Supplementary Table 1: Site characteristics of the Rheum australe population collected from Uttarakhand, Western Himalaya in the present study

	S. No.
	Sampling sites
	Sampling Site Code
	Latitude (N)
	Longitude (E)
	Altitude 

(m asl)
	AMT (°C)
	AMP (mm)
	Habitat

	1. 
	Tungnath
	S1
	30°29'59.01"
	79°13'41.51"
	3259
	10.28
	169.67
	Moist grassy slope 

	2. 
	Bedni 
	S2
	30°12' 3.96"
	79°39'25.92"
	3325
	9.03
	170.17
	Alpine rocky slope near stream

	3. 
	Himtoli
	S3
	30°30'38.01"
	79°46'13.08"
	3363
	7.72
	158.00
	Moist grassy slope 

	4. 
	Dayara
	S4
	30°50'40.99"
	78°32'39.94"
	3416
	6.43
	126.33
	Alpine rocky slope near stream

	5. 
	Maiktoli base
	S5
	30°14ʹ01.38ʹʹ
	79°55ʹ08.46ʹʹ
	3435
	1.73
	148.25
	Open rocky slope with boulders

	6. 
	Furkiya
	S6
	30°13'60.37"
	80°00'12.45"
	3464
	4.32
	148.17
	Alpine rocky slope near stream

	7. 
	Rudranath
	S7
	30°31'31.98"
	79°19'90.01"
	3468
	6.18
	153.58
	Rocky crevices

	8. 
	Pawali Katha
	S8
	30°37'59.02"
	78°54'78.48"
	3514
	7.37
	152.92
	Open rocky slope with boulders

	9. 
	Kuari Pass
	S9
	30°28'33.32"
	79°37'16.48"
	3515
	13.06
	154.50
	Rocky crevices 

	10. 
	Lata khark
	S10
	30°29'49.32"
	79°44'58.48"
	3586
	8.19
	152.92
	Open rocky slope with boulders

	11. 
	Kafni
	S11
	30°12'38.58"
	80°03'48.38"
	3662
	0.39
	123.42
	Open rocky slope with boulders

	12. 
	Baluni top
	S12
	30°12'51.38"
	79°53'52.78"
	3794
	2.21
	138.67
	Moist grassy slope 

	13. 
	Kedarnath
	S13
	30°44'39.32"
	79°40'50.65"
	4115
	0.72
	116.92
	Moist grassy slope 


Note: AMT: Annual mean temperature; AMP: Annual mean precipitation was collected from the Worldclim Database based on 1971-2022 year after year.

Supplementary Table 2: Site characteristics, habitat types, associated dominant species, and perceived threats on R. australe along an altitudinal gradient in the Uttarakhand, West Himalaya

	S. No.
	Sites
	Altitude

(m asl)
	Habitat type
	Associated species (dominant only)
	Perceived threats

	1.
	Tungnath
	3259
	Moist grassy slope 
	Danthonia cachemyriana (18.41), Cassiope fastigiata (15.73), Plantago major (14.02), Geranium wallichianum (13.43), Bistorta affinis (11.87)
	OH, GR, AP

	2.
	Bedni
	3325
	Alpine rocky slope near streams
	Danthonia cachemyriana (15.61), Bistorta affinis (14.27), Felicia rosulata (13.52), Potentilla atrosanguinea (12.21), Anemone tetrasepala (8.32)
	OH, GR

	3.
	Himtoli
	3363
	Moist grassy slope  
	Danthonia cachemyriana (16.09), Potentilla acuminata (13.73), Bistorta affinis (13.17), Felicia rosulata (13.07), Potentilla atrosanguinea (12.23) 
	GR,

	4.
	Dayara
	3416
	Alpine rocky slope near streams
	Potentilla atrosanguinea (21.79), Polygonum polystachyum (21.57), Bistorta affinis (20.52), Aconitum heterophyllum (9.81), Selinum wallichianum (5.46)
	GR, OH, AP

	5.
	Maiktoli
	3435
	Open rocky grassy slope with boulders
	Anemone tetrasepala (16.84), Geranium wallichianum (14.63), Felicia rosulate (12.90), Bistorta affinis (12.59), Potentilla atrosanguinea (12.17)
	HD, GR,

	6.
	Furkiya
	3464
	Alpine rocky slope near streams
	Danthonia cachemyriana (20.43), Potentilla atrosanguinea (15.46), Geranium wallichianum (14.50), Anemone tetrasepala (8.32), Polygonatum verticillatum (7.49)
	GR, AP, HD

