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Si g ni fi c a n c e

T h e ri si n g f r e q u e n c y of e xt r e m e 

p r e ci pit ati o n i s a s s o ci at e d wit h 

t h e ri si n g f r e q u e n c y of e xt r e m e 

n ut ri e nt fl o w s f r o m l a n d t o l a k e s, 

b ut di r e ct li n k s of l o a d e xt r e m e s 

t o bl o o m s of C y a n o b a ct e ri a a r e 

u n r e s ol v e d. I n L a k e M e n d ot a, 

Wi s c o n si n, d ail y p h o s p h o r u s l o a d 

i s c o r r el at e d wit h hi g h 

c o n c e nt r ati o n s of C y a n o b a ct e ri a 

2 – 3 w k l at e r. E xt r e m e l o a d e v e nt s 

p r o vi d e l a r g e r e s e r v oi r s of 

n ut ri e nt s t h at a c c u m ul at e t o 

s u p p o rt f ut u r e bl o o m s of 

C y a n o b a ct e ri a. H o w e v e r, 

r e s p o n s e s of C y a n o b a ct e ri a t o 

e xt r e m e st o r m s a n d p h o s p h o r u s 

l o a d s h a v e l o n g a n d v a ri a bl e ti m e 

d el a y s.
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P u bli s h e d N o v e m b e r 2 1, 2 0 2 2.

E N VI R O N M E N T A L S CI E N C E S

L o n g- r a n g e d e p e n d e n c e a n d e x t r e m e v al u e s of p r e ci pi t a ti o n, 

p h o s p h o r u s l o a d, a n d C y a n o b a c t e ri a
St e p h e n R.  C ar p e nt er a , 1 , M ar k R.  G a hl era , C hri st o p h er J.  K u c h ari kb , a n d E mil y H.  St a nl e ya

C o ntri b ut e d b y St e p h e n R. C ar p e nt er; r e c ei v e d A u g u st 2 3, 2 0 2 2; a c c e pt e d O ct o b er 1 4, 2 0 2 2; r e vi e w e d b y T o d d V. R o y er a n d S ar a h M. St a c k p o ol e

E xtre m e d ail y v al u es of pre ci pit ati o n ( 1 9 3 9 – 2 0 2 1), dis c h ar g e ( 1 9 9 1 – 2 0 2 1), p h os p h or us 
( P) l o a d ( 1 9 9 4 – 2 0 2 1), a n d p h y c o c y a ni n, a pi g m e nt of C y a n o b a ct eri a (J u n e 1 – S e pt e m b er 
1 5 of 2 0 0 8 – 2 0 2 1) are cl ust ere d as m ulti- d a y e v e nts f or L a k e Me n d ot a, Wis c o nsi n. 
L o n g-r a n g e d e p e n d e n c e, or m e m or y, is t h e s h ort est f or pre ci pit ati o n a n d t h e l o n g est 
f or p h y c o c y a ni n. E xtre m es are cl ust ere d f or all v ari at es a n d t h os e of P l o a d a n d p h y c o-
c y a ni n are m ost str o n gl y cl ust ere d. E xtre m es of P l o a d are pre di ct a bl e fr o m e xtre m es of 
pre ci pit ati o n, a n d pre ci pit ati o n a n d P l o a d are c orrel at e d wit h l at er c o n c e ntr ati o ns of 
p h y c o c y a ni n. H o w e v er, ti m e d el a ys fr o m 1 t o 6 0 d w ere f o u n d b et w e e n P l o a d e xtre m es 
a n d t h e n e xt e xtre m e p h y c o c y a ni n e v e nt wit hi n t h e s a m e y e ar of o bs er v ati o n. Alt h o u g h 
m ost of t h e l a k e’s P e nt ers i n e xtre m e e v e nts, bl o o ms of C y a n o b a ct eri a m a y b e s ust ai n e d 
b y re c y cli n g a n d f o o d w e b pr o c ess es.

C y a n o b a ct e ri a   |   e xt r e m e v al u e s   |  l o n g- r a n g e d e p e n d e n c e   |   p h o s p h o r u s   |   p r e ci pit ati o n

We at h er st ati o ns ar o u n d t h e w orl d re p ort risi n g fre q u e n c y of e xtre m e pre ci pit ati o n ( 1, 2). 
E xtre m e pre ci pit ati o n e ve nts are e x p e ct e d t o i n cre as e as t h e cli m at e w ar ms ( 3, 4), t h ere b y 
i n cre asi n g fl o o d ris k ( 5) wit h a d vers e e ff e cts o n c o m m u niti es, e c os yst e m pr o c ess es, a n d 
s p e ci es’  c a p a citi es  t o  a d a pt  t o  c h a n g e  ( 6).  E xtre m e  pre ci pit ati o n  dri ves  h y dr ol o gi c al  
e xtre m es ( 7) i n cl u di n g dr ai n a g e t o l a k es. I n a gri c ult ur al w at ers h e ds wit h hi g hl y n utri -
e nt- e nri c h e d s oils ( 8, 9), e xtre m e pre ci pit ati o n e ve nts c a us e er osi o n of s oils a n d s e di m e nts, 
dri vi n g  n utri e nt  i n p uts  t o  l a k es  ( 1 0 – 1 2)  t h at  s u p p ort  bl o o ms  of  C y a n o b a ct eri a  
( 1 3 – 1 5).

Hi g h c o n c e ntr ati o ns of C y a n o b a ct eri a, or bl o o ms, i n l a k es or res er v oirs are a s eri o us 
a n d e x p a n di n g e n vir o n m e nt al pr o bl e m ( 1 6). C o ns e q u e n c es i n cl u d e h y p o xi a, m ass m or -
t alit y of fis h es, a n d a d vers e e ff e cts o n h u m a n h e alt h ( 1 7 – 1 9). Li m n ol o gists d e fi n e a bl o o m 
as a p eri o d of n et gr o wt h t o hi g h c o n c e ntr ati o ns ass o ci at e d wit h s e ver al c a us al p att er ns 
rel at e d t o mi xi n g, t e m p er at ure, n utri e nts, a n d gr azi n g ( 1 9).

E xtre m e v al u es, d e fi n e d as ti m e s eri es p e a ks o ver a t hres h ol d ( 2 0), are r are, o c c ur irre g -
ul arl y, a n d are a n i n h ere nt f e at ure of c o m pl e x st o c h asti c s yst e ms ( 7, 2 1) s u c h as e nri c h e d 
l a k es wit h C y a n o b a ct eri a ( 2 2). War m s u m m er t e m p er at ures are a n e c ess ar y pre c o n diti o n 
f or C y a n o b a ct eri a bl o o ms ( 2 3, 2 4). Bl o o ms are ass o ci at e d wit h c al m wi n ds a n d st a bl e 
str ati fi c ati o n ( 2 5). E xtre m e n utri e nt p uls es c a n b e f oll o we d b y e xtre m e c o n c e ntr ati o ns of 
C y a n o b a ct eri a ( 2 6). Ass o ci ati o ns of e xtre m e e ve nts i n ti m e c a n b e i d e nti fi e d b y e xtre m e 
v al u e m o d els wit h c o v ari at es, i n cl u di n g Paret o m o d els us e d h ere ( 2 7, 2 8).

Pre ci pit ati o n a n d h y dr ol o gi c fl o ws m a y s h o w p ersist e nt a ut o c orrel ati o ns or l o n g-r a n g e 
d e p e n d e n c e or m e m or y ( 7). L o n g-r a n g e d e p e n d e nt ( als o k n o w n as l o n g-r a n g e m e m or y) 
pr o c ess es h a ve a ut o c orrel ati o n f u n cti o ns t h at d e c a y sl o wl y o ver ti m e ( 7, 2 9). e t er ms 
of t h e a ut o c o v ari a n c e f u n cti o n ρ (τ ), w h ere τ  is t h e ti m e l a g, d e c a y as τ -γ wit h c orrel ati o n 
e x p o n e nt γ , 0 < γ  < 1. F or a P oiss o n (i n d e p e n d e nt) pr o c ess γ  = 1. Sl o w d e c a y, γ  n e ar 0, or 
l o n g m e m or y, is ass o ci at e d wit h a g gre g ati o n or cl ust eri n g of e xtre m es i n h y dr ol o gi c d at a 
( 3 0),  alt h o u g h  s h ort-r a n g e  a ut o c orrel ati o ns  c a n  c a us e  cl u m pi n g  of  e xtre m es  i n  s o m e  
st o c h asti c s yst e ms ( 2 1). Ac c u m ul ati o n of n utri e nts i n s oils, s e di m e nts, or l e nti c w at ers 
m a y sl o w tr a ns p ort a n d f urt h er i n cre as e l o n g-r a n g e m e m or y a n d ti m e l a gs i n n utri e nt 
fl o ws ( 3 1 – 3 3).

L a k e Me n d ot a, Wis c o nsi n, U S A, is a e utr o p hi c l a k e t h at h as e x p eri e n c e d bl o o ms of 
C y a n o b a ct eri a si n c e t h e 1 8 8 0s ( 3 4 – 3 6). L o n g-t er m re c or ds of pre ci pit ati o n, dis c h ar g e, 
p h os p h or us ( P) l o a d, a n d C y a n o b a ct eri a pres e nt e xtre m e v al u es i n re c e nt d e c a d es ( 1 1, 1 2, 
3 7 – 3 9). O n a ver a g e 2 9 d p er ye ar of e xtre m e i n p uts a c c o u nt f or 7 4 % of t h e a n n u al P 
l o a d t o t h e l a k e ( 1 1). H o we ver, t h e rel ati o ns hi ps b et we e n e xtre m e P l o a ds a n d e xtre m e 
c o n c e ntr ati o ns of C y a n o b a ct eri a h a ve n ot yet b e e n a n al yze d.

Here we a n al yze e xtre mes of preci pit ati o n, disc h ar ge, P l o a d, a n d t he C y a n o b acteri al 
pi g me nt p h yc oc y a ni n i n l o n g-ter m d ail y rec or ds fr o m L a ke Me n d ot a. S peci fic all y, we as k: 
( 1) D oes l o n g-r a n ge de pe n de nce ( me m or y) i ncre ase fr o m preci pit ati o n, t o disc h ar ge a n d P 
l o a d, t o p h yc oc y a ni n? ( 2) D o cr oss-c orrel ati o ns a n d Paret o m o dels s u g gest c a us al ass oci ati o ns Do
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of p h yc o c y a ni n t o preci pit ati o n or P l o a d? ( 3) Are e xtre me val ues 
of preci pit ati o n, P l o a d, a n d p h yc oc y a ni n st atistic all y i n de pe n de nt, 
or are t he y cl u m pe d i n ti me? ( 4) Are e xtre me val ues of P l o a d 
f oll o we d b y e xtre me c o nce ntr ati o ns of p h yc oc y a ni n?

