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A bst r a ct 

P ar asit es oft e n c oi nf e ct h ost p o p ul ati o ns, a n d, b y i nt er a cti n g wit hi n h osts, mi g ht c h a n g e 

t h e traj e ct or y of m ulti- p ar asit e e pi d e mi cs. H o w e v er, h ost- p ar asit e i nt er a cti o ns oft e n c h a n g e wit h 

h ost a g e, r aisi n g t h e p ossi bilit y t h at wit hi n- h ost i nt er a cti o ns b et w e e n p ar asit es mi g ht als o c h a n g e, 

i nfl u en ci n g t h e s pr e a d of dis e as e. W e m e as ur e d h o w h et er os p e cifi c p ar asit e s i nt er a ct e d wit hi n 

z o o pl a n kt o n h osts a n d h o w h ost a g e c h a n g e d t h es e i nt er a cti o ns. W e t h e n p ar a m et eri z e d a n 

e pi d e mi ol o gi c al m o d el t o e x pl or e h o w a g e -eff e cts alt er e d t h e i m p a ct of c oi nf e cti o n o n e pi d e mi c 

d y n a mi cs.  I n o ur m o d el, we f o u n d t h at i n p o p ul ati o ns w h er e e pi d e mi ol o gi c all y r el e v a nt 

p a r a m et ers di d n ot c h a n g e wit h a g e, t h e pr es e n c e of a s e c o n d p ar asit e alt er e d e pi d e mi c 

d y n a mi cs. I n c o ntr ast, w h e n p ar a m et ers v ari e d wit h h ost a g e ( b as e d o n o ur e m piri c al m e as ur es), 

t h ere w as n o l o n g er a diff er e n c e i n e pi d e mi c d y n a mi cs b et w e e n si n gl y a n d c oi nf e ct e d 

p o p ul ati o ns , i n di c ati n g t h at v ari a bl e a g e str u ct ur e wit hi n a p o p ul ati o n eli mi n at es t h e i m p a ct of 

c oi nf e cti o n o n e pi d e mi c d y n a mi cs. M or e o v er, i nf e cti o n pr e v al e n c e of b ot h p ar asit es w as l o w er 

i n p o p ulati o ns w h er e e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers c h a n g e d wit h a g e. Gi v e n t h at h ost-

p o p ul ati o n a g e str u ct ur e c h a n g es o v er ti m e a n d s p a c e, t h es e r es ult s i n di c at e t h at a g e- eff e cts ar e 

i m p ort a nt f or u n d erst a n di n g e pi d e mi ol o gi c al pr o c e ss es i n c oi nf e ct e d s yst e m s a n d t h at st u di es 

f o cus e d o n a si n gl e a g e gr o u p c o ul d yi el d i n a c c ur at e i nsi g hts. 
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P ar asit es t h at i nf e ct t h e s a m e h ost p o p ul ati o n i nt er a ct wit h o n e a n ot h er, a n d ulti m at el y 

alt er o n e a n ot h er’s e pi d e mi c d y n a mi cs ( A b u- R a d d a d e t al. 2 0 0 8). At t h e h ost p o p ul ati o n s c al e, 

p ar asit es i nt er a ct b y alt eri n g t h e a v ail a bilit y a n d s us c e pti bilit y of p ot e nti al h osts ( E z e n w a e t al. 

2 0 1 0). F or i nst a n c e, m e a sl es m a y i nt erf er e wit h w h o o pi n g c o u g h tr a ns mi ssi o n b y killi n g 

s us c e pti bl e h osts, a n d vi c e v ers a ( R o h a ni et al.  2 0 0 3). At t h e wit hi n- h ost s c al e, p ar asit es i nt er a ct 

b y  alt eri n g e a c h ot h er’s wit hi n- h ost gr o wt h r at es, t h e d ur ati o n of i nf e cti o n, a n d vir ul e nt eff e cts 

o n t h e h ost ( B e n- A mi e t al. 2 0 1 1; D u n c a n et al.  2 0 1 5; E z e n w a & J oll es 2 0 1 5). F or i nst a n c e, 

m al ari a i nf e cti o n c a n i n cr e as e HI V vir al l o a d, a n d t h us HI V tr a ns mi ssi bilit y ( A b u- R a d d a d et al.  

2 0 0 6).  

I nt er a cti o ns a m o n g p ar asit es c h a n g e as h ost s a g e (I z h ar et al.  2 0 1 5). I nt er a cti o ns b et w e e n 

p ar asit es i nf e cti n g t h e s a m e h ost c h a n g e wit h h ost a g e b e c a us e of h ost p h ysi ol o g y (i n cl u di n g 

c h a n g es i n b o d y si z e, n utriti o n al st at us, a n d i m m u n e f u n cti o n) a n d b e h a vi or (r e vi e w e d i n B e n-

A mi 2 0 1 9) . H ost i m m u n e s yst e ms t y pi c all y gr o w str o n g er as h ost s a g e, b ef or e b e c o mi n g w e a k er 

l at e i n lif e ( H a milt o n 1 9 6 6; Si m o n e t al. 2 0 1 5). S hifti n g i m m u n e str e n gt h a s h ost s a g e will s hift 

i mm u n e- b as e d p ar asit e i nt er a cti o ns, s u c h as i m m u n e-s u p pr essi o n a n d cr os s-i m m u nit y, t h at 

d et er mi n e h ost s us c e pti bilit y, t h e gr o wt h r at e of p ar asit es wit hi n h osts, a n d h ost m ort alit y 

( R ab er g et al.  2 0 0 6; E z e n w a & J oll es 2 0 1 5; H alli d a y e t al. 2 0 2 0; Cl ar k e t al. 2 0 2 1). 

A d diti o n all y, m a n y wit hi n- h ost i nt er a cti o ns ar e b a s e d o n r es o ur c es wit hi n t h e h ost. As h osts a g e, 

t h eir r es o ur c e c o ns u m pti o n t y pi c all y i n cr e as es, a n d t h e pr o p orti o n of r es o ur c es t h e y dir e ct 

t o w ar ds gr o wt h, s o m ati c m ai nt e n a n c e, i m m u n e f u n cti o n, a n d r e pr o d u cti o n s hift ( F ors et h et al.  

1 9 9 4; D e m ot t et al.  2 0 1 0) — li k el y c h a n gi n g t h e str e n gt h of r es o ur c e c o m p etiti o n b et w e e n 

p a r asit es. F urt h er, p ar asit es c a n  c h a n g e t h e f or a gi n g b e h a vi or  of h osts ( K ar b a n & E n gli s h- L o e b 

I nt r o d u cti o n 
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1 9 9 7; P e n c z y k o ws ki et al.  2 0 2 2) a n d t h eir pr e d at ors ( G or e n & B e n- A mi 2 0 1 7), a n d t h us t h e r at e 

a t w hi c h h osts c o m e i n c o nt a ct wit h s e c o n d ar y p ar asit es. H o w e v er, t h e str e n gt h of t his b e h a vi or al 

m a ni p ul ati o n c a n als o d e p e n d o n a g e ( P o uli n 1 9 9 3). T h us, t h er e ar e a v ari et y of m e c h a nis m s t h at 

c o ul d s hift p ar asit e i nt er a cti o ns o v er a h ost’s lif es p a n. 