	7.
	Rudranath
	3468
	Rocky crevices
	Bistorta affinis (15.94), Potentilla atrosanguinea (14.85), Felicia rosulate (14.69), Danthonia cachemyriana (13.37), Anemone tetrasepala (12.81)
	AP, GR, HD

	8.
	Pawali katha
	3514
	Open rocky grassy slope with boulders
	Anemone tetrasepala (17.42), Felicia rosulate (12.05), Geranium wallichianum (11.90), Bistorta affinis (11.83), Potentilla atrosanguinea (10.99) 
	GR

	9.
	Kuari Pass
	3515
	Rocky crevices
	Bistorta affinis (17.92), Anemone tetrasepala (17.35), Felicia rosulata (13.22), Geranium wallichianum (12.83), Potentilla atrosanguinea (11.86),
	OH, AP

	10.
	Lata khark
	3586
	Open rocky grassy slope with boulders
	 Danthonia cachemyriana (18.34), Bistorta affinis (14.07), Potentilla atrosanguinea (13.04), Anemone tetrasepala (12.73), Geranium wallichianum (11.71)
	OH, GR

	11.
	Kafni
	3662
	Open rocky grassy slope with boulders
	Rumex nepalensis (17.37), Geranium wallichianum (14.61), Potentilla atrosanguinea (13.98), Polygonatum verticillatum (11.90), Danthonia cachemyriana (8.61)
	HD

	12.
	Baluni top
	3794
	Moist grassy slope 
	Polygonum polystachyum (25.66), Potentilla atrosanguinea (17.27), Bistorta affinis (17.16), Aconitum heterophyllum (15.20), Rumex nepalensis (5.50)
	GR

	13.
	Kedarnath
	4115
	Moist grassy slope 
	Danthonia cachemyriana (22.95), Cassiope fastigiate (14.01), Geranium wallichianum (13.30), Plantago major (12.05), Bistorta affinis (12.08)
	HD, AP


Note: m asl- meter above sea level; OH- over-harvesting; HD – habitat degradation; AP- anthropogenic pressure; GR- grazing; values in parenthesis indicate relative density of associated dominant species only

Supplementary Table 3: Variations in population status of R. australe across altitudinal zones and habitat types in Uttarakhand, Western Himalaya

	Parameters
	Density (ind/m2)
	Freq.

 (%)
	A
	RD
	     RF
	RA
	IVI

	Altitude (m asl)

	3200- 3450 (n=5)
	1.00±0.10
	45.33±3.97
	2.19 ±0.17
	1.77± 0.29
	5.99± 0.73
	2.46± 0.22
	10.22± 1.16

	3451- 3700 (n=6)
	1.23±0.14
	52.50±3.05
	2.34 ±0.23
	1.87± 0.14
	6.33± 0.54
	2.36± 0.14
	10.44± 0.70

	3701- 3950 (n=1)
	0.92±0.08
	37.50±2.02
	2.29 ±0.11
	1.78 ±0.22
	5.67± 0.66
	2.86± 0.23
	10.30± 0.86

	3951- 4200 (n=1)
	1.08±0.14
	57.50±10.22
	1.85 ±0.11
	1.65 ±0.22
	8.68± 1.05
	1.97± 0.23
	12.29± 1.25

	Habitat type

	Moist grassy slope (n= 4)
	1.02 ± 0.09
	45.83±4.53 
	2.20 ±0.13
	1.65 ±0.10
	6.64 ±0.84
	2.39 ± 0.19
	10.67± 0.75

	Alpine rocky slope near streams   (n=3)
	1.01 ± 0.11
	53.33±4.19 
	1.92 ±0.35
	2.12 ±0.27
	6.74 ±0.46
	2.61 ± 0.31
	11.46± 0.90

	Open rocky slope with boulder   (n=4)
	1.10 ± 0.15
	47.50±5.20
	2.28 ±0.14
	1.61 ±0.25
	5.53 ±1.01
	2.16 ± 0.16
	9.12± 1.29

	Rocky cervices    (n=2)
	1.43 ± 0.40
	51.67±8.34
	2.75 ±0.41
	2.06 ±0.39
	6.72 ±0.04
	2.63 ± 0.34
	11.40± 0.77


Note: m amsl- meter above mean sea level; Freq.- Frequency; A- abundance; RD- relative density; RF- relative frequency; RA- relative abundance; IVI- importance value index

Supplementary Table 4: Variation in polyphenolic content of aerial and root parts among different populations of R. australe in Uttarakhand, Western Himalaya

	Aerial part
	Root part

	Population
	Gallic acid 
	Ascorbic acid
	E-GCG
	Naringin
	Phloridzin
	Catechin
	Gallic acid 
	Ascorbic acid
	E- GCG
	Naringin
	Phloridzin
	Catechin