R e s ul t s

e c o n c urre nt d ail y ti m e s eri es of pre ci pit ati o n, dis c h ar g e of 
w at er t o t h e l a k e, P l o a d t o t h e l a k e, a n d p h yc o c y a ni n rel ati ve 
fl u ores c e n c e u nits ( R F U) ( SI A p pe n di x , Fi g. S 4) were a n al yze d f or 

l o n g-r a n g e d e p e n d e n c e ( Fi g. 1). Pre ci pit ati o n is n e arl y i n d e p e n d-
e nt ( c orrel ati o n e x p o n e nt n e ar 1), w h ere as p h yc o c y a ni n ( c orrel a -
ti o n e x p o n e nt n e ar 0) h as t h e str o n g est l o n g-r a n g e d e p e n d e n c e of 
t h e f o ur v ari at es. L o n g-r a n g e d e p e n d e n c e is i nt er m e di at e f or dis-
c h ar g e a n d P l o a d. Fi g. 1 B  pres e nts d e c a y c ur ves f or a ut o c orrel a-
ti o n f u n cti o ns s h o wi n g r a pi d d e c a y (l o w l o n g-r a n g e d e p e n d e n c e 
or s h ort m e m or y) f or pre ci pit ati o n a n d sl o w d e c a y ( hi g h l o n g-
r a n g e d e p e n d e n c e or l o n g m e m or y) f or p h yc o c y a ni n, wit h i nt er-
m e di at e r at es f or dis c h ar g e a n d P l o a d.

C o n n e c ti o n s  of  P r e ci pi t a ti o n,  P,  a n d  P h y c o c y a ni n.  Cr oss-
c orrel ati o ns s h o w i m me di ate e ffects of preci pit ati o n o n P l o a d a n d 
del a ye d, vari a ble e ffects of preci pit ati o n a n d P l o a d o n p h yc oc y a ni n. 
( Fi g.  2). C h a n ges i n preci pit ati o n are p ositi vel y c orrel ate d wit h  
c h a n ges 1 d l ater i n P l o a d ( Fi g. 2 A ) a n d wit h c h a n ges 1 3 – 1 8 d 
l ater i n p h yc oc y a ni n ( Fi g. 2B ). C h a n ges i n P l o a d are p ositi vel y 
c orrel ate d t o c h a n ges 1 3 – 2 8 d l ater i n p h yc oc y a ni n ( Fi g. 2 C ).

M o d els  f or  e xtre m e  v al u es  s h o w  t h at  all  of  t h e  ti m e  s eri es’  
e xtre m es fit Paret o distri b uti o ns ( 4 0). e fre q u e n c y a n d m a g ni -
t u d e of e xtre m e pre ci pit ati o n i n cre as e d fr o m 1 9 4 0 – 2 0 2 1. e 
m a g nit u d e ( m m) of 2-, 5-, a n d 1 0- y pre ci pit ati o n e ve nts c o nti n u es 
t o  i n cre as e  ( Fi g.  3A ).  e  ret ur n  ti m e  of  1 0 0- m m  e ve nts  h as  
d e cli n e d fr o m m ore t h a n 5. 5 y t o l ess t h a n 2. 5 y o ver t h e p eri o d 
of re c or d ( Fi g. 3 B ).

E xtre m es of pre ci pit ati o n are cl os el y ass o ci at e d wit h e xtre m es 
of P l o a d ( Fi g. 3 C  a n d D ) t hr o u g h t h e fitt e d p ar a m et ers of t h e 
Paret o  e q u ati o n  ( 4 0).  Ret ur n  l e vel  ( k g/ d)  of  e xtre m e  P  l o a ds  
i n cre as es  wit h  d ail y  pre ci pit ati o n  m ore  st e e pl y  as  ret ur n  ti m e  
i n cre as es ( Fi g. 3C ). Ret ur n l e vel ( k g/ d) of e xtre m e P l o a ds i n cre as es 
wit h ret ur n i nt er v al of pre ci pit ati o n ( Fi g. 3 D ).

e b est- fitti n g Paret o m o d el f or p h yc o c y a ni n e xtre m es h a d n o 
si g ni fi c a nt e ff e cts of pre ci pit ati o n or P l o a ds. E xtre m e p h yc o c y a ni n 
c o n c e ntr ati o ns fr o m d ail y ti m e s eri es ( SI A p pe n di x , Fi g. S 4D ) fit 
a  st ati o n ar y  Paret o  m o d el  (s c al e  =  0. 4 2  wit h  st a n d ar d  err or  
(s. e). = 0. 0 7 9, s h a p e = 0. 3 0 wit h s. e. = 0. 1 3 5). e st ati o n ar y 
Paret o m o d el h a d l o wer A k ai k e I nf or m ati o n Crit eri o n ( AI C) t h a n 
alt er n ati ve Paret o m o d els t h at re pres e nt e d s c al e or s h a p e as f u n c -
ti o ns of pre ci pit ati o n, P l o a d, or dis c h ar g e.

R e t u r n I n t e r v al s of E x t r e m e V al u e s.  Ret ur n i nt er v als of e xtre m e 
v al u es (i. e., t h e n u m b er of d a ys b et we e n o bs er v ati o ns a b o ve t h e 
Paret o t hres h ol d) of pre ci pit ati o n, w at er dis c h ar g e a n d P l o a d t o 

Pr e ci p. Di s c h . P L o a d  P h y c o.

C orr el ati o n E x p o n e nt
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Fi g. 1.  ( A ) C o r r el ati o n e x p o n e nt s γ  ± 2 S E s f o r c o n c u r r e nt d ail y o b s e r v ati o n s of 
p r e ci pit ati o n, di s c h a r g e, P l o a d, a n d p h y c o c y a ni n. ( B ) D e c a y of a ut o c o r r el ati o n 
f u n cti o n, w ei g ht = τ -γ, v e r s u s l a g τ  ( d a y s) f o r p r e ci pit ati o n, di s c h a r g e, P l o a d, 
a n d p h y c o c y a ni n. Li n e c ol o r s a r e t h e s a m e a s t h e b a r s i n p a n el A .

Fi g. 2.   C r o s s- c o r r el ati o n s v e r s u s l a g i n d a y s of ( A ) l o g 1 0 p r e ci pit ati o n b ef o r e l o g 1 0 P l o a d, (B ) l o g 1 0 p r e ci pit ati o n b ef o r e l o g 1 0 p h y c o c y a ni n, a n d (C ) l o g 1 0 P 
l o a d b ef o r e l o g 1 0 p h y c o c y a ni n. C o r r el ati o n c o e fl ci e nt s a r e i n v e r s e- v a ri a n c e w ei g ht e d m e a n s of a n n u al v al u e s f r o m 2 0 0 8 – 2 0 2 1. H o ri z o nt al li n e s s h o w ± S D of 
t h e p o ol e d c r o s s- c o r r el ati o n f u n cti o n ( C C F).Do
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t h e l a k e, a n d p h yc o c y a ni n were c o m p are d t o P oiss o n e x p e ct ati o ns 
t o ass ess t h eir i n d e p e n d e n c e ( Fi g. 4). F or all v ari at es, t h e i n di c es 
of dis p ersi o n e xc e e d 1, a n d pl ots of o bs er ve d pr o b a biliti es d e vi at e 
fr o m t h e P oiss o n distri b uti o n e x p e ct e d if e ve nts are i n d e p e n d e nt 
i n ti m e ( K ol m o g or o v – S mir n o v t est P  < 1 0− 1 0 ). e d e vi ati o ns f or 
pre ci pit ati o n are s m all er t h a n t h os e of t h e ot h er v ari at es.

E xtre m es of pre ci pit ati o n ( Fi g. 4 A ) i n cre as e o ver ti m e ( Ke n d all 
r a n k c orrel ati o n 0. 3 0 7, P  < 0. 0 0 0 1). C o e ffi ci e nts of dis p ersi o n 
e xc e e d 1 f or pre ci pit ati o n ( Fi g. 4 E ), c o nsist e nt wit h cl ust ers of 
e xtre m es, b ut h a ve n o si g ni fi c a nt tre n d wit h ti m e. C o m p aris o n 
t o  t h e  P oiss o n  distri b uti o n  ( Fi g.  4I)  s h o ws  a  r at h er  cl os e  fit.  
N o n et h el ess, s h ort g a ps b et we e n e ve nts are sli g htl y l ess c o m m o n 
t h a n e x p e ct e d a n d l o n g g a ps b et we e n e ve nts are sli g htl y m ore 
c o m m o n t h a n e x p e ct e d.

A n n ual e xtre mes of water disc har ge i nt o t he la ke ( Fi g. 4 B ) var y 
a m o n g years, b ut a n u p war d tre n d is discer ni ble ( Ke n dall ra n k c or -
relati o n = 0. 3 3 8, P  = 0. 0 0 7). N o e xtre me disc har ge e ve nts occ urre d 
i n 2 0 1 2 a n d t he c oe fficie nt of dis persi o n ca n n ot be calc ulate d f or 
t hat year ( Fi g. 4F ). F or t he ot her years, t he c oe fficie nt of dis persi o n 
is a b o ve 1 i n dicati n g cl usters of e xtre mes. Des pite t he i nter- year var-
iati o n, t he c oe fficie nt of dis persi o n te n ds t o decli ne o ver ti me ( Ke n dall 
ra n k c orrelati o n = − 0. 2 7 4, P  = 0. 0 2 7 7). De part ures of disc har ge fr o m 
t he P oiss o n distri b uti o n ( Fi g. 4C ) s h o w t hat s h ort ga ps bet wee n  
e xtre mes are less c o m m o n t ha n e x pecte d a n d l o n g ga ps bet wee n 
e xtre mes are m ore c o m m o n t ha n e x pecte d.

A n n u al e xtre m es of P l o a d t o t h e l a k e a p p e ar t o i n cre as e o ver 
ti m e ( Fi g. 4C ), b ut t h e tre n d is n ot si g ni fi c a nt at t h e 5 % l e vel 

( Ke n d all t a u = 0. 2 3 8, P  = 0. 0 8 7). Dis p ersi o n c o e ffi ci e nts e xc e e d 
1, i n di c ati n g cl ust ers of e xtre m es, wit h n o o b vi o us tre n d t hr o u g h 
ti m e ( Fi g. 4G ). De p art ures fr o m t h e P oiss o n distri b uti o n i n di c at e 
t h at  s h ort  g a ps  b et we e n  e xtre m es  are  t o o  f e w  a n d  l o n g  g a ps  
b et we e n e xtre m es are t o o m a n y ( Fi g. 4 K ).