W hil e w e k n o w h ost a g e c a n alt er p ar asit e i nt er a cti o ns at t h e i n di vi d u al s c al e, li mit e d 

r es e ar c h h as b e e n d o n e o n h o w t h es e a g e- eff e cts s c al e u p t o alt er m ulti- p ar asit e e pi d e mi c 

d y n a mi cs at t h e p o p ul ati o n s c al e (r e vi e w e d i n B e n- A mi 2 0 1 9). I n si n gl e- p ar asit e s yst e ms, 

i n divi d u al- l e v el ag e - eff e cts c a n s c al e u p t o i nfl u e n c e e pi d e mi c d y n a mi cs ( B e n- A mi 2 0 1 9; Cl ar k 

e t al. 2 0 2 1). E x pli citl y m o d elli n g a g e- eff e cts h as i m pr o v e d o ur a bilit y t o pr e di ct a n d r es p o n d t o 

e pi d e mi cs of vir ul e nt c hil d h o o d di s e as es s u c h as w h o o pi n g c o u g h a n d m e asl es ( Fi n k e nst ä dt & 

Gr e nf ell 2 0 0 0), a n d t h us c o ul d i m pr o v e o ur a bilit y t o pr e di ct d y n a mi cs of m ulti- p ar asit e s yst e ms. 

W e e x p e ct a g e- eff e cts t o s c al e u p t o alt er dis e as e d y n a mi cs i n m ulti- p ar asit e s yst e ms vi a a g e-

m e di a t e d f e e d b a c k l o o ps ( Fi g. 1). T hr o u g h t h es e f e e d b a c k l o o ps, p ar asit e i nt er a cti o ns i n cr e as e 

( or d e cr e as e) tr a ns mi ssi o n, w hi c h d e cr e as es ( or i n cr e as es) t h e a v er a g e a g e at w hi c h h osts b e c o m e 

i nf ect e d ( A n d ers o n & M a y 1 9 8 5), alt eri n g t h e str e n gt h of p ar asit e i nt er a cti o ns a n d f urt h er 

i nfl u en ci n g tr a ns mi ssi o n. Gi v e n t h at e pi d e mi ol o gi c al f e e d b a c k l o o ps c a n f u n d a m e nt all y alt er 

dis e a s e pr o c ess es ( F e nt o n et al.  2 0 0 8; Cl a y e t al. 2 0 2 0), w e e x p e ct t h at m ulti- p ar asit e m o d els 

t h at i n c or p or at e ag e - eff e cts will m a k e s yst e m ati c all y diff er e nt pr e di cti o ns t h a n m o d els t h at d o 

n ot .  

W e us e d a s yst e m of fr es h w at er z o o pl a n kt o n c oi nf e ct e d b y f u n g al a n d b a ct eri al p ar asit es 

t o as k ( 1) h o w d o es h ost a g e alt er i nt er a cti o ns b et w e e n p ar asit es ? a n d ( 2) h o w d o a g e- eff e cts i n 

i n divi d u al h osts s c al e u p t o alt er e pi d e mi cs i n t h e h ost p o p ul ati o n ? T o a ns w er t h es e q u esti o ns, 

w e m e as ur e d h ost lif es p a n, r e pr o d u cti o n, c o nt a ct wit h p ar asit es, s us c e pti bilit y, a n d i nf e cti o us 
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pr o p a g ul e pr o d u cti o n i n z o o pl a n kt o n si n gl y i nf e ct e d a n d c o -i nf e ct e d b y f u n g al a n d b a ct eri al 

s p or es, a n d us e d t h es e m e as ur e m e nts t o p ar a m et eri z e a n a g e nt- b as e d e pi d e mi c m o d el. O v er all, 

o ur r es ult s i n di c at e t h at h ost a g e c a n m e di at e t h e str e n gt h of wit hi n- h ost i nt er a cti o ns, a n d t h at 

v ari ati o n i n p ar asit e i nt er a cti o ns wit h h ost a g e c a n d e cr e as e i nf e cti o n pr e v al e n c e i n o ur s yst e m. 

M ost i nt er esti n gl y, w h e n e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers (f e e di n g r at e, p er-s p or e 

s us c e pti bilit y, s p or e yi el d, a n d birt hs p er d a y) w er e all o w e d t o v ar y wit h h ost a g e, as m e as ur e d i n 

o ur l a b or at or y st u d y, diff er e n c es i n e pi d e mi c d y n a mi cs b et w e e n si n gl y- a n d c o-i nf e ct e d 

p o p ul ati o ns  w er e eli mi n at e d. 

E m pi ri c al M et h o d s 

St u d y S yst e m 

W e us e d D a p h ni a d e ntif er a , a fr es h w at er z o o pl a n kt o n c o m m o n i n str atifi e d l a k es i n t h e 

M i d w est er n U nit e d St at e s ( T essi er a n d W o o dr uff 2 0 0 2, h er e aft er r ef err e d t o as t h e h ost). W hil e 

filt er-f e e di n g, h osts i n g est i nf e cti o us s p or es of t h e t w o p ar asit es us e d i n o ur st u d y: t h e f u n g us 

M ets c h ni k o wi a bi c us pi d at a ( h er e aft er r ef err e d t o a s ‘f u n gi’) a n d t h e b a ct eri u m P ast e uri a r a m os a 

( h er e aft er r ef err e d t o as ‘ b a ct eri a’). B ot h p ar asit e s p e ci es r e pli c at e wit hi n t h e h ost a n d o nl y 

dis p er s e i nt o t h e e n vir o n m e nt u p o n h ost d e at h ( k n o w n as “ o bli g at e kill ers ”)( E b ert 2 0 0 5). F u n g al 

i nf ecti o n pri m aril y r e d u c es h ost lif es p a n, a n d b a ct eri al i nf e cti o n pri m aril y r e d u c es h ost f e c u n dit y 

vi a c astr ati o n i n D. d e ntif er a  ( A ul d e t al. 2 0 1 2; Cl a y e t al. 2 0 1 9 b). D. d e ntif er a  t y pi c all y d o n ot 

r ec o v er fr o m eit h er of t h es e p at h o g e ns o n c e t h e y ar e f ull y i nf e ct e d ( b ut s e e St e w art- M errill & 

C á c er es 2 0 1 8; I z h ar et al.  2 0 2 0; St e w art- M errill e t al. 2 0 2 1  f or e x c e pti o ns). D a p h ni a -p ar asit e 

i nt er a cti o ns s hift wit h a g e ( e. g., I z h ar et al. 2 0 1 5, Cl er c et al. 2 0 1 5), li k el y d u e t o a c o m bi n ati o n 

of f a ct ors i n cl u di n g c h a n g es i n i m m u n e f u n cti o n, p h ysi ol o g y, e n er g eti cs, a n d b e h a vi or of h osts. 
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I n D a p h ni a - b a ct eri a i nt er a cti o ns, t h es e s hifts wit h a g e o c c ur d u e t o c h a n g es i n h ost m olti n g 

fre q u e n c y a n d h ost g ut str u ct ur e (I z h ar et al.  2 0 2 0); c h a n g es i n h ost g ut str u ct ur e wit h a g e s h o ul d 

als o i m p a ct i nt er a cti o ns wit h t h e f u n gi ( St e w art- M errill & C á c er es 2 0 1 8; St e w art- M errill e t al. 

2 0 2 1). W e als o e x p e ct str o n g c h a n g es i n D a p h ni a - b a ct eri a i nt er a cti o ns as t h e h ost a g es b e c a us e 

t h e b act eri a st erili z e h osts, s h u nti n g r es o ur c e all o c ati o n fr o m r e pr o d u cti o n t o gr o wt h, a n d h ost 

e n er g y all o c ati o n t o r e pr o d u cti o n s hifts wit h a g e ( E b ert 1 9 9 6; Cr essl er et al.  2 0 1 4; Cl er c e t al. 

2 0 1 5).  