	S1
	0.41df ± 0.01
	0.50i ± 0.01
	0.16g ± 0.01
	0.32b ± 0.02
	0.28cdef ± 0.01
	0.42ef ± 0.01
	0.32h ± 0.04
	0.77g ± 0.03
	0.42g ± 0.01
	0.28h ± 0.03
	0.43de ± 0.01
	0.44g ± 0.01

	S2
	0.16f ± 0.01
	0.97g ± 0.03
	0.15g ± 0.01
	0.29cd ± 0.01
	0.16def ± 0.03
	0.52cd ± 0.01
	0.55gh ± 0.01
	0.54h ± 0.01
	0.69ef ± 0.04
	0.43def ± 0.01
	0.39e ± 0.02
	0.65e ± 0.02

	S3
	0.23df ± 0.03
	0.61h ± 0.02
	0.24f ± 0.01
	0.25de ± 0.03
	0.18def ± 0.01
	0.46de ± 0.02
	0.47h ± 0.02
	0.99e ± 0.03
	0.67f ± 0.01
	0.36fg ± 0.01
	0.51cd ± 0.03
	0.54f ± 0.01

	S4
	0.45df ± 0.32
	0.13j ± 0.01
	0.16g ± 0.01
	0.20fg ± 0.02
	0.11f ± 0.01
	0.13g ± 0.01
	0.59g ± 0.01
	1.01e ± 0.01
	0.27h ± 0.01
	0.35gh ± 0.01
	0.23f ± 0.02
	0.64e ± 0.02

	S5
	0.32df ± 0.01
	1.07f ± 0.03
	0.14g ± 0.01
	0.17g ± 0.01
	0.12f ± 0.01
	0.46de ± 0.02
	0.58g ± 0.02
	0.88f ± 0.04
	0.45g ± 0.10
	0.45de ± 0.01
	0.24f ± 0.02
	0.76d ± 0.01

	S6
	0.53cd ± 0.04
	1.12f ± 0.02
	0.16g ± 0.01
	0.23f ± 0.02
	0.13ef ± 0.01
	0.54bc ± 0.02
	0.73f ± 0.03
	1.13d ± 0.02
	0.81bcde ± 0.03
	0.38ef ± 0.01
	0.36e ± 0.02
	0.82d ± 0.03

	S7
	0.34df ± 0.01
	1.70c ± 0.02
	0.38b ± 0.01
	0.11h ± 0.01
	0.37bcd ± 0.02
	0.37f ± 0.01
	1.11cd ± 0.04
	1.12d ± 0.03
	0.87bcd ± 0.03
	0.56bc ± 0.01
	0.44de ± 0.03
	1.10c ± 0.01

	S8
	0.53cd ± 0.02
	1.28e ± 0.01
	0.34cd ± 0.01
	0.25de ± 0.01
	0.53b ± 0.20
	0.39f ± 0.04
	0.70f ± 0.01
	0.94ef ± 0.03
	0.78cdef ± 0.03
	0.46d ± 0.02
	0.16f ± 0.01
	1.16c ± 0.01

	S9
	0.79bc ± 0.05
	1.52d ± 0.03
	0.33cd ± 0.01
	0.22f ± 0.02
	0.16def ± 0.02
	0.21g ± 0.01
	1.07d ± 0.02
	1.26c ± 0.02
	0.92b ± 0.01
	0.45de ± 0.01
	0.45cde ± 0.03
	1.10c ± 0.01

	S10
	0.84bc ± 0.03
	2.26a ± 0.01
	0.43a ± 0.01
	0.25de ± 0.02
	0.35bcde ± 0.01
	0.66a ± 0.03
	0.83e ± 0.05
	1.48a ± 0.01
	0.90bc ± 0.02
	0.54c ± 0.03
	0.54bc ± 0.03
	1.10c ± 0.05

	S11
	0.88b ± 0.01
	2.04b ± 0.02
	0.38b ± 0.01
	0.22f ± 0.01
	0.45bc ± 0.01
	0.55bc ± 0.01
	1.18c ± 0.01
	1.25c ± 0.02
	0.75def ± 0.04
	0.63ab ± 0.02
	0.61b ± 0.03
	1.48b ± 0.08

	S12
	1.51a ± 0.12
	1.72c ± 0.02
	0.30e ± 0.03
	0.45a ± 0.01
	0.47bc ± 0.01
	0.59b ± 0.01
	1.54a ± 0.03
	1.27c ± 0.03
	1.12a ± 0.02
	0.55c ± 0.02
	0.89a ± 0.03
	1.64a ± 0.02