A n n u al e xtre m es of d ail y st a n d ar dize d l o g 1 0 p h yc o c y a ni n s h o w 
n o si g ni fi c a nt tre n d o ver t h e 1 4 y of d at a ( Fi g. 4 D ). N o e xtre m es 
were o bs er ve d i n 2 0 1 6, a n d t h e c o e ffi ci e nt of dis p ersi o n c a n n ot 
b e c o m p ut e d. I n ot h er ye ars, t h e c o e ffi ci e nt of dis p ersi o n e xc e e ds 
1, i n di c ati n g a g gre g ati o n of bl o o ms i n ti m e ( Fi g. 4 H ). e a p p ar -
e nt d e cli n e of dis p ersi o n o ver ti m e is n ot si g ni fi c a nt. C o m p aris o n 
wit h t h e P oiss o n e x p e ct ati o n s h o ws t h at s h ort g a ps are t o o r are 
a n d l o n g g a ps are t o o c o m m o n ( Fi g. 4 L ).

Of t h e 1 6 9 P l o a d e xtre m es o bs er ve d d uri n g 2 0 0 8 – 2 0 2 1, 1 2 4 
( 7 3 %) were f oll o we d, aft er a ti m e d el a y of 1 – 6 0 d, b y a n e xtre m e 
v al u e of p h yc o c y a ni n i n t h e s a m e ye ar of o bs er v ati o ns ( Fi g. 5).

Di s c u s si o n

e tre n d of risi n g a ver a ge preci pit ati o n wit h i ncre asi n gl y fre q ue nt 
e xtre me val ues o ver a t hres h ol d is n ote d f or m a n y ec os yste ms ( 6, 
7), a n d t he Ya h ar a w aters he d of L a ke Me n d ot a is a m o n g t he m ( 1 2).

I n t h e Ya h ar a w at ers h e d, e xtre m es of pre ci pit ati o n, P l o a d, a n d 
p h yc o c y a ni n  R F U  are  n o n-i n d e p e n d e nt  a n d  t e n d  t o  o c c ur  i n  
cl u m ps, s u c h as m ulti- d a y p eri o ds of e xtre m e r ai n, P l o a d, a n d 
p h yc o c y a ni n ( Fi g. 4). D ail y m e a n pre ci pit ati o n a n d P l o a d are 
l a g- c orrel at e d  wit h  c o n c e ntr ati o ns  of  p h yc o c y a ni n.  H o we ver,  

Fi g. 3.   P a r et o m o d el s f o r p r e ci pit ati o n a n d P l o a d. T h e v al u e s s el e ct e d f o r t h e e x a m pl e s s h o w t r e n d s of t h e fltt e d P a r et o m o d el s wit hi n t h e r a n g e of t h e d at a. 
(A ) P r e ci pit ati o n r et u r n l e v el v e r s u s y e a r f o r 2-, 5-, a n d 1 0- y e v e nt s. ( B) R et u r n ti m e ( y e a r s) of d a y s wit h 1 0 0 m m p r e ci pit ati o n v e r s u s y e a r. (C ) R et u r n l e v el s of P 
d ail y l o a d ( k g/ d) v e r s u s d ail y p r e ci pit ati o n ( m m) f o r e v e nt s wit h r et u r n ti m e s of 2, 5, a n d 1 0 y. ( D ) P l o a d r et u r n l e v el s ( k g/ d) v e r s u s r et u r n i nt e r v al s ( y) f o r d ail y 
p r e ci pit ati o n e v e nt s of 1 0, 2 5, a n d 5 0 m m. T h e P a r et o t h r e s h ol d  f o r p r e ci pit ati o n i s 2 0 m m/ d.
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Paret o m o d els f or p h yc o c y a ni n e xtre m es are st ati o n ar y, wit h n o 
si g ni fi c a nt tre n ds o ver 1 4 y n or dis c er ni bl e e ff e cts of pre ci pit ati o n, 
dis c h ar g e, or P l o a d.

It is i m p ort a nt t o rec o g nize t h at a hi g h pr o p orti o n of t he a n n u al 
P l o a d arri ves d uri n g e xtre me r u n o ff e ve nts ( 1 1, 1 2). O nce t he P is 
i n t he l a ke w ater or se di me nts it c a n be rec ycle d f or m a n y ye ars ( 4 1, 
4 2) a n d p ote nti all y s u p p ort C y a n o b acteri a u ntil it is fl us he d fr o m 
t he l a ke or a d de d t o per m a ne nt se di me nts. E xtre mel y dr y ye ars h a ve 

t he o p p osite e ffect: P a n d pi g me nt c o nce ntrati o ns are u n us uall y l o w, 
a n d t he w ater is cle ar ( 3 7). H o we ver, e xcess n utrie nts c a n b uil d u p 
i n s oil d uri n g dr y ye ars a n d c o ntri b ute t o “ we at her w hi pl as h” of 
u n us u all y hi g h n utrie nt l o a ds i n wet ye ars ( 4 3).

E xtre m e pre ci pit ati o n e ve nts c a n p ersist o ver s e ver al d a ys ( 4 4) 
c a usi n g st atisti c al d e p e n d e n ci es ( Fi g. 1) t h at pr o p a g at e fr o m w at er -
s h e d t o l a k e mi xi n g, w at er tr a ns p are n c y, a n d m et a b olis m ( 4 5). 
S oil m oist ure c a n b uil d u p o ver s u c c essi ve r ai n e ve nts t h ere b y 
pri mi n g  t h e  s oil  f or  r u n o ff,  dr ai n a g e,  a n d  er osi o n  o ver  ti m e.  
C o ns e q u e ntl y,  cl ust ers  of  e xtre m es  are  m ore  c o m m o n  t h a n  
e x p e ct e d if e ve nts are i n d e p e n d e nt ( 2 1, 3 0). Alt er n ati ve st atisti c al 
m o d els  f or  n o n-i n d e p e n d e nt  p h e n o m e n a  i n cl u d e  t h e  n e g ati ve  
bi n o mi al f or s p ati al p att er ns i n e c ol o g y ( 4 6), t h e b et a- bi n o mi al 
f or s p ati al-t e m p or al d e p e n d e n ci es i n ri ver dis c h ar g e ( 4 7), or t h e 
stret c h e d P oiss o n f or ret ur n i nt er v als wit h c orrel ati o n e x p o n e nts 
b el o w 1 ( 3 0). S u c h m o d els c o ul d b e i n vesti g at e d f or s yst e ms of 
pre ci pit ati o n, P l o a d, a n d C y a n o b a ct eri a.

Wat ers h e d pr o c ess es a m plif y t h e d e p e n d e n ci es o ver ti m e. L a gs 
a n d h yst ereti c s hifts i n nitr o g e n l o a di n g t hr o u g h n est e d s u b w a -
t ers h e ds s h o we d d e c a d al d e p e n d e n ci es ( 3 3). L e g a ci es of P a c c u-
m ul ati o n g e n er at e l o n g-t er m m e m or y i n P fl o ws at c o nti n e nt al 
s c al es ( 3 2). I n t h e Ya h ar a b asi n, m ulti- d a y pre ci pit ati o n e ve nts 
e x p a n d i nt o l o n g er s eri es of d a ys wit h e xtre m e P l o a di n g t o t h e 
l a k e. E xtre m es of pre ci pit ati o n tr a nsl at e r a pi dl y i nt o e xtre m es of 
P l o a d ( Fi gs. 2 A  a n d 3 C  a n d D ), a n d t h e P resi d e n c e ti m e is l o n g er 
t h a n t h e w at er resi d e n c e ti m e of 4. 4 y ( 3 7, 4 8).

It w o ul d b e re as o n a bl e t o e x p e ct t h at p eri o ds of hi g h n utri e nt 
l o a d l e a d dire ctl y t o bl o o ms of p h yt o pl a n kt o n as f o u n d i n ot h er 
l a k es ( 2 6). H o we ver, we f o u n d t h at cr oss- c orrel ati o ns of p h yc o-
c y a ni n l a g g e d P l o a ds b y 1 3 – 2 8 d ( Fi g. 2 C ), a n d ti m e d el a ys 
b et we e n  a  P  l o a d  e xtre m e  a n d  t h e  n e xt  p h yc o c y a ni n  e xtre m e  

A

E

I

B

F

J

C

G

K

D

H

L

Fi g. 4.   C h a r a ct e ri sti c s of e xt r e m e d ail y e v e nt s f o r ( A , E , I) p r e ci pit ati o n, (B , F , J) di s c h a r g e, (C , G , K ) P l o a d, a n d (D , H , L ) p h y c o c y a ni n. F o r e a c h v a ri at e w e p r e s e nt 
(A – D ) n u m b e r of e xt r e m e s p e r y e a r, (E – H ) di s p e r si o n i n d e x, a n d (I– L ) ti m e i nt e r v al s ( d a y s) b et w e e n e xt r e m e s a s r a n k of i nt e r v al l e n gt h/ n u m b e r of i nt e r v al s v e r s u s 
i nt e r v al l e n gt h/ m e a n i nt e r v al l e n gt h f o r t h e o b s e r v e d d at a, r a nd o ml y s h u fl e d d at a, a n d t h e P oi s s o n di st ri b uti o n.

E xtr e m e P L o a d s a n d Bl o o m s

D a y s Aft er E xtr e m e L o a d
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Fi g.  5.   F r e q u e n c y  di st ri b uti o n  of  ti m e  l a g s  ( d a y s)  f r o m  a n  e xt r e m e  v al u e 
of P l o a d t o t h e n e xt e xt r e m e v al u e of p h y c o c y a ni n wit hi n t h e s a m e y e a r of 
o b s e r v ati o n s. F o rt y- si x of t h e 1 7 0 e xt r e m e P l o a d e v e nt s w e r e n ot f oll o w e d 
b y a n e xt r e m e v al u e of p h y c o c y a ni n wit hi n t h e s a m e y e a r a n d a r e o mitt e d 
f r o m t h e pl ot.Do
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r a n g e d u p t o 6 0 d ( Fi g. 5). M ore o ver, a g e n er al p att er n of l o w a n d 
hi g h alt er n at e st at es of p h yc o c y a ni n p ersists o ver a wi d e r a n g e of 
P l o a d r at es ( 4 9). Alt er n ati ve st a bl e st at es of p h yc o c y a ni n a p p e ar 
as l ar g e s hifts b et we e n l o w l e vels a n d bl o o m st at es ( 4 9), wit h hi g h 
st o c h asti cit y a n d p ot e nti all y r a pi d fli c k eri n g b et we e n alt er n ati ve 
st at es ( 5 0).