E x p eri m e nt al d esi g n 

W e us e d a cl o n al li n e of D.  d e ntif er a c oll e ct e d fr o m Mi dl a n d L a k e i n I n di a n a ( str ai n 

“ Mi d 3 7 ” ) t h at h a d b e e n m ai nt ai n e d as e x u all y i n l a b c o n diti o ns f or s e v er al y e ars at 2 0º C a n d a 

1 6/ 8 li g ht/ d ar k c y cl e. T o c o ntr ol f or e n vir o n m e nt al eff e cts, w e k e pt i n di vi d u al h osts i n 3 0 ml of 

filt ere d l a k e w at er i n 5 0 ml b e a k ers, a n d t h e n us e d cl o n al offs pri n g fr o m t h e t hir d cl ut c h of t h os e 

i n divi d u als i n o ur e x p eri m e nt s. T hr o u g h o ut t h e e x p eri m e nt, D. d e ntif er a w er e i n di vi d u all y k e pt 

i n 1 5 ml c e ntrif u g e t u b es fill e d wit h filt er e d l a k e w at er a n d f e d 1 m g dr y w ei g ht of li v e 

A n k ist r o d es m us f al c at us (str ai n AJ T: S c h o m a k er & D u d y c h a 2 0 2 1) al g al f o o d p er ml p er d a y. 

F or i nf e cti o n ass a ys i n D . d e ntif er a, w e us e d t h e “ St d ” f u n gal  is ol at e a n d t h e “ G/ 1 8 ” b a ct erial  

is olat e ( A ul d et al.  2 0 1 4).  

W e e x p os e d h osts t o (i) n o p ar asit es, (ii) o nl y b a ct eri a, (iii) o nl y f u n gi, (i v) b a ct eri a first 

a n d t h e n f u n gi t hr e e d a ys l at er, or ( v) f u n gi first a n d t h e n b a ct eri a t hr e e d a ys l at er. T o m e as ur e 

w h e t h er p ar asit e i nt er a cti o ns c h a n g e d as h ost s a g e d, w e i m pl e m e nt e d e a c h of t h es e p ar asit e 

e x p os ur e tr e at m e nts o n h osts of t hr e e diff er e nt a g e s: 4, 1 2, or 2 0 d a ys ol d ( T a bl e S 1). H osts w er e 

e x p os e d t o 1 0 0 0 b a ct eri al s p or es/ ml  or 2 0 0 f u n g al s p or es/ ml, as b a ct eri al s p or es ar e l ess 
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i nf e cti o us t h a n f u n g al s p or es, a n d t h us r e q uir e a hi g h er d os e t o m at c h f u n g al pr o b a bilit y of 

i nf e cti o n; i n a d diti o n, si n gl e i nf e cti o ns wit h t h e b a ct eri a yi el d m a n y m or e s p or es at h ost d e at h, as 

c o m p ar e d t o t h e f u n gi ( Cl a y et al.  2 0 1 9 b). I nf e cti o us s p or es w er e o bt ai n e d b y h o m o g e ni zi n g 

D a p h ni a  i nf e ct e d b y o nl y t h e b a ct eri a or o nl y t h e f u n gi. T h us, e x p eri m e nt al a ni m als w er e 

e x p os e d t o gr o u n d u p D a p h ni a c o n c urr e ntl y wit h i nf e cti o us s p or es. T o c o ntr ol f or t hi s e x p os ur e, 

w h e n e v er w e e x p os e d h osts t o i nf e cti o us s p or es, w e pi p ett e d h o m o g e ni z e d, u ni nf e ct e d D a p h ni a  

i nt o t h e t u b es of all u n e x p os e d h osts, e q u al t o t h e a v er a g e n u m b er of D a p h ni a  p ut i n e a c h 

p ar asit e- e x p os e d t u b es o n t h at i nf e cti o n d at e. Aft er 2 4 h o urs of e x p os ur e, all h osts w er e pl a c e d i n 

c l e a n t u b es wit h fr es h w at er t h at di d n ot c o nt ai n s p or es. E a c h e x p eri m e nt al tr e at m e nt h a d 3 0 

r epli c at e D a p h ni a . T h us, a cr oss t h e e ntir e e x p eri m e nt, w e h a d 5 i nf e cti o n tr e at m e nts x 3 a g e 

tr eat m e nts x 3 0 r e pli c at e s = 4 5 0 h ost i n di vi d u als. H osts w er e c oll e ct e d at d e at h a n d st or e d fr o z e n 

i n 0. 1 ml of milli Q w at er. H osts w er e l at er gr o u n d u p wit h a p ell et p estl e, a n d i nf e cti o us f u n g al 

a n d b a ct eri al s p or es w er e c o u nt e d o n a h e m o c yt o m et er. H osts w er e c o u nt e d as “i nf e ct e d ” b y a 

p ar asit e if w e f o u n d m at ur e i nf e cti o us s p or es of t h at p ar asit e i nsi d e t h e h ost. W e m e as ur e d 

w h e t h er p ar asit es alt ere d  h ost f e e di n g r at e, a n d t h u s e x p os ur e t o i nf e cti o us s p or es of t h e ot h er 

p a r asit e ( Fi g. 1 A), h ost s us c e pti bilit y ( Fi g. 1 B), a n d n u m b er of i nf e cti o us s p or es r el e as e d fr o m 

e a c h h ost ( Fi g. 1 C). 

B y alt eri n g h ost f e e di n g r at e, p ar asit es c a n alt er t h e c h a n c e t h at t h e h ost w o ul d b e c o m e 

i nf e ct e d b y a n ot h er p ar asit e ( Fi g. 1 A). P ar asit es c a n c h a n g e h ost f e e di n g r at e i n t w o w a ys: 

p a r asit es c a n c a us e h osts t o t e m p or aril y l o w er t h eir f e e di n g r at e if h osts s e n s e p ar asit es i n t h e 

e n vir o n m e nt ( Str a uss e t al. 2 0 1 9), or p ar asit es c a n p er m a n e ntl y c h a n g e h o st f e e di n g r at e u p o n 

i nf ecti o n ( S e arl e e t al. 2 0 1 6; P e n c z y k o ws ki et al.  2 0 2 2). T o t est w h et h er h osts l o w er t h eir 

f ee di n g r at e i n t h e pr es e n c e of p ar asit e s a n d w h et h er t his c h a n g es wit h h ost a g e, w e m e as ur e d t h e 
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f e e di n g r at e of all h osts w h e n t h e y w er e e x p os e d t o p ar asit es, a n d si m ult a n e o usl y m e as ur e d t h e 

f e e di n g r at e of u n e x p os e d h osts of t h e s a m e a g e. T o t est w h et h er i nf e cti o n b y a p ar asit e h a d a 

l o n g-t er m i m p a ct o n f e e di n g r at e, w e m e as ur e d t h e f e e di n g r at e of i nf e ct e d h ost s t hr e e d a ys aft er 

p a r asit e e x p os ur e, as w ell as t h e f e e di n g r at e of u n e x p os e d h osts of t h e s a m e a g e ( T a bl e S 1). T o 

m e a s ur e f e e di n g r at e, h osts w er e pl a c e d i n 1 5 ml c e ntrif u g e t u b es a n d f e d 1 m g of A. f al c at us p er 

ml. T h es e t u b es, as w ell as c o ntr ol t u b es wit h n o h osts, w er e i n v ert e d e v er y t w o h o urs f or a n 8-

h o ur f e e di n g p eri o d. At t h e e n d of t hi s p eri o d, w e m e as ur e d t h e fl u or es c e n c e of s a m pl es t a k e n 

fr o m e a c h t u b e. T h e diff er e n c e i n fl u or es c e n c e b et w e e n gr a z e d a n d u n gr a z e d t u b es w as us e d t o 

c a l c ul at e t h e f e e di n g r at e of t h e D a p h ni a . As b ot h t h e f u n gi a n d b a ct eri a ar e e n c o u nt er e d 

p a ssi v el y i n t h e w at er c ol u m n, t hi s als o d et er mi n es t h e n u m b er of i nf e cti o us s p or es f e d u p o n b y 

t h e h ost. W e f urt h er d eri v e d t h e f e e di n g r at e of h osts i n ml/ h o ur as i n S ar n ell e & Wil s o n ( 2 0 0 8). 

