _585_2100
	0.106316217730625
	0.867169620330812

	South America _current
	0.153971326834677
	0.891776961358016

	Türkiye_126_2050
	0.752321919550765
	0.983674780301745

	Türkiye _126_2100
	0.751030359991094
	0.983654317086675

	Türkiye _585_2050
	0.704833879550934
	0.980421458544746

	Türkiye _585_2100
	0.500286204965224
	0.966450597339461

	Türkiye _current
	0.84103319344942
	0.989905979886489





Table S6. Analysis of variable contributions.
	Variable
	Percent contribution
	Permutation importance

	_15
	23.9
	5

	_19
	21.9
	1.1

	_6
	19.9
	54.4

	_8
	11
	6.6

	_10
	8.2
	8.5

	clz_cl_smj
	5.9
	1.2

	aet_mm_uyr
	4.9
	4.2

	soc_th_uav
	1.7
	5.2

	slt_pc_uav
	0.5
	3.4

	_9
	0.3
	1.9

	dor_pc_pva
	0.3
	0.2

	_18
	0.3
	1.1

	cly_pc_uav
	0.2
	1.3

	_3
	0.2
	1.2

	tpi
	0.2
	0.5












Table S7. Scoring output from the Aquatic Species Invasiveness Screening Kit for Potamopyrgus antipodarum in the risk assessment area (Türkiye).

	Section/category
	 Score

	Biogeography/Historical
	10.0

	Domestication/Cultivation
	-2.0

	Climate, distribution and introduction risk
	2.0

	Invasive elsewhere
	10.0

	Biology/Ecology
	12.0

	Undesirable (or persistence) traits
	7.0

	Resource exploitation
	0.0

	Reproduction
	3.0

	Dispersal mechanisms
	3.0

	Tolerance attributes
	-1.0
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