	S13
	1.28a ± 0.04
	2.28a ± 0.02
	0.45a ± 0.01
	0.34b ± 0.02
	0.75a ± 0.12
	0.70a ± 0.02
	1.28b ± 0.05
	1.37b ± 0.03
	1.18a ± 0.03
	0.67a ± 0.04
	0.88a ± 0.06
	1.54b ± 0.01

	Mean ± SD
	0.64 ± 0.11 
	1.32 ± 0.19
	0.28 ± 0.03
	0.25 ± 0.02
	0.31 ± 0.05
	0.46 ± 0.04
	0.84 ± 0.10
	1.08 ± 0.07
	0.76 ± 0.07
	0.47 ± 0.03
	0.47 ± 0.06
	0.99 ± 0.11


Note:  Value in mg/g DW; All data are reported as the mean of three replicates ± standard error (SE).  Mean followed by different superscript letters (a-h) indicates significant differences (p<0.05) using One-way ANOVA Duncan multiple range test (DMRT). E-GCG: Epigallocatechin gallate
Supplementary Table 5: Variations in phytochemical content and antioxidant activity across the altitudinal zone of R. austarle

	Plant part
	Phytochemical content 
	Altitudinal zone (m asl)

	
	
	3200 - 3450
	   3451 - 3700
	3701 - 3950
	3951 – 4200

	Aerial
	TPC
	3.01 ± 0.27
	5.26 ± 0.33
	7.29 ± 0.02
	9.71 ± 0.02

	
	TFC
	6.78 ± 0.20
	7.94 ± 0.34
	10.1 ± 0.01
	9.25 ± 0.01

	
	TTC
	1.89 ± 0.13
	2.40 ± 0.34
	5.65 ± 0.26
	4.63 ± 0.12

	
	DPPH
	3.08 ± 0.19
	4.11 ± 0.18
	5.33 ± 0.01
	6.48 ± 0.01

	
	FRAP
	1.89 ± 0.28
	3.04 ± 0.19
	3.15 ± 0.01
	3.56 ± 0.01

	
	GA
	0.32 ± 0.06
	0.65 ± 0.09
	1.51 ± 0.12
	 1.28 ± 0.04

	
	AA
	0.66 ± 0.17
	1.65 ± 0.18
	1.72 ± 0.02
	2.28 ± 0.02

	
	E-GCG
	0.17 ± 0.02
	0.34 ± 0.04
	0.30 ± 0.03
	0.45 ± 0.01

	
	NG
	0.25 ± 0.03
	0.21 ± 0.02
	0.45 ± 0.01
	0.34 ± 0.02

	
	PD
	0.17 ± 0.03
	0.33 ± 0.06
	0.47 ± 0.01
	0.75 ± 0.12

	
	CC
	0.40 ± 0.07
	0.45 ± 0.07
	0.59 ± 0.01
	0.70 ± 0.02

	Root
	TPC
	4.34 ± 0.19
	6.76 ± 0.45
	12.7 ± 0.02
	10.3 ± 0.02

	
	TFC
	11.4 ± 0.56
	13.94 ± 0.41
	13.4 ± 0.01
	14.2 ± 0.02

	
	TTC
	2.48 ± 0.23
	6.47 ± 0.97
	9.32 ± 0.01
	6.61 ± 0.27

	
	DPPH
	4.42 ± 0.16
	5.99 ± 0.19
	6.67 ± 0.01
	5.77 ± 0.01

	
	FRAP
	2.45 ± 0.18
	3.45 ± 0.11
	3.22 ± 0.01
	3.16 ± 0.03

	
	GA
	0.50 ± 0.05
	0.94 ± 0.09
	 1.54 ± 0.03
	1.28 ± 0.05

	
	AA
	0.84 ± 0.09
	1.20 ± 0.07
	1.27 ± 0.03
	1.37 ± 0.03

	
	E-GCG
	0.50 ± 0.08
	0.84 ± 0.03
	1.12 ± 0.02
	1.18 ± 0.03

	
	NG
	0.37 ± 0.03
	0.50 ± 0.04
	0.55 ± 0.02
	0.67 ± 0.04

	
	PD
	0.36 ± 0.05
	0.43 ± 0.06
	0.89 ± 0.03
	0.88 ± 0.06

	
	CC
	0.60 ± 0.05
	1.12 ± 0.09
	1.64 ± 0.02
	1.54 ± 0.01


Note: Data are reported as mean of replicates ± standard error. TPC- Total phenol content (mg GAE/g DW); TFC- Total flavonoid content (mg QE/g DW); DPPH- 2, 2-Diphenyl-1-picryhydrazyl assay (mM AAE/100g DW); FRAPA- Ferric reducing antioxidant power in root assay (mM AAE/100g DW); GA- Gallic acid (mg/g DW); AA- Ascorbic acid (mg/g DW); E-GCG- Epigallocatechin gallate (mg/g DW); NG- Naringin (mg/g DW); PD- Phloridzin (mg/g DW); CC- Catechin (mg/g DW).