Usi n g  t h e fit dist f u n cti o n i n R ( D eli g n ett e- M ull er & D ut a n g 2 0 1 5), w e f o u n d t h at a g a m m a 

dist ri b uti o n fit t o o ur m o d el g a v e a l o w er AI C v al u e t h a n ot h er pr o b a bilit y distri b uti o ns. T h us, 

w e a n al y z e d h ost f e e di n g r at e wit h t h e gl m f u n cti o n i n R usi n g t h e g a m m a distri b uti o n a n d a l o g 

li n k f u n cti o n ( v ersi o n 4. 0. 4, 2 0 2 1) w h er e t h e p ar asit e t h at h osts w er e e x p os e d t o d uri n g f e e di n g 

tri al ( b a ct eri a, f u n gi, n o p ar asit e), i nf e cti o n st at us ( pr e vi o usl y i nf e ct e d b y b a ct eri a, f u n gi, or n o 

p a r asite s), a n d h ost a g e ( c o nti n u o us v ari a bl e) w er e us e d as e x pl a n at or y v ari a bl es t o c o m p ar e 

a m o n g f e e di n g r at es of u ni nf e ct e d, u n e x p os e d h osts a n d all ot h er h osts. 

W e n e xt c al c ul at e d h o w pri or i nf e cti o n a n d h ost a g e i nfl u e n c e d h ost s us c e pti bilit y t o 

i nf e cti o us s p or es ( Fi g. 1 B). W e ass u m e d t h at e a c h c o ns u m e d s p or e h a d a n i n d e p e n d e nt 

pr o b a bilit y of i nf e cti n g t h e h ost. T h us, gi v e n t h at a h ost c o ns u m e d 𝑈  s p or es, a n d t h at t h e h ost h as 

𝜇  pr o b a bilit y of b e c o mi n g i nf e ct e d f or e a c h s p or e c o ns u m e d, t h e li k eli h o o d of i nf e cti o n is gi v e n 

b y t h e c u m ul ati v e distri b uti o n f u n cti o n f or a n e x p o n e nti al f u n cti o n: 
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1 − 𝑈 ( − 𝜇 𝑈 )   𝑒 𝑞 .1  

W e ass u m e d t h at t h e p er s p or e i nf e cti o n pr o b a bilit y ( 𝜇 ) c h a n g es li n e arl y wit h h ost a g e 

a n d is m ulti pli e d b y a c o nst a nt if t h e h ost w as pr e vi o usl y i nf e ct e d. W e us e d t h e ml e 2 f u n cti o n i n 

R t o fi n d ( a) t h e 𝜇  i nt er c e pt, ( b) li n e ar c h a n g e i n 𝜇  wit h h ost a g e, a n d ( c) c h a n g e i n 𝜇  f or pri or 

i nf ecti o n t h at mi ni mi z e d t h e n e g ati v e l o g-li k eli h o o d of pr o d u ci n g o ur d at a, ass u mi n g a bi n o mi al 

distri b uti o n of i nf e cti o n pr o b a bilit y.  

Fl u or o m etr y r e a di n gs f or s e v er al d a ys i n t h e mi d dl e of o ur e x p eri m e nt h a d err o n e o us 

m e a s ur e m e nts (t h e y esti m at e d n e g ati v e f e e di n g r at es f or m a n y s a m pl es), a n d s o  w e o nl y us e d 

f e e di n g r at e m e as ur e m e nts f or o ur ol d est a n d y o u n g est a g e gr o u ps. T h us, w e d i d n ot t est f or 

p ol y n o mi al t er ms i n a g e - eff e cts o n f e e di n g r at e or h ost s us c e pti bilit y. A d diti o n all y, w e dis c ar d e d 

a n y fl u or o m etr y r e a di n gs t h at s h o w e d a n e g ati v e f e e di n g r at e ( 9/ 4 0 4 r e a di n gs fr o m y o u n g a n d 

ol d h osts).  

T o m e as ur e h o w wit hi n- h ost i nt er a cti o ns a n d h ost a g e at i nf e cti o n alt er e d i nf e cti o us s p or e 

r el e as e ( Fi g. 1 C), w e c o u nt e d t h e n u m b er of i nf e cti o us s p or es c o nt ai n e d wit hi n t h e h ost at  d e at h; 

b ot h  p ar asit es ar e o bli g at e kill ers, wit h s p or es o nl y r el e as e d aft er h ost d e at h. T o c al c ul at e m e a n 

s p or e yi el d, w e o nl y i n cl u d e d h osts t h at w er e s u c c essf ull y i nf e ct e d b y all p ar asit es t o w hi c h t h e y 

w e r e e x p os e d. W e us e d t h e fit dist p a c k a g e i n R t o c al c ul at e t h e AI C v al u es of v ari o us pr o b a bilit y 

dist ri b uti o ns fit t o o ur s p or e r el e as e d at a. B a ct eri al s p or es b est fit a g a m m a distri b uti o n, w hil e 

f u n g al s p or es b est fit a n or m al di stri b uti o n. T h e n u m b er of b a ct eri al s p or es r el e as e d fr o m 

i nf e ct e d h osts w as a n al y z e d wit h t h e gl m f u n cti o n i n R wit h a l o g li n k f u n cti o n, wit h a g e at 

b a ct eri al i nf e cti o n, c o -i nf e cti o n tr e at m e nt ( pri or f u n g al i nf e cti o n, l at er f u n g al i nf e cti o n, n o f u n g al 

i nf e cti o n), a n d i nt er a cti o ns b et w e e n a g e a n d c o -i nf e cti o n tr e at m e nt us e d as e x pl a n at or y 

v ari a bl es. T h e s a m e a n al ysis w as c o n d u ct e d f or t h e f u n g al p ar asit e usi n g t h e l m f u n cti o n i n R.  
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F or all o ut c o m es t h at w er e us e d t o p ar a m et eri z e o ur a g e nt- b as e d m o d el (f e e di n g r at e, p er-

s p or e s us c e pti bilit y, s p or e yi el d, lif es p a n, a n d birt hs/ d a y), w e r a n a s eri es of g e n er ali z e d li n e ar 

m o d els wit h i n cr e asi n g c o m pl e xit y r a n gi n g fr o m i nt er c e pt o nl y t o m o d els w h er e t h e o ut c o m e 

w as a f u n cti o n of i nf e cti o n tr e at m e nt, h ost a g e, h ost a g e s q u ar e d ( e x c e pt w h er e n ot e d), a n d 

i nter a cti o ns b et w e e n i nf e cti o n tr e at m e nt a n d a g e v ari a bl es. W e r e p ort r es ult s fr o m t h e m o d el 

wit h t h e l o w est AI C v al u e.   

E m pi ri c al R es ults a n d T r a n sl ati o n t o A g e nt B as e d M o d el  

W e e x a mi n e d h o w p ar asit es i nt er a ct wit hi n t h e h o st t hr o u g h t hr e e m e c h a nisti c p at h w a ys: 

h ost  f e e di n g r at e, h ost s u s c e pti bilit y, a n d h ost s p or e yi el d ( Fi g. 1) . I n a d diti o n t o m e as uri n g 

p a r asit e i nt er a cti o ns, w e us e d t h e r es ult s of t h es e e x p eri m e nts t o p ar a m et eri z e a n a g e nt- b as e d 

m o d el of a  m ulti- p ar asit e e pi d e mi c i n N et L o g o ( Wil e ns k y 1 9 9 9) t o u n d er st a n d t h e i m pli c ati o ns 

of w it hi n- h ost i nt er a cti o n s f or e pi d e mi c d y n a mi cs. T h us, b el o w w e pr es e nt t h e r es ult s of o ur 

e x p eri m e nts a n d s h o w h o w t h e y p ar a m et eri z e d a n  a g e nt- b as e d m o d el us e d t o u n d erst a n d t h e 

i m pli c ati o ns of wit hi n- h ost i nt er a cti o ns f or t h e d y n a mi cs of e pi d e mi cs.  

