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Fi g .  1  P a t t e r n s  o f  s p e c i e s  r i c hn e s s  a n d  t u r n o v e r  r a te  i n  m in e - a f f e c te d  re g i o n s

a l o n g  P T E s  a n d  e l e v a t i o n  g r a d i e n t s  i n  a  h i g h - a l t i t u d e  m o u n t a i n o u s  r e g i o n  o f

t h e  T i b e t a n  P l a t e a u . a - c ,  S p e c i e s  r i c h n e s s ,  e v e n n e s s ,  a n d  c o v e r a g e  o f  p l a n t s  i n

n a t u r a l  ( g r e e n )  a n d  P T E - p o l l u t e d  h a b i t a t s  ( o r a n g e ) .  T r e n d  l i n e s  w e r e  c a l c u l a t e d

u s i n g  G e n e r a l i z e d  A d d i t i v e  M o d e l s .  d ,  O r d i n a t i o n  b a s e d  o n  n o n m e t r i c

m u l t i d i m e n s i o n a l  s c a l i n g  ( N M D S )  o f  S ø r e n s e n  d i s s i m i l a r i t y  m a t r i c e s .  P o l y g o n s

c o m b i n e  a l l  s t u d y  s i t e s  ( t r i a n g l e  f o r  n a t u r a l  h a b i t a t s  a n d  c i r c l e  f o r  P T E - p o l l u t e d

h a b i t a t s )  o f  o n e  i n v e s t i g a t e d  m i n e  i n  e a c h  c l i m a t e  z o n e ,  a n d  l i n e s  i n  t h e

b a c k g r o u n d  s h o w  t h e  e l e v a t i o n  c o n t o u r  l i n e s .  J Y G ,  m e t a l  i n d u s t r y  ( s a l t  d e s e r t ) ;

S N ,  M u l t i m e t a l  m i n e  ( d e s e r t ) ;  X F ,  c h r o m e  c h e m i c a l  f a c t o r y  ( f a r m l a n d ) ;  H B ,

c h r o m e  c h e m i c a l  f a c t o r y  ( g r a s s l a n d ) ;  A R ,  a s b e s t o s  f a c t o r y  ( g r a s s l a n d ) ;  S B G ,

m u l t i m e t a l  m i n e  ( g r a s s l a n d ) ;  M Y,  m u l t i m e t a l  m i n e  ( g r a s s l a n d ) ;  X T S ,  s o l d e r  i r o n

m o u n t a i n  ( d r y / c o l d  d e s e r t ) .  e,  S u p p o r t  f o r  m o d e l s  i n c l u d i n g  t o p o g r a p h y,  c l i m a t e ,

and/or PTEs for explaining changes in species composition of habitats.
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F i g .  2  E f f e c t s  o f  P T E s  o n  t h e  s p e c i e s  c o m p o s i t i o n  o f  p l a n t

c o m m u n i t i e s.  a,  C h a n g e s  i n  p l a n t  c o m m u n i t i e s  r e p r e s e n t  t h e  d i f f e r e n c e  i n  p l a n t

species composition in PTE-polluted ecosystems compared to the predicted species

composition of corresponding natural ecosystems (Linear Mixed Effect Model,  for

a l l  t a x a  P < 0 . 0 1 ) .  b , B o x  p l o t s  s h o w  t h e  m e d i a n  ( s o l i d  l i n e ) ,  2 5 % ,  a n d  7 5 %

quantiles (boxes); whiskers extend to the minimum and maximum within 1.5 times

the  in te rquar t i l e  range ;  more -ext reme  da t a  va lues  a re  d rawn  by  indiv idua l  c i rc l es .

n = 64 study sites for all analyses. 