As w at er m o ves fr o m t h e at m os p h ere o ver l a n d t o t h e l a k e, 
t errestri al pr o c ess es i n cre as e l o n g-r a n g e d e p e n d e n c e f or dis c h ar g e 
a n d P l o a d, a n d l a k e pr o c ess es f urt h er i n cre as e l o n g-r a n g e d e p e n d -
e n c e of p h yc o c y a ni n bl o o ms ( Fi g. 1 B ). P h yc o c y a ni n bl o o ms m a y 
b e  s ust ai n e d  b y  a c c u m ul at e d  n utri e nts  a n d  e n d o g e n o us  l a k e  
d y n a mi cs (s u c h as re c ycli n g fr o m s e di m e nts) r at h er t h a n a si n gl e 
e xtre m e l o a di n g e ve nt ( 5 1). e l o n g-t er m m e m or y of p h yc o c y -
a ni n,  d es pit e  r a pi d  d ail y  fl u ct u ati o ns,  is  c o nsist e nt  wit h  ot h er  
s y nt h es es. F or e x a m pl e, d e c a d es of e nri c h e d s oils a n d l o n g-t er m 
n utri e nt fl o w t o l a k es ( 5 2), i nt er n al l o a di n g b y s e di m e nt-t o- w at er 
n utri e nt fl u x ( 4 1, 4 2, 5 3), a n d f o o d we b pr o c ess es i n cl u di n g gr az -
i n g a n d n utri e nt re g e n er ati o n ( 1 9, 5 4, 5 5) m a y e n a bl e bl o o ms of 
C y a n o b a ct eri a ye ar aft er ye ar re g ar dl ess of fl u ct u ati o ns i n P l o a d. 

e c urre nt w at er q u alit y of t h e l a k e d eri ves fr o m cli m at e tre n ds, 
i nt e nsi fi c ati o n of a gri c ult ure, ur b a n e x p a nsi o n, a n d i n v asi o ns of 
n o n- n ati ve pl a nts a n d a ni m als o ver re c e nt d e c a d es ( 5 6). To g et h er 
t h es e g e n er at e l o n g ti m e l a gs, e xtre m e e ve nts, a n d m a n a g e m e nt 
s ur pris es ( 5 7, 5 8). Pr oj e cts t o i m pr o ve f ut ure w at er q u alit y m ust 
a dj ust s oil n utri e nts t o m at c h cr o p n e e ds ( 5 9, 6 0) w hil e c o pi n g 
wit h e nri c h e d s e di m e nts, i n cre asi n g fre q u e n c y of e xtre m e pre ci p -
it ati o n,  fl o o ds,  a n d  n utri e nt  l o a ds,  u n e x p e ct e d  ass e m bl a g es  of  
s p e ci es, n o vel e c os yst e m b e h a vi ors, a n d risi n g d e m a n d f or l a n d 
a n d w at er res o ur c es. I m p a cts o n f o o d, w at er, a n d h u m a n well- b e -
i n g c all f or n e w a p pr o a c h es a n d c oll e cti ve a cti o n ( 6 1). e c h al -
l e n g es of l a k es i n a gri c ult ur al l a n ds c a p es e xe m plif y c urre nt gl o b al 
c h all e n g es t h at e v o k e tr a nsf or m ati ve a p pr o a c h es f or st e w ar ds hi p 
of l a n d, w at er, a n d n at ure ( 6 2, 6 3).

M e t h o d s S u m m a r y

Y a h a r a  W a t e r s h e d  a n d  L a k e  M e n d o t a.   T h e  L a k e  M e n d ot a  w at ers h e d  i n 
s o ut h er n Wisc o nsi n, U nit e d St at es ( 4 3. 2° N, 8 9. 4° W) dr ai ns a 6 0 4 k m 2  ar e a of 
l a n d d ev ot e d t o d airy, c or n, a n d s oy b e a n pr o d ucti o n, p art of t h e M a dis o n m et-
r o p olit a n ar e a, a n d r e m n a nts of n ativ e v e g et ati o n ( 3 5, 6 4). T h e r e gi o n h as b e e n 
si g ni fic a ntly alt er e d by i nt e nsi fic ati o n of d airy a gric ult ur e, ex p a n di n g d e m a n d 
f or bi of u els, ur b a n d ev el o p m e nt, a n d cli m at e c h a n g e ( 6 5, 6 6). T h e w at ers h e d of 
L a k e M e n d ot a ex e m pli fi es U p p er Mi d w est er n w at ers h e ds, wit h a n ur b a nizi n g 
a gric ult ur al l a n dsc a p e u pstr e a m of f o ur l ar g e l a k es wit h r el ativ ely p o or w at er 
q u ality a n d fr e q u e nt o ut br e a ks of h ar mf ul al g al bl o o ms ( 4 9, 6 6, 6 7).

H y d r ol o gi c al D a t a.  W e a n alyz e d d aily disc h ar g e a n d P l o a d d at a f or t h e t w o tri b-
ut ari es of L ak e M e n d ot a, P h eas a nt Bra nc h at Mi d dl et o n ( U nit e d St at es G e ol o gic al 
S urv ey ( U S G S) N o. 0 5 4 2 7 9 4 8; 4 3. 1 0 3 3 6 N, - 8 9. 5 1 1 7 W; 1 9 9 4– 2 0 2 1), a n d t h e 
Ya h ara Riv er at Wi n ds or ( U S G S N o. 0 5 4 2 7 7 1 8; 4 3. 2 0 8 8 5 N, − 8 9. 3 5 2 8 W; 1 9 9 1–
2 0 2 1). A m o n g t h e tri b ut ari es t o L ak e M e n d ot a, P h eas a nt Bra nc h a n d t h e Ya h ara 
Riv er h av e t h e l o n g est av ail a bl e ti m e s eri es f or disc h ar g e a n d P l o a d. T h es e t w o 
tri b ut ari es acc o u nt f or m or e t h a n 2 9 % of t h e a n n u al t ot al P l o a d t o L ak e M e n d ot a 
a n d st atistic ally t h ey ex pl ai n 9 6 % of t h e v ari a nc e i n t ot al a n n u al P l o a d t o L ak e 
M e n d ot a fr o m all tri b ut ari es c o m bi n e d ( 3 7). T h us t h es e tri b ut ari es ar e a s urr o g at e 
esti m at e of l o a di n g rat es fr o m t h e e ntir e w at ers h e d. W e c o m bi n e d t h e disc h ar g es 
a n d P l o a ds fr o m t h es e t w o tri b ut ari es.

Disc h ar g e a n d P l o a d w er e m eas ur e d by U S G S a n d d o w nl o a d e d fr o m t h eir w e b -
sit e (htt p:// w at er d at a. us gs. g ov/ n wis/s w ) usi n g t h e d at a R etri ev al() p acka g e ( 6 8, 6 9).

P r e ci pi t a ti o n  D a t a.   C o nti n u o us  d aily  pr eci pit ati o n  d at a  w er e  o bt ai n e d  f or 
M a dis o n  D a n e  C o u nty  R e gi o n al  Air p ort  ( C o o p er ativ e  O bs erv er  N et w or k  I D 
4 7 4 9 6 1; Gl o b al Hist oric al Cli m at ol o gy N et w or k I D U S W 0 0 0 1 4 8 3 7; c o or di n at es 
4 3. 1 3 3 N, - 8 9. 3 4 9 W; el ev ati o n 2 6 4 m; D aily D at a R a n g e: Oct o b er 1, 1 9 3 9 t o 
D ec e m b er 3 1, 2 0 2 1). W e d e fi n e extr e m e pr eci pit ati o n v al u es a n d r et ur n i nt erv als 

b as e d o n c al e n d ar d ay t ot als a n d n ot f or ev e nts t h at s p a n a 2 4- h p eri o d ov er t w o 
c o ns ec utiv e c al e n d ar d ays.

P h y c o c y a ni n  D a t a.   C o nc e ntr ati o ns  of  p hyc ocy a ni n,  a  c h ar act eristic  pi g m e nt 
of Cy a n o b act eri a, w er e m o nit or e d ev ery mi n ut e at a c e ntr al st ati o n ( 4 3. 0 9 9 5 N, 
- 8 9. 4 0 4 5 W) i n L a k e M e n d ot a d uri n g t h e ic e-fr e e s e as o ns of 2 0 0 8– 2 0 2 1 ( 7 0). 
P hyc ocy a ni n  a n d  c hl or o p hyll  d at a  w er e  r ec or d e d  ev ery  mi n ut e  usi n g  T ur n er 
D esi g ns Cycl o ps 7 s e ns ors s us p e n d e d 1. 0 m b el o w t h e b u oy u ntil 2 0 1 9. Fr o m 
2 0 1 9 t o 2 0 2 1, t h e s e ns or w as a Y SI E X O 2 s o n d e. W at er t e m p er at ur e at t h e s e n-
s or arr ay a n d m et e or ol o gy d at a f or t h e at m os p h er e at t h e b u oy, i ncl u di n g wi n d 
s p e e d a n d dir ecti o n, w er e als o r ec or d e d ev ery mi n ut e. A c o m pl et e list of s e ns ors 
us e d ov er ti m e is p ost e d wit h t h e d at a ( 7 0). T h e d ur ati o n of t h e m e as ur e m e nts 
is ar o u n d 1 7 5 d e ac h y e ar. W e us e d d at a fr o m J u n e 1– S e pt e m b er 1 5 ( d ays of 
y e ar 1 5 2– 2 5 8) w h e n bl o o ms ar e c o m m o n ( 7 1). P hyc ocy a ni n s e ns or r e a di n gs 
w er e ex pr ess e d as R F U. L o g( R F U) is dir ectly r el at e d t o t h e l o g of p hyc ocy a ni n 
c o nc e ntr ati o n ( 7 2). W e c alc ul at e d d aily m e a ns of l o g-tr a nsf or m e d R F U usi n g d at a 
fr o m 0 0: 0 0– 0 4: 0 0 a n d 2 2: 0 0– 2 4: 0 0 e ac h d ay t o mi ni miz e q u e nc hi n g d uri n g 
d ayli g ht h o urs ( 7 1). Diff er e nt s e ns ors a n d m ai nt e n a nc e r e gi m es w er e us e d i n 
diff er e nt y e ars, a n d t h es e f act ors c o ul d aff ect t h e m e a n a n d S D of s e ns or r e a di n gs 
wit hi n a y e ar. T o f acilit at e c o m p aris o ns a m o n g y e ars, d aily m e a ns of t h e l o g( R F U) 
wit hi n e ac h y e ar w er e st a n d ar diz e d as z-sc or es z = (x − fl ) ∕ ffi  w h er e m e a n µ
a n d S D σ  ar e esti m at e d ov er all d ays e ac h y e ar ( 4 9).

S t a ti s ti c al A n al y si s.  All c alc ul ati o ns w er e c o n d uct e d i n R 4. 2. 0 ( 7 3). Ti m e 
s eri es pl ots a n d d escri ptiv e st atistics w er e c alc ul at e d wit h R scri pts a n d d at a 
pr es e nt e d o nli n e ( 6 9).

Cr oss-c orr el ati o ns f or c o nc urr e nt d aily s eri es w er e c o m p ut e d f or e ac h y e ar a n d 
t h e n p o ol e d a m o n g y e ars as w ei g ht e d av er a g es wit h i nv ers e v ari a nc e w ei g hts. 
T h e v ari a nc e of a pr o d uct- m o m e nt c orr el ati o n c o ef fici e nt r f or a giv e n l a g i n a 
giv e n y e ar is ( 1 – r2 )2 /( n – 2) w h er e n is t h e n u m b er of d ays us e d t o c alc ul at e 
t h e c orr el ati o n ( 7 4).