I n o ur a g e nt- b as e d m o d el, p o p ul ati o ns r esi d e i n a v ol u m e, 𝑈 , wit h a c arr yi n g c a p a cit y of 

𝜇  D a p h ni a / L. St at e v ari a bl es 𝑈  a n d 𝑒  r e pr es e nt b a ct eri al a n d f u n g al s p or es/ ml . All h osts h a v e 

v a ri a bl es f or a g e (𝑞 ), f e e di n g r at e (𝜇 ), pro b a bilit y of i nf e cti o n p er b a ct eri al or f u n g al s p or e 

i n g est e d (𝜇 𝜇  or 𝜇 𝐹 ), m a xi m u m offs pri n g pr o d u c e d p er d a y ( 𝑏 ), n u m b er of b a ct eri al or f u n g al

s p or es r el e as e d at d e at h ( 𝑧 𝐵  or 𝑧 𝐹 ), a n d lif es p a n (𝑙). P ar a m et ers f or e a c h h ost c h a n g e d wit h a g e of 

h ost a n d d a y at w hi c h t h e h ost b e c a m e i nf e ct e d, b a s e d o n st ati sti c al a n al ysis of e m piri c al r es ult s. 

M o d el d y n a mi cs ar e i n di s cr et e ti m e wit h ti m est e p s of 1 d a y. B el o w w e pr es e nt m o d el e q u ati o ns 

f or h ost f e e di n g r at e, pr o b a bilit y of i nf e cti o n, a n d s p or e yi el d f or i nf e ct e d h osts. S e e s u p pl e m e nt 
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f or a d diti o n al a n al ysis a n d m o d el e q u ati o ns f or h o w i nf e cti o n alt er e d h ost lif es p a n a n d 

r epr o d u cti o n ( S u p pl e m e nt al I nf or m ati o n: H ost Fit n ess).   

H ost F e e di n g R at e 

F e e di n g r at e i n cr e as e d wit h h ost a g e, wit h p ar asit es h a vi n g n o n-si g nifi c a nt eff e cts. T h e 

o nl y si g nifi c a nt r el ati o ns hi p i n o ur m o d el w as t h at f e e di n g r at e i n cr e as e d wit h a g e ( p < 0. 0 0 1, 

T a bl e S 7, Fi g ur e S 3).  I nf e cti o n a n d e x p os ur e t o p ar asit es all n o n-si g nifi c a ntl y d e cr e as e d h ost 

f ee di n g r at e. H ost a g e a n d i nf e cti o n tr e at m e nt n o n-si g nifi c a ntl y i nt er a ct e d t o d e cr e as e f e e di n g 

r at e w h e n e x p os e d t o t h e f u n gi, a n d i n cr e as e f e e di n g r at e w h e n e x p os e d t o t h e b a ct eri a ( T a bl e 

S 7). D es pit e t h e l ar g e n u m b er of n o n-si g nifi c a nt t er ms, t hi s m o d el w as s el e ct e d vi a AI C a n d s o 

w e  i n c or p or at e all t er ms i n o ur a g e nt- b as e d m o d el ( T a bl e S 6). T h us, t h e f e e di n g r at e ( ml/ d a y) of 

h ost s i n o ur a g e nt- b as e d m o d el ( 𝑈  ) is gi v e n b y 

𝜇 = 𝑈 𝑒 𝑞 𝜇 𝜇 + 𝜇 𝜇 𝐹𝑏 𝑧 𝐵 𝑧 + 𝐹 𝑙 𝐸 𝑗 𝑓 𝑖 𝑗 + 𝑎 𝐼 𝑖 𝐸 𝑗 𝑓 𝑠𝑙 𝑜 𝑝 𝑒, 𝑖 𝑗   𝑒 𝑞 .2  

w h er e 𝑓 𝑖 𝑛 𝑡  i n di c at es t h e f e e di n g r at e i nt er c e pt, 𝑎  is h ost a g e, 𝑓 𝑠 𝑙 𝑜 𝑝 𝑒  is t h e c h a n g e i n 

f ee di n g r at e wit h h ost a g e, 𝐼𝑖  i n di c at es w h et h er t h e h ost h as b e e n i nf e ct e d b y eit h er or n o 

p a r asit e, 𝐸 𝑗  i n di c at es w h et h er t h e h ost is c urr e ntl y e x p os e d t o eit h er or n o p ar asit e, a n d 𝑓 𝑠 𝑙 𝑜 𝑝 𝑒,𝑖 𝑗  

i n di c at es t h e a d diti o n al c h a n g e i n f e e di n g r at e wit h h ost a g e f or h ost i nf e ct e d b y 𝑖 a n d e x p os e d t o 

𝑗. Si n c e w e a n al y z e d d at a wit h a g a m m a distri b uti o n a n d a l o g-li n k, w e t a k e t h e e x p o n e nt of 

p ar a m et ers t o m at c h m o d el o ut p ut.  

H ost s us c e pti bilit y 

Pri or i nf e cti o n i n y o u n g h osts alt er e d t h e p er-s p or e pr o b a bilit y of i nf e cti o n f or b ot h t h e 

b a ct eri a a n d t h e f u n gi, t h o u g h t hi s eff e ct dis a p p e ar e d i n ol d er h osts ( Fi g. 2, T a bl es S 8- S 1 1). F or 
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u ni nf e ct e d h osts e x p os e d t o b a ct eri a, p er s p or e i nf e cti o n pr o b a bilit y d e cr e a s e d fr o m a g e 4 t o a g e 

2 0 d a ys b y a p pr o xi m at el y 7 8 % ( p < 0. 0 0 1; bl a c k li n e i n Fi g. 2 A), c o nsist e nt wit h pri or st u di es 

(I z h ar & B e n- A mi 2 0 1 5). Pri or f u n g al i nf e cti o n d e cr e as e d b a ct eri al i nf e cti o n pr o b a bilit y i n 

y o u n g h osts b ut di d n ot aff e ct i nf e cti o n i n ol d er h o sts ( Fi g. 2 A). I n o ur st ati sti c al m o d el, t his 

tr ansl at es t o pri or f u n g al i nf e cti o n d e cr e asi n g b a ct eri al i nf e cti o n pr o b a bilit y ( p < 0. 0 0 1), a n d pri or 

f u n g al i nf e cti o n i nt er a cti n g wit h h ost a g e t o l ess e n t h e n e g ati v e i m p a ct of a g e o n b a ct eri al 

i nf ecti o n pr o b a bilit y ( p < 0. 0 0 1). F or u ni nf e ct e d h o sts e x p os e d t o f u n gi, p er s p or e i nf e cti o n 

pr o b a bilit y i n cr e as e d fr o m a g e 4 t o a g e 2 0 d a ys b y a p pr o xi m at el y 2 0 % ( p < 0. 0 0 1; bl a c k li n e i n 

F i g. 2 B). Pri or b a ct eri al i nf e cti o n i n cr e as e d f u n g al i nf e cti o n pr o b a bilit y i n y o u n g h osts b ut di d 

n ot aff e ct i nf e cti o n i n ol d er h osts ( Fi g. 2 B). I n o ur st atisti c al m o d el, t his tr a nsl at es t o pri or 

b a ct eri al i nf e cti o n i n cr e a si n g f u n g al i nf e cti o n pr o b a bilit y ( p < 0. 0 0 1), a n d pri or b a ct eri al i nf e cti o n 

i nt er a cti n g wit h h ost a g e t o cr e at e a n e g ati v e i m p a ct of a g e o n f u n g al i nf e cti o n pr o b a bilit y 

( p <0. 0 0 1). 