Supplementary Table 6: Variations in phytochemical content and antioxidant activity among different habitat types of R. australe in Uttarakhand Himalaya

	Plant parts
	Phytochemical content
	Moist grassy slope
	Alpine rocky slope near streams
	Open rocky slope with boulders
	Rocky crevices

	Aerial
	TPC
	5.85 ± 1.62
	3.28 ± 0.75
	5.31 ± 0.38
	4.52 ± 0.33

	
	TFC
	8.33 ± 0.81
	6.99 ± 0.60
	8.07 ± 0.30
	7.16 ± 0.04

	
	TTC
	3.56 ± 0.95
	1.70 ± 0.25
	2.42 ± 0.13
	2.56 ± 0.19

	
	DPPH
	4.64 ± 0.78
	3.26 ± 0.18
	3.78 ± 0.09
	4.21 ± 0.02

	
	FRAP
	2.51 ± 0.51
	1.98 ± 0.40
	3.06 ± 0.20
	3.05 ± 0.58

	
	GA
	0.86 ± 0.31
	0.38 ± 0.11
	0.64 ± 0.13
	0.56 ± 0.23

	
	AA
	1.28 ± 0.43
	0.74 ± 0.31
	1.66 ± 0.29
	1.61 ± 0.09

	
	E-GCG
	0.29 ± 0.06
	0.16 ± 0.01
	0.32 ± 0.06
	0.36 ± 0.03

	
	NG
	0.34 ± 0.04
	0.24 ± 0.03
	0.22 ± 0.02
	0.17 ± 0.06

	
	PD
	0.42 ± 0.13
	0.14 ± 0.01
	0.36 ± 0.09
	0.26 ± 0.11

	
	CC
	0.54 ± 0.06
	0.40 ± 0.13
	0.52 ± 0.06
	0.29 ± 0.08

	Root
	TPC
	7.86 ± 2.17
	4.73 ± 0.53
	6.90 ± 0.78
	6.02 ± 0.17

	
	TFC
	12.04 ± 1.03
	11.86 ± 0.37
	13.9 ± 0.47
	14.28 ± 0.09

	
	TTC
	5.05 ± 1.78
	3.16 ± 0.73
	6.87 ± 1.55
	5.02 ± 0.64

	
	DPPH
	5.20 ± 0.62
	4.69 ± 0.33
	5.80 ± 0.35
	6.19 ± 0.19

	
	FRAP
	2.77 ± 0.26
	2.63 ± 0.38
	3.23 ± 0.13
	3.73 ± 0.01

	
	GA
	0.90 ± 0.30
	0.62 ± 0.05
	0.82 ± 0.13
	1.09 ± 0.01

	
	AA
	1.10 ± 0.14
	0.89 ± 0.18
	1.14 ± 0.14
	1.19 ± 0.07

	
	E-GCG
	0.85 ± 0.18
	0.59 ± 0.16
	0.72 ± 0.09
	0.90 ± 0.02

	
	NG
	0.46 ± 0.09
	0.38 ± 0.02
	0.52 ± 0.04
	0.51 ± 0.06

	
	PD
	0.68 ± 0.12
	0.33 ± 0.05
	0.39 ± 0.11
	0.45 ± 0.01

	
	CC
	1.04 ± 0.03
	0.70 ± 0.06
	1.12 ± 0.15
	1.10 ± 0.01


Note: TPC – total phenolics content; TFC - total flavonoids content; TTA - total tannins content; DPPH- 2, 2-Diphenyl-1-picryhydrazyl assay (mM AAE/100g DW); FRAP- Ferric reducing antioxidant power assay (mM AAE/100g DW); GA- Gallic acid (mg/g DW); AA- Ascorbic acid (mg/g DW); E-GCG- Epigallocatechin gallate (mg/g DW); NG- Naringin (mg/g DW); PD- Phloridzin (mg/g DW); CC- Catechin (mg/g DW).
Fig. S1. Chord diagram depicting the distribution of plant species in different studied sites of R. australe for ecological assessment in Uttarakhand. 
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Fig. S2. Variation in R. australe species density along the (a) different altitudinal zones and (b) habitat types in Uttarakhand, Western Himalaya. 
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