Extr e m e v al u es, tr e n ds i n extr e m es, a n d d e p e n d e nci es a m o n g extr e m es w er e 
ass ess e d by fitti n g g e n er aliz e d Par et o distri b uti o ns t o e ac h of t h e d aily ti m e s eri es 
usi n g t h e f ev d() f u ncti o n of t h e ext R e m es() p ac k a g e ( 2 8). T his pr oc e d ur e pr ovi d es 
m axi m u m li k eli h o o d esti m at es of l oc ati o n µ , sc al e σ , a n d s h a p e ξ  p ar a m et ers 
( 1 2). T h e t hr es h ol d u f or e ac h ti m e s eri es w as esti m at e d acc or di n g t o C ol es ( 4 0) 
as i m pl e m e nt e d by Car p e nt er et al. ( 1 2). T h es e t hr es h ol d v al u es w er e us e d f or 
p e a k- ov er t hr es h ol d a n alys es of r et ur n i nt erv als d escri b e d b el o w. R scri pts a n d 
d at a f or Par et o a n alys es ar e pr es e nt e d o nli n e ( 7 5).

Usi n g  t hr es h ol d  esti m at es  fr o m  fits  of  Par et o  m o d els,  w e  i d e nti fi e d  d at es 
of t hr es h ol d exc e e d a nc es ( extr e m e v al u es) f or pr eci pit ati o n, disc h ar g e, P l o a d, 
a n d p hyc ocy a ni n. F or e ac h v ari at e, w e c alc ul at e d r et ur n i nt erv als ( d ur ati o ns of 
g a ps b et w e e n exc e e d a nc es). F or e ac h v ari at e’s r et ur n i nt erv als i n e ac h y e ar, w e 
c alc ul at e d t h e i n d ex of dis p ersi o n (v ari a nc e/ m e a n) t o ass ess i n d e p e n d e nc e or 
d e p e n d e nc e of ev e nts fr o m y e ar t o y e ar. Tr e n ds i n t h e n u m b er of extr e m es p er 
y e ar a n d t h e i n d ex of dis p ersi o n w er e ass ess e d by K e n d all r a n k c orr el ati o n usi n g 
t h e c or() f u ncti o n of R  ( 7 6).

If  e xtr e m e  e v e nts  ar e  i n d e p e n d e nt,  t h e n  t h e  r et ur n  i nt er v als  ( g a ps 
b et w e e n e xtr e m e e v e nts) ar e als o i n d e p e n d e nt a n d distri b ut e d acc or di n g 
t o t h e P oiss o n distri b uti o n ( 7 7). F or a l ar g e s a m pl e of r et ur n i nt er v als f or a 
gi v e n t hr es h ol d q  wit h m e a n r et ur n i nt er v al R q  (i. e. t h e m e a n r at e of extr e m e 
e v e nts is �휆 = 1 ∕ R q ), t h e pr o b a bilit y of o n e e xtr e m e i n a r et ur n i nt er v al of 
l e n gt h r is ( 7 7).

[ 1]

If extr e m e ev e nts ar e d e p e n d e nt, or cl u m p e d, i n ti m e t h e n o bs erv e d pr o b a-
biliti es will d evi at e fr o m [ 1 ] ( 3 0) as s h o w n b el o w. F or a P oiss o n distri b uti o n t h e 
v ari a nc e a n d m e a n ar e e q u al, h e nc e t h e r ati o v ari a nc e/ m e a n, c all e d t h e i n d ex 
of dis p ersi o n, is 1 ( 4 6). F or ev e nts t h at ar e d e p e n d e nt, t h e v ari a nc e exc e e ds t h e 
m e a n a n d t h e i n d ex of dis p ersi o n is gr e at er t h a n 1 ( 4 6, 7 8).

F or o bs erv e d r et ur n i nt erv als, w e c alc ul at e d c u m ul ativ e ra nk distri b uti o ns of r/R q

f oll o wi n g B u n d e et al. ( 3 0). F or a giv e n v ari at e, w e c alc ul at e d 1 mi n us t h e r el ativ e 
ra nk of r/R q  (ra nk divi d e d by t h e t ot al n u m b er of ev e nts) a n d t h e n pl ott e d t his 
q u a ntity v ers us r/R q . W e c o m p ar e d t h es e distri b uti o ns wit h t h e P oiss o n distri b u-
ti o n usi n g K ol m o g or ov– S mir n ov t ests of t h e n ull hy p ot h esis t h at d at a a n d P oiss o n 
ex p ect ati o n ar e dra w n fr o m t h e s a m e distri b uti o n (f u ncti o n ks.t est() wit h t w o-si d e d 

P q (r ) = r �휆 e − r �휆 .
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o pti o n i n R). As a n a d diti o n al vis u al t est, w e c o m p ar e d r et ur n i nt erv als f or o bs erv e d 
ti m e s eri es of eac h v ari at e wit h t h os e of t h e ra n d o mly s h uf fl e d ti m e s eri es. S h uf fl e d 
d at a w er e g e n erat e d by t h e s h uf fl e() f u ncti o n of t h e p er m ut e li brary i n R ( 7 6, 7 9).

T h e c orr el ati o n ex p o n e nt γ  w as esti m at e d by D etr e n d e d Fl uct u ati o n A n alysis 
( D F A) ( 2 9). W e fitt e d D F A m o d els t o d aily ti m e s eri es of pr eci pit ati o n, P l o a d, a n d 
p hyc ocy a ni n usi n g t h e df a() f u ncti o n of t h e n o nli n e arTs eri es li br ary ( 7 6, 8 0). T h e 
l o g–l o g pl ot of t h e r es ulti n g fl uct u ati o n f u ncti o n s h o ul d b e li n e ar ov er t h e r el ev a nt 
ti m e sc al es t o esti m at e t h e c orr el ati o n ex p o n e nt ( 2 9, 8 1). W e ev al u at e d li n e arity 
by c o m p ari n g a li n e ar m o d el t o hi g h er- or d er p oly n o mi als usi n g AI C. W h e n t h e 
li n e ar m o d el fits t h e d at a t h e sl o p e α  m e as ur es “s elf- af fi nity” of t h e ti m e s eri es, 
als o c all e d “l o n g-t er m m e m ory” si nc e t h e c orr el ati o n ex p o n e nt γ  a p pr o ac h es 0 
as α  a p pr o ac h es 1. T h e c orr el ati o n ex p o n e nt a n d s elf- af fi nity ar e r el at e d by t h e 
e q u ati o n: fl = 2( 1 − ffi ). Si nc e γ  = 1 f or i n d e p e n d e nt or P oiss o n- distri b ut e d 
extr e m es, w hic h h av e n o t e m p or al d e p e n d e nc e or m e m ory, t h e diff er e nc e 1 - γ
i n dic at es d e p e n d e nc e of extr e m es. Esti m at es of γ  n e ar z er o i n dic at e hi g h l ev els 
of l o n g-t er m d e p e n d e nc e or m e m ory ( 7).

Wit hi n e ac h y e ar, w e r ec or d e d t h e n u m b er of d ays b et w e e n a n extr e m e v al u e 
of P l o a d a n d t h e n ext extr e m e v al u e of p hyc ocy a ni n. W h e n s u m m ariz e d f or all 
y e ars t h e d at a s h o w t h e ti m e l a gs b et w e e n extr e m e P l o a ds a n d extr e m e p hyc o-
cy a ni n c o nc e ntr ati o ns ( 7 6).

D a t a, M a t e ri al s, a n d S of t w a r e A v ail a bili t y . Ori gi n al M e as ur e m e nts d at a h av e 
b e e n d e p osit e d i n E nvir o n m e nt al D at a I niti ativ e ( htt ps:// d oi. or g/ 1 0. 6 0 7 3/ p ast a/
fc 8 b d 9 6 6 7 7 4 0 5 9 4 5 0 2 4 a d 7 0 8 0 0 3 b e 1fc).

A C K N O W L E D G M E N T S.   T h e  N ort h  Te m p er at e  L a k es  L o n g-Ter m  Ec ol o gic al 
R es e arc h pr o gr a m ( N S F u n d er C o o p er ativ e A gr e e m e nt # D E B- 2 0 2 5 9 8 2) s u p p ort e d 
t his r es e arc h. W e ar e gr at ef ul t o N ati o n al Oc e a nic a n d At m os p h eric A d mi nistr ati o n 
( N O A A) f or pr ovi di n g pr eci pit ati o n d at a, U S G S f or pr ovi di n g hy dr ol o gic al a n d 
p h os p h or us l o a d d at a, a n d D avi d B u oy f or t h e i n-l a k e d at a. W e t h a n k E. G. B o ot h, 
R. L at hr o p, T. St u nt e b ec k, a n d M. G. T ur n er f or c o nv ers ati o ns a b o ut cli m at e, l a n d 
us e, a n d c h a n g es of L a k e M e n d ot a.

1. S. W estr a, L. V. Al ex a n d er, F. W. Z wi ers, Gl o b al i ncr e asi n g tr e n ds i n a n n u al m axi m u m d aily 
pr eci pit ati o n. J. Cli m. 2 6 , 3 9 0 4– 3 9 1 8 ( 2 0 1 3).

2. E. M. Fisc h er, R. K n utti, O bs erv e d h e avy pr eci pit ati o n i ncr e as e c o n fir ms t h e ory a n d e arly m o d els. 
N at. Cli m. C h a n g e 6 , 9 8 6– 9 9 1 ( 2 0 1 6).

3. S. W estr a et al. , F ut ur e c h a n g es t o t h e i nt e nsity a n d fr e q u e ncy of s h ort- d ur ati o n extr e m e r ai nf all. 
R ev. G e o p hys. 5 2 , 5 2 2– 5 5 5 ( 2 0 1 4).

4. A. F. Pr ei n et al. , T h e f ut ur e i nt e nsi fic ati o n of h o urly pr eci pit ati o n extr e m es. N at. Cli m. C h a n g e 7 , 
4 8– 5 2 ( 2 0 1 7).

5. X. H u a n g, S. St ev e ns o n, A. D. H all, F ut ur e w ar mi n g a n d i nt e nsi fic ati o n of pr eci pit ati o n extr e m es: 
A “ d o u bl e w h a m my” l e a di n g t o i ncr e asi n g fl o o d ris k i n Calif or ni a. G e o p hys. R es. L ett. 4 7 , 
e 2 0 2 0 GL 0 8 8 6 7 9 ( 2 0 2 0).

6. C. C. U m m e n h of er, G. A. M e e hl, Extr e m e w e at h er a n d cli m at e ev e nts wit h ec ol o gic al r el ev a nc e: A 
r evi e w. P hil os. Tr a ns. R. S oc. B: Bi ol. Sci. 3 7 2  ( 2 0 1 7), 1 0. 1 0 9 8/rst b. 2 0 1 6. 0 1 3 5.