I n o ur m o d el, t h e n u m b er of s p or es t h at h ost s c o ns u m e e a c h d a y is gi v e n b y t h e v ol u m e 

of w at er filt er e d b y h osts e a c h d a y ( 𝑈 ) m ulti pli e d b y t h e d e nsit y of s p or es i n t h e e n vir o n m e nt (𝜇  

or 𝑈 ). B as e d o n o ur e m piri c al r es ult s, t h e pr o b a bilit y of b e c o mi n g i nf e ct e d aft er c o ns u mi n g a 

si n gl e s p or e of p ar asit e 𝑒 is gi v e n b y 

𝑞 𝜇 = 𝜇 𝜇,𝜇 𝐹 𝑏 + 𝑧 𝐵. 𝑧 𝐹𝑙 𝐸 𝑗 𝑓𝑖 + 𝑗 ( 𝑎 𝐼, 𝑖 + 𝐸 𝑗. 𝑓 𝑠𝑙 𝑜 𝑝, 𝑒 𝑖𝑗 )  𝑒 𝑞 .3  

w h er e 𝑓 𝑖,𝑛 𝑡 𝑎  is t h e i nf e cti vit y i nt er c e pt f or p ar asit e 𝑓, 𝑠 𝑙 . 𝑜 𝑝𝑒 𝐼 𝑖 is t h e c h a n g e i n i nf e cti vit y if h osts 

w e r e pr e vi o usl y i nf e ct e d b y t h e ot h er p ar asit e, 𝐸 𝑗, 𝑓  is c h a n g e i n i nf e cti vit y d u e t o a g e, 𝑠 , 

𝑙 𝑜 . 𝑝 𝑒𝑖 𝑗 𝑖, 𝑗 is t h e a d diti o n al c h a n g e i n h ost i nf e cti vit y d u e t o a g e f or h osts pr e vi o usl y i nf e ct e d b y 

t h e ot h er p ar asit e, a n d 𝐼𝑗  is a n i n di c at or v ari a bl e t h at is 1 if t h e h ost w as pr e vi o usl y i nf e ct e d b y 
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t h e ot h er p ar asit e a n d 0 if n ot. ( S e e t a bl es S 6 a n d S 7 f or p ar a m et er v al u es a n d all p- v al u es.) T h e 

pr o b a bilit y of b e c o mi n g i nf e ct e d b y p ar asit e 𝑈 f or e a c h ti m est e p is gi v e n i n e q. 1. W e f o u n d n o 

e vi d e n c e t h at s e c o n d ar y i nf e cti o n b y eit h er p ar asit e r e d u c e d t h e i nf e cti o n pr e v al e n c e of t h e first 

arri vi n g p ar asit e, w hi c h w o ul d si g n al s u p eri nf e cti o n ( p = 0. 8 9 f or f u n g al s u p eri nf e cti o n, p = 0. 8 5  

f or b a ct eri al s u p eri nf e cti o n). 

S p or e Yi el d 

C o -i nf e cti o n a n d h ost a g e s q u ar e d j oi ntl y alt ere d  b a ct eri al s p or e yi el d, b ut n ot f u n g al 

s p or e yi el d ( Fi g. 3 A, T a bl es S 1 2, S 1 3). I n si n gl e i nf e cti o ns, b a ct eri al s p or e yi el d of h osts 

e x p os e d at 2 0 d a ys ol d w as 4 3 % t h at of h osts e x p os e d at 4 d a ys ol d ( p = 0. 0 2 6 5). If t h e b a ct eri a 

a rri v e d first i n c o -i nf e ct e d h osts, c o -i nf ecti o n r e d u c e d b a ct eri al s p or e yi el d at t h e i nt er c e pt b y 

7 6 % ( p < 0. 0 0 1 ; c o m p ar e bl u e a n d gr e e n s y m b ol s a n d li n es, Fi g. 3 A ) a n d s p or e yi el d d o u bl e d as  

a g e at i nf e cti o n i n cr e as e d fr o m 4 t o 2 0 d a ys ( p = 0. 0 1 1 6 ; g r e e n s y m b ol s a n d li n e, Fi g. 3 A). If t h e 

f u n gi arri v e d first i n c o -i nf e ct e d h osts, c o -i nf e cti o n di d n ot c h a n g e b a ct eri al s p or e yi el d at t h e 

i nter c e pt ( p = 0. 7 8 3 2), b ut t h e d e cr e as e i n s p or es wit h a g e at i nf e cti o n w a s gr e at er, r e d u ci n g s p or e 

yi el d b y al m ost 1 0 0 % f or h osts i nf e ct e d at d a y 2 0 ( p < 0. 0 0 1; c o m p ar e bl u e a n d y ell o w s y m b ol s 

a n d li n es, Fi g. 3 A). T h er e w e re n o si g nifi c a nt diff er e n c es b et w e e n tr e at m e nts i n t h e n u m b er of 

f u n g al s p or es r el e as e d b y i nf e ct e d h osts ( Fi g. 3 B , T a bl es S 1 4 a n d S 1 5).  

As A I C m o d el s el e cti o n i n di c at e d t h at b a ct eri al s p or e yi el d i s a f u n cti o n of i nf e cti o n 

st at us a n d h ost a g e at b a ct eri al i nf e cti o n s q u ar e d, a s w ell as i nt er a cti o ns b et w e e n i nf e cti o n st at us 

a n d a g e at b a ct eri al i nf e cti o n s q u ar e d, t h e n u m b er of b a ct eri al  s p or es t h at i nf e ct e d h ost s will 

r el e as e u p o n d e at h i n o ur a g e nt- b as e d m o d el is 

𝜇 𝑈 = 𝑒 𝑞 𝜇,𝜇 𝜇 𝜇 + 𝐹 𝑏 1 𝑧 𝐵 1 + 𝑧 𝐹 2 𝑙 𝐸 2 + 𝑗 𝑓
2 ( 𝑖 𝑗, 𝑎 + 𝐼 𝑖 1, 𝐸 𝑗 𝑓 1 + 𝑠 𝑙 2, 𝑜 𝑝 𝑒 2 )    𝑖 𝑗 .4
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w h er e 𝑈 𝜇,𝑈 𝑒 𝑞  is t h e i nt er c e pt of b a ct eri al s p or es r el e as e d, 𝜇 𝜇 1  is t h e c o nst a nt c h a n g e i n s p or e yi el d

i n c o -i nf e ct e d h osts w h er e t h e b a ct eri a arri v e d first, 𝜇 𝜇  is t h e a g e at w hi c h t h e b a ct eri a i nf e ct e d 

t h e h ost, 𝐹 𝑏, 𝑧  is t h e c h a n g e i n s p or e yi el d wit h a g e at i nf e cti o n, 𝐵 𝑧 1, 𝐹  is t h e a d diti o n al c h a n g e i n 

s p or e yi el d wit h a g e at i nf e cti o n i n c o -i nf e ct e d h osts w h er e t h e b a ct eri a arri v es first, 𝑙 𝐸 1 2 , 𝑗 is t h e 

a d diti o n al c h a n g e i n s p or e yi el d wit h a g e at i nf e cti o n i n c o -i nf e ct e d h osts w h er e t h e b a ct eri a 

arri v es s e c o n d, 𝑓𝑖 1  is a n i n di c at or v ari a bl e t h at is 1 if t h e h ost w as i nf e ct e d b y t h e f u n gi aft er 

b a ct eri al e x p os ur e a n d 0 if n ot, a n d 𝑗𝑎 2  is a n i n di c at or v ari a bl e t h at i s 1 if t h e h ost w as i nf e ct e d 

b y t h e b a ct eri a aft er t h e f u n gi a n d 0 if n ot. ( S e e T a bl e S 8 f or all p ar a m et er v al u es. ) M o d e l 

c o effi ci e nts ar e r e p ort e d i n t er ms of l o g s p or es, s o s p or e yi el d i s a n e x p o n e nti al f u n cti o n of t h e 

m o d el c o effi ci e nts.   