17
18
19
20
21
22
23
24
25
26



E
le

va
ti

on

S
lo

p
e

A
sp

ec
t

E
T

0

T
em

p
er

a-
tu

re

P
re

ci
p

it
a-

ti
on W

in
 1

0

Topography Climate

0

0.1

0.2

0.3

0.4

Biodiversity

Plant-mediated ESFs

Soil-mediated ESFs

F i g .  3  E f f e c t  o f  t o p o g r a p h y  a n d  c l i m a t e  o n  e c o s y s t e m  f u n c t i o n s  a l o n g  t h e

n a tu r a l  h a b i t a t  e l e v a t i o n  g r a d ie n t .  Ba r  h e ig h t  sh o ws  th e  m e a n .  E r r o r  b a r s  s h o w

t h e  s t a n d a r d  e r r o r s  o f  a b s o l u t e  e f f e c t  s t r e n g t h  v a l u e s  f o r  e a c h  t y p e  o f  e c o s y s t e m

f u n c t i o n  a n d  c l i m a t e  v a r i a b l e .  Or i g i n a l  d a t a  a r e  s h o w n  i n  E x t e n d e d  D a t a  Ta b l e  3 .

ESFs, ecosystem functions; ET0, mean annual evapotranspiration. 
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F i g .  4  I n d i c a t o r s  o f  e c o s y s t e m  f u n c t i o n  c h a n g e  w i t h  e l e v a t i o n  a n d  P T E

t r a n s p o r t . P  P r e d i c t i o n s  o f  e c o s y s t e m  f u n c t i o n s  i n  n a t u r a l  ( b r o w n )  a n d  P T E -

p o l l u t e d  h a b i t a t s  ( o r a n g e )  f o r  t h e  s o i l - ,  a n d  p l a n t -  m e d i a t e d  e c o s y s t e m  f u n c t i o n s .

P r e d i c t i o n s  ( l i n e s )  a r e  b a s e d  o n  t h e  b e s t  g e n e r a l i z e d  a d d i t i v e  m o d e l s  ( G A M s )  o f

e c o s y s t e m  f u n c t i o n s  o n  e l e v a t i o n  a n d  P T E  t r a n s p o r t .  T h e  g r e e n  ( h i g h e r  p r e d i c t e d

values for  PTE-pol luted habi ta ts )  and purple  polygons  ( lower predic ted values for

P T E - p o l l u t e d  h a b i t a t s )  f i l l  t h e  s p a c e  b e t w e e n  t h e  t w o  p r e d i c t i o n s  f o r  e c o s y s t e m

functions in natural and PTE-polluted habitats.
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Fig. 5 Effects of PTEs, climate, and topography on ecosystem function in a high-altitude mountainous region of the Tibetan Plateau.

a,  Left, support for seven topography, climate, and/or PTEs models of 20 ecosystem functions. Line strength is plotted as a relationship to the 

statistical support of individual models (high model R 2 value = thick lines); the best model per ecosystem function is indicated in red. Right, a 

visualization of a Pearson correlation matrix of all ecosystem functions. b,  the average change in ecosystem functions (compared to predictions for

natural habitats, log-transformed) decreased with PTE-intensity ( b1), and increased with m-PTE intensity (linear model, P < 0.01, b2).  c ,  the effect

strength of m-PTEs on the mean change in ecosystem functions (grey bars). The triangle on the right side of the panel schematically represents the

elevational position of studied sites in Qilian Mountains.
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F i g .  6  E f f e c t s  o f  P T E s ,  t o p o g r a p h y ,  a n d  c l i m a t e  o n  t h e  m u l t i v a r i a t e  i n d e x  o f

m u l t i f u n c t i o n a l i t y .  D i s s i m i l a r i t y  i n  e c o s y s t e m  m u l t i f u n c t i o n a l i t y  a c r o s s  s t u d y

s i t e s  ( d o t s )  i n  n a t u r a l  ( t r i a n g l e )  a n d  P T E - p o l l u t e d  h a b i t a t s  ( c i r c l e )  p l o t s .  T h r e e

PTE-polluted habitats and one natural habitat were selected for different elevation

levels and vegetation zones (low-elevation deserts, low-elevation grasslands, high-

e l e v a t i o n  d e s e r t s ,  a n d  h i g h - e l e v a t i o n  g r a s s l a n d s )  o f  t h e  Q i l i a n  M o u n t a i n s .  T h e

p o s i t i o n  i n  o r d i n a t i o n  s p a c e  i l l u s t r a t e s  t h e  f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  s i t e s  i n

r e l a t i o n  t o  o t h e r  s i t e s ;  s i t e s  c l o s e r  t o  o n e  a n o t h e r  h a v e  m o r e - s i m i l a r  e c o s y s t e m

multifunctionality. Lines in the background show elevation contour line.
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