7.  M. G hil et al. , Extr e m e ev e nts: Dy n a mics, st atistics a n d pr e dicti o n. N o nli n e ar Pr oc ess. G e o p hys. 1 8 , 
2 9 5– 3 5 0 ( 2 0 1 1).

8. G. K. M ac D o n al d, E. M. B e n n ett, P. A. P ott er, N. R a m a n k utty, A gr o n o mic p h os p h or us i m b al a nc es 
acr oss t h e w orl d’s cr o pl a n ds. Pr oc. N atl. Ac a d. Sci. U. S. A. 1 0 8 , 3 0 8 6– 3 0 9 1 ( 2 0 1 1).

9. A. S h ar pl ey et al. , P h os p h or us l e g acy: Ov erc o mi n g t h e eff ects of p ast m a n a g e m e nt pr actic es t o 
miti g at e f ut ur e w at er q u ality i m p air m e nt. J. E nvir o n. Q u al. 4 2 , 1 3 0 8– 1 3 2 6 ( 2 0 1 3).

1 0.  M. M ot e w, E. G. B o ot h, S. R. Car p e nt er, X. C h e n, C. J. K uc h ari k, T h e sy n er gistic eff ect of m a n ur e 
s u p ply a n d extr e m e pr eci pit ati o n o n s urf ac e w at er q u ality. E nvir o n. R es. L ett. 1 3 , 0 4 4 0 1 6. ( 2 0 1 8).

1 1. S. R. Car p e nt er, E. G. B o ot h, C. J. K uc h ari k, R. C. L at hr o p, Extr e m e d aily l o a ds: R ol e i n a n n u al 
p h os p h or us i n p ut t o a n ort h t e m p er at e l a k e. A q u at Sci 7 7 , 7 1– 7 9 ( 2 0 1 4).

1 2. S. R. Car p e nt er, E. G. B o ot h, C. J. K uc h ari k, Extr e m e pr eci pit ati o n a n d p h os p h or us l o a ds fr o m t w o 
a gric ult ur al w at ers h e ds. Li m n ol. Oc e a n o gr. 6 3 , 1 2 2 1– 1 2 3 3 ( 2 0 1 8).

1 3. C. A. St o w, S. R. Car p e nt er, R. C. L at hr o p, A B ay esi a n o bs erv ati o n err or m o d el t o pr e dict 
cy a n o b act eri al bi ov ol u m e fr o m s pri n g t ot al p h os p h or us i n L a k e M e n d ot a, Wisc o nsi n. Ca n. J. Fis h. 
A q u at. Sci. 5 4 , 4 6 4– 4 7 3 ( 1 9 9 7).

1 4. R. C. L at hr o p, S. R. Car p e nt er, C. A. St o w, P. A. S or a n n o, J. C. Pa n us k a, P h os p h or us l o a di n g r e d ucti o ns 
n e e d e d t o c o ntr ol bl u e- gr e e n al g al bl o o ms i n L a k e M e n d ot a. Ca n. J. Fis h. A q u at. Sci. 5 5 , 1 1 6 9– 1 1 7 8 
( 1 9 9 8).

1 5. A. M. Mic h al a k et al. , R ec or d-s etti n g al g al bl o o m i n L a k e Eri e c a us e d by a gric ult ur al a n d 
m et e or ol o gic al tr e n ds c o nsist e nt wit h ex p ect e d f ut ur e c o n diti o ns. Pr oc. N atl. Ac a d. Sci. U. S. A. 1 1 0 , 
6 4 4 8– 6 4 5 2 ( 2 0 1 3).

1 6. D.  M. L e ec h, A. I. P oll ar d, S. G. L a b o u, S. E. H a m pt o n, F e w er bl u e l a k es a n d m or e m ur ky l a k es acr oss 
t h e c o nti n e nt al U S: I m plic ati o ns f or pl a n kt o nic f o o d w e bs. Li m n ol. Oc e a n o gr. 6 3 , 2 6 6 1– 2 6 8 0 
( 2 0 1 8).

1 7. W.  W. Car mic h a el, G. L. B oy er, H e alt h i m p acts fr o m cy a n o b act eri a h ar mf ul al g al bl o o ms: 
I m plic ati o ns f or t h e N ort h A m eric a n Gr e at L a k es. H ar mf ul Al g a e 5 4 , 1 9 4– 2 1 2 ( 2 0 1 6).

1 8. J. H uis m a n et al. , Cy a n o b act eri al bl o o ms. N at. R ev. Micr o bi ol. 1 6 , 4 7 1– 4 8 3 ( 2 0 1 8).
1 9. P.  D. Isl es, F. P o m ati, A n o p er ati o n al fr a m e w or k f or d e fi ni n g a n d f or ec asti n g p hyt o pl a n kt o n bl o o ms. 

Fr o nt. Ec ol. E nvir o n. 1 9 , 4 4 3– 4 5 0 ( 2 0 2 1).
2 0. R. W. K atz, G. S. Br us h, M. B. Parl a n g e, St atistics of extr e m es: M o d eli n g ec ol o gic al dist ur b a nc es. 

Ec ol o gy 8 6 , 1 1 2 4– 1 1 3 4 ( 2 0 0 5).
2 1. C. L. E. Fr a nz k e, Extr e m es i n dy n a mic-st oc h astic syst e ms. C h a os 2 7 , 0 1 2 1 0 1. ( 2 0 1 7).
2 2.  M. Sc h eff er, Critic al Tr a nsiti o ns i n N at ur e a n d S oci ety  ( Pri nc et o n U niv ersity Pr ess, Pri nc et o n, N e w 

J ers ey, U S A, 2 0 0 9).
2 3. D.  Tr oll e et al. , Pr oj ecti n g t h e f ut ur e ec ol o gic al st at e of l a k es i n D e n m ar k i n a 6 d e gr e e w ar mi n g 

sc e n ari o. Cli m. R es. 6 4 , 5 5– 7 2 ( 2 0 1 5).
2 4. R. I. W o ol w ay, B. M. Kr a e m er, J. Zsc h eisc hl er, C. Al b er g el, C o m p o u n d h ot t e m p er at ur e a n d hi g h 

c hl or o p hyll extr e m e ev e nts i n gl o b al l a k es. E nvir o n. R es. L ett. 1 6 , ( 2 0 2 1).
2 5. P.  A. S or a n n o, Fact ors aff ecti n g t h e ti mi n g of s urf ac e sc u ms a n d e pili m n etic bl o o ms of bl u e- gr e e n 

al g a e i n a e utr o p hic l a k e. Ca n. J. Fis h. A q u at. Sci. 5 4 , 1 9 6 5– 1 9 7 5 ( 1 9 9 7).
2 6.  M. L. L ars e n et al. , Extr e m e r ai nf all driv es e arly o ns et cy a n o b act eri al bl o o m. Fac ets 5 , 8 9 9– 9 2 0 

( 2 0 2 0).
2 7. R. W. K atz, “ St atistic al m et h o ds f or n o nst ati o n ary extr e m es” i n Extr e m es i n a C h a n gi n g Cli m at e: 

D et ecti o n, A n alysis a n d U nc ert ai nty , A. A g h a K o uc h a k, D. E ast erli n g, K. Hs u, E ds. ( S pri n g er, D or dr ec ht, 
2 0 1 3), c h a p. 2. 1 0. 1 0 0 7/ 9 7 8- 9 4- 0 0 7- 4 4 7 9- 0 2.

2 8. E. Gill el a n d, R. W., K atz, ext R e m es 2. 0: A n extr e m e v al u e a n alysis p ac k a g e i n R. J. St at. S oft w. 7 2 , 
1– 3 9 ( 2 0 1 6).

2 9. J. W. K a nt el h ar dt, E. K osci el ny- B u n d e, H. H. A. R e g o, S. H avli n, A. B u n d e, D et ecti n g l o n g-r a n g e 
c orr el ati o ns wit h d etr e n d e d fl uct u ati o n a n alysis. P hysic a A: St at. M ec h. A p pl. 2 9 5 , 4 4 1– 4 5 4 ( 2 0 0 1).

3 0. A. B u n d e, J. F. Eic h n er, J. W. K a nt el h ar dt, S. H avli n, L o n g-t er m m e m ory: A n at ur al m ec h a nis m f or t h e 
cl ust eri n g of extr e m e ev e nts a n d a n o m al o us r esi d u al ti m es i n cli m at e r ec or ds. P hys. R ev. L ett. 9 4 , 
0 4 8 7 0 1. ( 2 0 0 5).

3 1. T. V. R oy er, M. B. D avi d, L. E. G e ntry, Ti mi n g of riv eri n e ex p ort of nitr at e a n d p h os p h or us fr o m 
a gric ult ur al w at ers h e ds i n Illi n ois: I m plic ati o ns f or r e d uci n g n utri e nt l o a di n g t o t h e Mississi p pi 
Riv er. E nvir o n. Sci. Tec h n ol. 4 0 , 4 1 2 6– 4 1 3 1 ( 2 0 0 6).

3 2. S. M. St ac k p o ol e, E. G. St ets, L. A. S pr a g u e, Vari a bl e i m p acts of c o nt e m p or ary v ers us l e g acy 
a gric ult ur al p h os p h or us o n U S riv er w at er q u ality. Pr oc. N atl. Ac a d. Sci. U. S. A. 1 1 6 , 2 0 5 6 2– 2 0 5 6 7 
( 2 0 1 9).

3 3. K. J. Va n M et er, N. B. B as u, Ti m e l a gs i n w at ers h e d-sc al e n utri e nt tr a ns p ort: A n ex pl or ati o n of 
d o mi n a nt c o ntr ols. E nvir o n. R es. L ett. 1 2 , 0 8 4 0 1 7. ( 2 0 1 7).

3 4. T. D. Br oc k, A E utr o p hic L a k e: L a k e M e n d ot a, Wisc o nsi n  ( S pri n g er- V erl a g, N e w Yor k, 1 9 8 5).
3 5. R. C. L at hr o p, “L a k e M e n d ot a a n d t h e Ya h ar a Riv er C h ai n” i n F o o d W e b M a n a g e m e nt: A Cas e St u dy 

of L a k e M e n d ot a , J. F. Kitc h ell, E d. ( S pri n g er- V erl a g, N e w Yor k, N Y, 1 9 9 2), c h a p. 3, p p. 1 7– 3 0.
3 6. S. R. Car p e nt er et al. , T h e o n g oi n g ex p eri m e nt: R est or ati o n of L a k e M e n d ot a a n d its w at ers h e d i n 

L o n g-Ter m Dy n a mics of L a k es i n t h e L a n dsc a p e, J. J. M a g n us o n, T. K. Kr atz, B. J. B e ns o n, E ds. ( Oxf or d 
U niv ersity Pr ess, L o n d o n, E n gl a n d, 2 0 0 6), p p. 2 3 6– 2 5 6.