S i n c e f u n g al s p or e yi el d fr o m i nf e ct e d h osts di d n ot c h a n g e wit h a g e or i nf e cti o n 

tr e at m e nt ( T a bl es S 1 4, S 1 5), t h e a m o u nt of f u n g al s p or es t h at a h ost r el e as e s u p o n d e at h ( 𝐼 𝑖 ) if 

t h e y ar e i nf e ct e d is e q u al t o a n e x p o n e nti al f u n cti o n of a c o nst a nt i nt er c e pt, 𝐸 𝑗 ,𝑓 𝑠 𝑙: 

𝑜 𝑝 = 𝑒 𝑖 𝑗,𝑒 𝑞 𝑓    𝑖 𝑛 .5

T o s e e t h e c o m bi n e d eff e ct of h ost f e e di n g r at e, s u s c e pti bilit y, a n d p ar asit e s p or e yi el d o n 

p ar asit e s u c c ess (i. e., t h e pr o b a bilit y t h at a n e x p os e d h ost w o ul d b e c o m e i nf e ct e d m ulti pli e d b y 

t h e av er a g e n u m b er of i nf e cti o us s p or es r el e as e d fr o m a h ost ) i n si n gl y i nf e ct e d a n d c o -i nf e ct e d 

h osts, s e e t h e s e cti o n e n titl e d “ T ot al P ar asit e Fit n e ss ” i n t h e s u p pl e m e nt ( Fi g. S 4- 5, T a bl e S 1 7). 

R u n ni n g t h e a g e nt- b as e d m o d el 

W e si m ul at e d e pi d e mi cs i n o ur a g e nt- b as e d m o d el a n d c o m p ar e d d y n a mi cs of f u n g al a n d 

b a ct eri al e pi d e mi cs w h e n t h e y o c c urr e d al o n e vs.  w h e n t h e y c o- o c c urr e d. W e als o si m ul at e d 
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p o p ul ati o n d y n a mi cs wit h n o p ar asit es. T o i niti ali z e o ur m o d el, w e g e n er at e d 𝑈 𝜇  a g e nts (i. e., s et 

t h e p o p ul ati o n at c arr yi n g c a p a cit y), e a c h wit h a n a g e dr a w n fr o m a n or m al distri b uti o n wit h a 

m e a n of eit h er 8, 1 4, or 2 0 d a ys a n d a st a n d ar d d e vi ati o n of 1 0 d a ys. ( H ost s c o ul d n ot h a v e a 

n e g ati v e a g e). I n cr e asi n g st a n d ar d d e vi ati o n d e cr e as es a m plit u d e of h ost p o p ul ati o n c y cl es, b ut 

ot h er wis e d o es n ot alt er m o d el o ut c o m es. W e t h e n r a n d o ml y assi g n e d 5 % of a g e nts t o b e 

i nf ect e d wit h t h e f u n gi if t h e r u n w as i n t h e “f u n gi al o n e ” or “ c o -i nf e ct e d ” tr e at m e nt, a n d 

r a n d o ml y assi g n e d 5 % of a g e nts t o b e i nf e ct e d wit h t h e b a ct eri a if t h e r u n w as i n t h e “ b a ct eri a 

a l o n e ” or “c o -i nf e ct e d ” tr e at m e nt. T h es e i nf e ct e d a g e nts w er e assi g n e d a n “ a g e at i nf e cti o n ” 

(𝑈 𝑒  o r  𝑞 𝜇 ) r a n d o ml y dr a w n b et w e e n 1 a n d t h eir a g e. At e a c h ti m est e p of o ur m o d el, w e first 

i n cr e as e d t h e a g e of all a g e nts b y 1 d a y. If t h e a g e of t h e a g e nt i s gr e at er t h a n t h e lif es p a n of t h e 

a g e nt b as e d o n e q. S 1, t h e n t h e a g e nt di es, a n d a d ds a n u m b er ( gi v e n b y e q. 4 a n d 5) of i nf e cti o us 

s p or es of o n e or b ot h p at h o g e n s t o t h e w at er, d e p e n di n g o n t h e a g e nt’s i nf e cti o n st at us. F or b ot h 

p a r asit es, t h er e is mi ni m u m n u m b er of d a ys t h at m ust p ass b et w e e n w h e n h osts b e c o m e i nf e ct e d 

a n d w h e n t h e h ost pr o d u c es m at ur e i nf e cti o us s p or es. T h us, if a h ost di e d l ess t h a n t e n d a ys aft er 

b ei n g i nf e ct e d b y a p ar asit e, t h e a g e nt d o es n ot r el e as e s p or es of t h at p ar asit e. B e c a us e, as 

d es cri b e d a b o v e, i nf e ct e d i n di vi d u als w er e at a r a n g e of d a ys p ost-i nf e cti o n, s o m e of t h e 

i n di vi d u als at t h e st art of t h e e x p eri m e nt w er e alr e a d y 1 0 ( or m or e) d a ys p o st-i nf e cti o n a n d 

t h er ef or e c o ul d r el e as e s p or es at d e at h e v e n d uri n g t h e first ti m est e p.  

A g e nts b e c o m e i nf e ct e d b y e n c o u nt eri n g s p or es w hil e filt eri n g w at er; t h e n u m b er of 

s p or es t h at a n a g e nt c o ns u m es is gi v e n b y t h e v ol u m e of w at er filt er e d b y h osts e a c h d a y ( 𝜇 , 

gi v e n i n e q. 2) m ulti pli e d b y t h e d e nsit y of s p or es i n t h e e n vir o n m e nt ( 𝜇  or 𝜇 ). T h e pr o b a bilit y 

t h at a n a g e nt will b e i nf e ct e d wit h a gi v e n p at h o g e n is t h e n d et er mi n e d b y t h e p er-s p or e 

pr o b a bilit y of i nf e cti o n ( e q. 3), w hi c h is t h e n e nt er e d i nt o e q. 1. If a g e nts ar e i nf e ct e d, t h e y ar e 



1 6  

assi g n e d a n “ a g e at i nf e cti o n ” ( 𝑈 𝜇 o r  𝑈𝑒 ) eq u al t o t h eir a g e. A n y s p or e a n a g e nt c o ns u m es is

r e m o v e d fr o m t h e w at er c ol u m n, a n d e a c h s p or e h as a pr o b a bilit y of d e gr a di n g at e a c h ti m e st e p. 

F i n all y, at e a c h ti m est e p, e a c h h ost h as a pr o b a bilit y of cr e ati n g o n e u ni nf e ct e d a g e nt, wit h a 

pr o b a bilit y of 𝑞 ( 1 − 𝜇 𝜇⁄ ) , w h er e b i s t h e offs pri n g p er d a y c al c ul at e d i n e q. S 2. 