3 7. R. C. L at hr o p, S. R. Car p e nt er, W at er q u ality i m plic ati o ns fr o m t hr e e d ec a d es of p h os p h or us l o a ds 
a n d tr o p hic dy n a mics i n t h e Ya h ar a c h ai n of l a k es. I nl a n d Wat ers 4 , 1– 1 4 ( 2 0 1 4).

3 8. R. C. L at hr o p, S. R. Car p e nt er, “ P hyt o pl a n kt o n a n d t h eir r el ati o ns hi p t o n utri e nts” i n F o o d W e b 
M a n a g e m e nt: A Cas e St u dy of L a k e M e n d ot a , J. F. Wisc o nsi n, Kitc h ell, E ds. ( S pri n g er- V erl a g, N e w 
Yor k, 1 9 9 2), p p. 9 9– 1 2 8.

3 9. R. C. L at hr o p, S. R. Car p e nt er, L. G. R u dst a m, W at er cl arity i n L a k e M e n d ot a si nc e 1 9 0 0: R es p o ns es t o 
diff eri n g l ev els of n utri e nts a n d h er biv ory. Ca n. J. Fis h. A q u at. Sci. 5 3 , 2 2 5 0– 2 2 6 1 ( 1 9 9 6).

4 0. S. G. C ol es, A n I ntr o d ucti o n t o St atistic al M o d eli n g of Extr e m e Val u es  ( S pri n g er, N e w Yor k, 2 0 0 1).
4 1. P.  A. S or a n n o, S. R. Car p e nt er, R. C. L at hr o p, I nt er n al p h os p h or us l o a di n g i n L a k e M e n d ot a: R es p o ns e 

t o ext er n al l o a ds a n d w e at h er. Ca n. J. Fis h. A q u at. Sci. 5 4 , 1 8 8 3– 1 8 9 3 ( 1 9 9 7).
4 2. A. M. K a m ar ai n e n, H. Y u a n, C. H. W u, S. R. Car p e nt er, Esti m at es of p h os p h or us e ntr ai n m e nt i n L a k e 

M e n d ot a: A c o m p aris o n of o n e- di m e nsi o n al a n d t hr e e- di m e nsi o n al a p pr o ac h es. Li m n ol. Oc e a n o gr.
7 , 5 5 3– 5 6 7 ( 2 0 0 9).

4 3. T. D. L o ec k e et al. , W e at h er w hi pl as h i n a gric ult ur al r e gi o ns driv es d et eri or ati o n of w at er q u ality. 
Bi o g e oc h e mistry 1 3 3 , 7– 1 5 ( 2 0 1 7).

4 4. H. D u et al. , Pr eci pit ati o n fr o m p ersist e nt extr e m es is i ncr e asi n g i n m ost r e gi o ns a n d gl o b ally. 
G e o p hys. R es. L ett. 4 6 , 6 0 4 1– 6 0 4 9 ( 2 0 1 9).

4 5. E. J e n ni n gs et al. , Eff ects of w e at h er-r el at e d e pis o dic ev e nts i n l a k es: A n a n alysis b as e d o n hi g h-
fr e q u e ncy d at a. Fr es h w at er Bi ol. 5 7 , 5 8 9– 6 0 1 ( 2 0 1 2).

4 6. E. C. Pi el o u, A n I ntr o d ucti o n t o M at h e m atic al Ec ol o gy  ( Wil ey-I nt ersci e nc e, N e w Yor k, p p. 2 9 4. 1 9 6 9).
4 7. F. S eri n al di, C. G. Kils by, U ns ur prisi n g s ur pris es: T h e fr e q u e ncy of r ec or d- br e a ki n g a n d 

ov ert hr es h ol d hy dr ol o gic al extr e m es u n d er s p ati al a n d t e m p or al d e p e n d e nc e. Wat er R es. R es. 5 4 , 
6 4 6 0– 6 4 8 7 ( 2 0 1 8).

4 8. S. Car p e nt er, R. L at hr o p, P h os p h or us l o a di n g, tr a ns p ort a n d c o nc e ntr ati o ns i n a l a k e c h ai n: A 
pr o b a bilistic m o d el t o c o m p ar e m a n a g e m e nt o pti o ns. A q u at. Sci. 7 6 , 1 4 5– 1 5 4 ( 2 0 1 4).

4 9. S. R. Car p e nt er et al. , St oc h astic dy n a mics of Cy a n o b act eri a i n l o n g-t er m hi g h-fr e q u e ncy 
o bs erv ati o ns of a e utr o p hic l a k e. Li m n ol. Oc e a n o gr. L ett. 5 , 3 3 1– 3 3 6 ( 2 0 2 0).

5 0. B. M. S. Ar a ni, S. R. Car p e nt er, L. L a hti, E. H. v a n N es, M. Sc h eff er, Exit ti m e as a m e as ur e of ec ol o gic al 
r esili e nc e. Sci e nc e 3 7 2 , e a ay 4 8 9 5 ( 2 0 2 1).

5 1. J. C. V er m air e et al. , Extri nsic vs. i ntri nsic r e gi m es s hifts i n s h all o w l a k es: L o n g-t er m r es p o ns e of 
cy a n o b act eri al bl o o ms t o hist oric al c atc h m e nt p h os p h or us l o a di n g a n d cli m at e W ar mi n g. Fr o nt. 
Ec ol. Ev ol. 5 , ( 2 0 1 7).

5 2. H.  A. E wi n g et al. , “ N e w” cy a n o b act eri al bl o o ms ar e n ot n e w: T w o c e nt uri es of l a k e pr o d ucti o n ar e 
r el at e d t o ic e c ov er a n d l a n d us e. Ec os p h er e 1 1 , e 0 3 1 7 0. ( 2 0 2 0).

5 3. I. M ark el ov, R.- M. C o ut ur e, R. Fisc h er, S. H a a n d e, P. Va n Ca p p ell e n, C o u pli n g w at er c ol u m n a n d 
s e di m e nt bi o g e oc h e mic al dy n a mics: M o d eli n g i nt er n al p h os p h or us l o a di n g, cli m at e c h a n g e 
r es p o ns es, a n d miti g ati o n m eas ur es i n L ak e Va nsj ø, N or w ay. J. G e o p hys. R es. 1 2 4 , 3 8 4 7– 3 8 6 6 ( 2 0 1 9).

5 4. J. F. Kitc h ell, E d., F o o d W e b M a n a g e m e nt: A Cas e St u dy of L a k e M e n d ot a  ( S pri n g er, N e w Yor k, 1 9 9 2).
5 5. P.  Urr uti a- C or d er o, M. K. E kv all, L.- A. H a nss o n, R es p o ns es of cy a n o b act eri a t o h er biv or o us 

z o o pl a n kt o n acr oss pr e d at or r e gi m es: W h o m o ws t h e bl o o m?. Fr es h w at er Bi ol. 6 0 , 9 6 0– 9 7 2 ( 2 0 1 5).
5 6. J. R. W als h, R. C. L at hr o p, M. J. Va n d er Z a n d e n, I nv asiv e i nv ert e br at e pr e d at or, Byt h otr e p h es 

l o n gi m a n us, r ev ers es tr o p hic c asc a d e i n a n ort h-t e m p er at e l a k e. Li m n ol. Oc e a n o gr. 6 2 , 2 4 9 8– 2 5 0 9 
( 2 0 1 7).

5 7. S. R. Car p e nt er et al. , Pl a usi bl e f ut ur es of a s oci al- ec ol o gic al syst e m: Ya h ar a w at ers h e d, Wisc o nsi n, 
U S A. Ec ol. S oc. 2 0 , ( 2 0 1 5).Do

wn
lo

ad
ed

 f
ro

m 
ht
tp

s:
//

w
w

w.
pn

as
.o

rg
 b

y 
St

ep
he

n 
Ca

rp
en

te
r 

on
 

No
ve

mb
er
 2

1, 
20

22
 f

ro
m 
I
P 

ad
dr

es
s 

69
.1

29
.2

03
.2

02
.

https://doi.org/10.6073/pasta/fc8bd96677405945024ad708003be1fc
https://doi.org/10.6073/pasta/fc8bd96677405945024ad708003be1fc
https://doi.org/10.1098/rstb.2016.0135
https://doi.org/10.1007/978-94-007-4479-02


P N A S   2 0 2 2   V ol. 1 1 9   N o. 4 8   e 2 2 1 4 3 4 3 1 1 9 htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 2 1 4 3 4 3 1 1 9   7 of 7

5 8. J. W. Willi a ms, S. T. J ac ks o n, N ov el cli m at es, n o- a n al o g c o m m u niti es, a n d ec ol o gic al s ur pris es. Fr o nt. 
Ec ol. E nvir o n. 5 , 4 7 5– 4 8 2 ( 2 0 0 7).

5 9. P.  M. Vit o us e k et al. , N utri e nt i m b al a nc es i n a gric ult ur al d ev el o p m e nt. Sci e nc e 3 2 4 , 1 5 1 9– 1 5 2 0 
( 2 0 0 9).

6 0. S. R. Car p e nt er, E. M. B e n n ett, R ec o nsi d er ati o n of t h e pl a n et ary b o u n d ary f or p h os p h or us. E nvir o n. 
R es. L ett. 6 , 0 1 4 0 0 9 ( 2 0 1 1).

6 1. S. A. L evi n et al. , G ov er n a nc e i n t h e f ac e of extr e m e ev e nts: L ess o ns fr o m ev ol uti o n ary pr oc ess es f or 
str uct uri n g i nt erv e nti o ns, a n d t h e n e e d t o g o b ey o n d. Ec osyst e ms 2 5 , 6 9 7– 7 1 1 ( 2 0 2 2).

6 2. C. F ol k e et al. , O ur f ut ur e i n t h e A nt hr o p oc e n e bi os p h er e. A m bi o 5 0 , 8 3 4– 8 6 9 ( 2 0 2 1).
6 3. N ati o n al Ac a d e mi es of Sci e nc es, M e dici n e. 2 0 2 1 N o b el Priz e S u m mit: O ur Pl a n et, O ur F ut ur e: 

Pr oc e e di n gs of a S u m mit , F. Carr er o- M artí n ez, N. S o b h a ni, E. K a m ey a m a, P. W hit acr e, E ds. (T h e 
N ati o n al Ac a d e mi es Pr ess, W as hi n gt o n, D C, 2 0 2 1), p. 8 8, D OI: 1 0. 1 7 2 2 6/ 2 6 3 1 0.

6 4. J. Qi u, M. G. T ur n er, S p ati al i nt er acti o ns a m o n g ec osyst e m s ervic es i n a n ur b a nizi n g a gric ult ur al 
w at ers h e d. Pr oc. N atl. Ac a d. Sci. U. S. A. 1 1 0 , 1 2 1 4 9– 1 2 1 5 4 ( 2 0 1 3).

6 5. J. Sc h atz, C. J. K uc h ari k, S e as o n ality of t h e ur b a n h e at isl a n d eff ect i n M a dis o n, Wisc o nsi n. J. A p pl. 
M et e or ol. Cli m. 5 3 , 2 3 7 1– 2 3 8 6 ( 2 0 1 4).

6 6. S. Gill o n, E. G. B o ot h, A. R. Riss m a n, S hifti n g driv ers a n d st atic b as eli n es i n e nvir o n m e nt al 
g ov er n a nc e: C h all e n g es f or i m pr ovi n g a n d pr ovi n g w at er q u ality o utc o m es. R e g. E nvir o n. C h a n g e
1 6 , 7 5 9– 7 7 5 ( 2 0 1 6).

6 7. R. C. L at hr o p, Pers p ectiv es o n t h e e utr o p hic ati o n of t h e Ya h ar a l a k es. L a k e R es erv. M a n a g. 2 3 , 
3 4 5– 3 6 5 ( 2 0 0 7).

6 8. L. A. D e Cicc o, D. L or e nz, R. M. Hirsc h, W. W at ki ns, M. J o h ns o n, d at a R etri ev al: R Pac k a g es f or 
Disc ov eri n g a n d R etri evi n g Wat er D at a Av ail a bl e fr o m U. S. F e d er al Hy dr ol o gic W e b S ervic es  ( U. S. 
G e ol o gic al S urv ey, R est o n, Vir gi ni a, U. S. A., 2 0 2 1).

6 9. S. R. C ar p e nt er, Pr eci pit ati o n, disc h ar g e, p h os p h or us l o a d a n d p h yc oc y a ni n: Ti m e s eri es pl ots 
a n d cr oss-c orr el ati o ns. Z e n o d o.  htt ps:// d oi. or g/ 1 0. 5 2 8 1/z e n o d o. 6 6 7 2 2 1 7. Acc ess e d 2 8 A pril 
2 0 2 2.

7 0. J. J. M a g n us o n, S. R. Car p e nt er, E. H. St a nl ey, N ort h Te m p er at e L a k es, LT E R: Hi g h fr e q u e ncy d at a: 
M et e or ol o gic al, diss olv e d oxy g e n, c hl or o p hyll, p hyc ocy a ni n - L a k e M e n d ot a B u oy 2 0 0 6-c urr e nt. 
E nvir o n m e nt al D at a I niti ativ e, 1 0. 6 0 7 3/ p ast a/fc 8 b d 9 6 6 7 7 4 0 5 9 4 5 0 2 4 a d 7 0 8 0 0 3 b e 1fc. Acc ess e d 3 
J a n u ary 2 0 2 2.

7 1. B. Z. R o uss o, E. B ert o n e, R. A. St e w art, K. Ri n k e, D. P. H a milt o n, Li g ht-i n d uc e d fl u or esc e nc e 
q u e nc hi n g l e a ds t o err ors i n s e ns or m e as ur e m e nts of p hyt o pl a n kt o n c hl or o p hyll a n d p hyc ocy a ni n. 
Wat er R es. 1 9 8 , 1 1 7 1 3 3 ( 2 0 2 1).

7 2.  M. L. Pac e et al. , R ev ers al of a cy a n o b act eri al bl o o m i n r es p o ns e t o e arly w ar ni n gs. Pr oc. N atl. Ac a d. 
Sci. U. S. A. 1 1 4 , 3 5 2– 3 5 7 ( 2 0 1 7).

7 3. R C or e Te a m, R: A L a n g u a g e a n d E nvir o n m e nt f or St atistic al C o m p uti n g  ( R F o u n d ati o n f or St atistic al 
C o m p uti n g, Vi e n n a, A ustri a, 2 0 2 1).

7 4. A. L. B o wl ey, T h e st a n d ar d d evi ati o n of t h e c orr el ati o n c o ef fici e nt. J. A m. Stat. Ass oc. 2 3 , 3 1– 3 4 ( 1 9 2 8).
7 5. S. R. Car p e nt er Pr eci pit ati o n, disc h ar g e, p h os p h or us l o a d a n d p hyc ocy a ni n: Par et o m o d els. 

Z e n o d o.  htt ps:// d oi. or g/ 1 0. 5 2 8 1/z e n o d o. 6 6 7 2 2 7 7. Acc ess e d 2 8 A pril 2 0 2 2.
7 6. S. R. Car p e nt er Pr eci pit ati o n, disc h ar g e, p h os p h or us l o a d a n d p hyc ocy a ni n: L o n g-r a n g e d e p e n d e nc e 

a n d m o d els f or r et ur n i nt erv als. Z e n o d o.  htt ps:// d oi. or g/ 1 0. 5 2 8 1/z e n o d o. 6 9 1 4 4 6 9. Acc ess e d 2 8 
A pril 2 0 2 2.

7 7. H. v. St orc h, F. W. Z wi ers, St atistic al A n alysis i n Cli m at e R es e arc h  ( Ca m bri d g e U niv ersity Pr ess, 
Ca m bri d g e, N e w Yor k, 1 9 9 9).

7 8. D.  C ox, P. A. W. L e wis, T h e St atistic al A n alysis of S eri es of Ev e nts ( M et h u e n, U K, 1 9 6 6), 1 0. 1 0 0 7/ 9 7 8-
9 4- 0 1 1- 7 8 0 1- 3.

7 9. G. L. Si m ps o n p er m ut e: F u ncti o ns f or G e n er ati n g R estrict e d Per m ut ati o ns of D at a.  R p ac k a g e 
v ersi o n 0. 9- 7. htt ps:// C R A N. R- pr oj ect. or g/ p ac k a g e = p er m ut e. ( 2 0 2 2).

8 0. A. G. C o nst a nti n o n o nli n e arTs eri es: N o nli n e ar Ti m e S eri es A n alysis.  R p ac k a g e v ersi o n 0. 2. 1 1. 
htt ps:// C R A N. R- pr oj ect. or g/ p ac k a g e = n o nli n e arTs eri es. ( 2 0 2 1).

8 1. D.  M ar a u n, H. W. R ust, J. Ti m m er, Te m pti n g l o n g- m e m ory - o n t h e i nt er pr et ati o n of D F A r es ults. 
N o nli n. Pr oc ess. G e o p hys. 1 1 , 4 9 5– 5 0 3 ( 2 0 0 4).

Do
wn

lo
ad

ed
 f

ro
m 

ht
tp

s:
//

w
w

w.
pn

as
.o

rg
 b

y 
St

ep
he

n 
Ca

rp
en

te
r 

on
 

No
ve

mb
er
 2

1, 
20

22
 f

ro
m 
I
P 

ad
dr

es
s 

69
.1

29
.2

03
.2

02
.

https://doi.org/https://doi.org/10.17226/26310
https://doi.org/10.6073/pasta/fc8bd96677405945024ad708003be1fc
https://doi.org/10.5281/zenodo.6672277
https://doi.org/10.5281/zenodo.6914469
https://10.1007/978-94-011-7801-3
https://10.1007/978-94-011-7801-3
https://CRAN.R-project.org/package=permute
https://CRAN.R-project.org/package=nonlinearTseries


1 
 

Supporting Information for 1 
 2 

Long-Range Dependence and Extreme Values of 3 
Precipitation, Phosphorus Load and Cyanobacteria 4 

 5 
By 6 

 7 
S.R. Carpenter, M. R. Gahler, C. Kucharik and E.H. Stanley 8 

 9 
Supporting Information 10 

 11 
Table of Contents  12 
 13 
Time Series: Precipitation, Phosphorus Load, and Phycocyanin  2 14 
 15 
 Figure S1       2 16 
 17 
 Figure S2       2 18 
 19 
 Figure S3       2 20 
 21 
 Figure S4       3 22 
 23 
Long-Range Dependence      4 24 
 25 
 Table S1       4 26 
 27 
References        4 28 
 29 

  30 



2 
 

Time Series: Precipitation, Phosphorus Load, and Phycocyanin 31 
 32 
Figure S1. Daily precipitation 1940-2021 33 

 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 

Figure S2. Daily discharge as m3d-1 to Lake Mendota from Yahara River and Pheasant Branch combined, 48 
1990-2021. Note log y-axis.  49 

 50 
 51 
Figure S3.  Daily P load to Lake Mendota from Yahara River and Pheasant Branch combined, 1995-52 
2021. Note log y axis. These two tributaries combined account for 30% of the P load to Lake Mendota 53 
from all sources and together explain 96% of the variance in P load from all sources (1) 54 
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Figure S4.  Time series from the 69 
days when precipitation, P load, and 70 
phycocyanin were all available for 71 
Lake Mendota. (A) precipitation (mm 72 
d-1), (B) discharge from Yahara River 73 
and Pheasant Branch to Lake 74 
Mendota (m3 d-1; note log y axis), (C) 75 
P load from Yahara River and 76 
Pheasant Branch combined to Lake 77 
Mendota (kg d-1; note log y axis), 78 
and (C) phycocyanin log10 relative 79 
fluorescence units (RFU) measured 80 
in Lake Mendota (Z scores, units of 81 
standard deviation).  82 
 83 
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Long-Range Dependence 97 
 98 
Long-range dependence, or memory, is indicated by the correlation exponent γ estimated by detrended 99 
fluctuation analysis (DFA) (2). The main text presents correlation exponents for concurrent days when all 100 
four variates were measured. Here we present DFA results using all available data for each variate.  Data 101 
and R scripts for DFA are presented online (3).   102 
 103 
For a Poisson distribution with minimal long-term dependence or memory γ = 1.  Analyses of all available 104 
data show that departures from a Poisson pattern increase from precipitation to discharge to phosphorus 105 
load, with phycocyanin presenting slightly less long-term dependence than phosphorus load (Table S1).  106 
The fluctuation plot for phycocyanin was quadratic, despite detrending within each year to remove 107 
seasonality, and the estimate of γ is therefore biased (4). For the other three time series the fluctuation 108 
plot was best-fit by a linear model according to AIC, consistent with assumptions of DFA. Thus the 109 
phycocyanin data may not meet the assumptions for estimating the correlation exponent. Other studies 110 
demonstrate alternate states with rapid transitions between low and high levels of phycocyanin (5).  111 
Annual repetition of alternate states suggests long-term memory of nonlinear stochastic dynamics that 112 
may be difficult to measure with correlation exponents.  113 
 114 
Table S1.  Detrended fluctuation analysis results using all available data for daily time series of 115 
precipitation, P load, and phycocyanin. Phycocyanin data were detrended within each year to remove 116 
seasonal effects.  117 

Time series Days of data Self-Affinity α 
(s.e.) 

Correlation Exponent γ (s.e.) 

Precipitation 30042 0.531 (0.0023) 0.939 (0.00465) 
Log(Discharge) 11684 0.895 (0.010) 0.203 (0.0114) 
Log(P load) 9770 0.962 (0.013) 0.0769 (0.0130) 
Log Phycocyanin 1438 0.943 (0.018) 0.114 (0.036) 
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