T o mirr or e pi d e mi cs i n t h e fi el d, w e r a n o ur m o d el f or w ar d f or 1 2 0  d a ys, sli g htl y l o n g er 

t h a n t h e ti m e o v er w hi c h w e a n n u all y o bs er v e e pi d e mi cs. W e dr a w t h e a g es of h osts at t h e 

b e gi n ni n g of o ur e pi d e mi c fr o m a n or m al di stri b uti o n wit h m e a n = 1 4 a n d st a n d ar d d e vi ati o n = 

1 0 d a ys, s etti n g a n y dr a w s < 1 e q u al t o 1 d a y ( w e a d diti o n all y t est e d i m p a ct of s etti n g i niti al a g e 

t o 8 or 2 0 d ays, F i g. 4). W e t est e d v ari ati o n i n i niti al c o n diti o ns of a g e str u ct ur e a n d fi n d t h at 

t h ey l ar g el y d o n ot h a v e a n i m p a ct o n e pi d e mi c d y n a mi cs d u e t o t h e st a bili zi n g eff e cts of h ost 

e v ol uti o n ( h ost e v ol uti o n d es cri b e d b el o w, st a bili zi n g eff e ct d es cri b e d b el o w, s h o w n i n Fi g. 4). 

In o ur s yst e m, h osts e v ol v e r esist a n c e t o i nf e cti o n ( D uff y & Si v ars- B e c k er 2 0 0 7) a n d p ar asit e 

tr ans mi ssi o n d e cr e as es o v er t h e e pi d e mi c s e as o n ( D uff y e t al. 2 0 0 9). F oll o wi n g D uff y et al.  

( 2 0 0 9), w e ass u m e t h at e pi d e mi cs e n d d u e t o h osts e v ol vi n g d e cr e as e d s us c e pti bilit y t o i nf e cti o n, 

w hi c h i n t h e t er ms of o ur m o d el m e a ns d e cr e as e d p er-s p or e i nf e cti o n pr o b a bilit y. W h e n 

g e n er ati n g i n di vi d u al h osts at t h e first ti m est e p of o ur m o d el, w e dr a w v al u es of 𝜇 𝜇 , 𝐹 𝑏𝑧 a n d

𝐵 𝑧, 𝐹 𝑙𝐸  ( e q. 3) f or e a c h h ost fr o m g a m m a distri b uti o ns wit h gl o b al m e a n v al u es t a k e n fr o m

e x p eri m e nt al r es ult s ( T a bl e s S 9, T a bl e S 1 1), a n d v ari a n c e v al u es 𝑗 𝑓  a n d 𝑖 𝑗 . Foll o wi n g D uff y et 

al.  ( 2 0 0 9), at e a c h ti m est e p w e r e d u c e t h e gl o b al v al u es of 𝑎 𝐼, 𝑖 𝐸𝑗 b y 𝑓 𝑠
𝑙 𝑜

𝑝
, w h ere 

𝑒 𝑖

𝑗
 is t h e

pr e v al e n c e of p ar asit e 𝑒. A n y h osts b or n d uri n g t h at ti m est e p t h e n h a v e t h eir i n di vi d u al v al u es of 

𝑞 𝑓, 𝑖 𝑛𝑡 dr a w n fr o m a g a m m a di stri b uti o n wit h t h e u p d at e d gl o b al v al u e of 𝑎 𝑓, 𝑠 𝑙𝑜. T h us, h ost

s us c e pti bilit y t o i nf e cti o n d e cr e as es o v er ti m e as a f u n cti o n of i nf e cti o n pr e v al e n c e. W e s et 

v al u es of 𝑝 𝑒  a n d 𝐼 𝑖  s u c h t h at b a ct eri al e pi d e mi cs i n t h e a bs e n c e of t h e f u n gi p e a k e d  at ~ 3 0 % 
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pr e v al e n c e a n d f u n g al e pi d e mi cs i n t h e a bs e n c e of t h e b a ct eri a p e a k e d  at ~ 2 0 %, mirr ori n g fi el d 

p a tt er ns i n o ur s yst e m. At e a c h 1- d a y ti m est e p, w e r e c or d e d t h e n u m b er of u ni nf e ct e d, b a ct eri a 

i nf ect e d, f u n gi i nf e ct e d, or c o -i nf e ct e d a g e nts, t h eir a v er a g e a g e, a n d t h e a v er a g e a g e of 

i n di vi d u als i nf e ct e d at e a c h ti m e st e p.   

W e r e p ort p o p ul ati o n-s c al e m o d el r es ult s i n t er ms of f u n g al a n d b a ct eri al i nf e cti o n 

pr e v al e n c e. W e fi n d t h at t h e r es ult s ar e u n c h a n g e d if w e r e p ort t h e d e nsit y of h osts i nf e ct e d b y 

t h e f u n gi a n d t h e b a ct eri a i nst e a d ( Fi g ur e S 6, 7).  

M o d elli n g R es ults 

V ari ati o n i n i niti al a g e str u ct ur e a n d st a bili zi n g eff e ct of h ost e v ol uti o n 

T o  u n d erst a n d t h e i m p a ct of v ari ati o n i n h ost a g e str u ct ur e o n e pi d e mi c d y n a mi cs, we 

v a ri e d t h e m e a n a g e of h osts at t h e b e gi n ni n g of si m ul ati o ns, a n d t h e a g e at i nf e cti o n f or 

i n di vi d u als s e e di n g e pi d e mi cs ( Fi g. 4). I n t h es e si m ul ati o ns, e pi d e mi ol o gi c all y r el e v a nt 

p ar a m et ers (f e e di n g r at e, p er-s p or e s us c e pti bilit y, s p or e yi el d, a n d birt hs p er d a y) v ari e d wit h 

h ost  a g e. W e fi n d t h at i niti al a g e str u ct ur e h a d a sli g ht i m p a ct o n e pi d e mi c s h a p e. As w e 

i n cre as e d t h e a g e of h ost s at t h e b e gi n ni n g of t h e e pi d e mi c, w e d e cr e as e d ti m e u ntil d e at h f or 

i nf e ct e d i n di vi d u als, a n d t h er ef or e ti m e u ntil p ar asit e tr a ns mi ssi o n. T h us, w h e n h osts w er e ol d er 

a t t h e b e gi n ni n g of si m ul ati o ns, w e s e e m or e r a pi d i n cr e as es i n i nf e cti o n pr e v al e n c e c o m p ar e d t o 

si m ul ati o ns w h e n h osts w er e i niti all y y o u n g er. 

H o w e v er, w e s e e t h at t h e s e i niti al r a pi d i n cr e as es i n i nf e cti o n pr e v al e n c e d o n ot tr a nsl at e 

t o l ar g er o v er all e pi d e mi c si z es i n si m ul ati o ns wit h ol d er i niti al h ost p o p ul ati o ns ( as i n di c at e d b y 

t h e rel ati v el y c o nsist e nt h ei g hts of t h e v erti c al b ar s i n Fi g. 4). T his i s b e c a u s e hi g h i niti al 
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i nf e cti o n pr e v al e n c e l e a d s t o f ast er e v ol uti o n of d e cr e as e d h ost s us c e pti bilit y, sl o wi n g 

tr a ns mi ssi o n. T h us, t h e i m p a ct of i niti al a g e str u ct ur e o n e pi d e mi c si z e is w e a k e n e d d u e t o h ost 

e v ol uti o n – e pi d e mi cs m ust r e a c h a c ert ai n si z e t o dri v e h ost s us c e pti bilit y l o w e n o u g h f or t h e 

e pi d e mi c t o e n d, a n d t h u s e pi d e mi cs all h a v e si mil ar p e a ks a n d d ur ati o ns.  

I m p a ct of a g e eff e cts o n e pi d e mi c d y n a mi cs 

W e n e xt e x a mi n e d h o w a g e str u ct ur e alt ers t h e i m p a ct of c oi nf e cti o n at t h e h ost-

p o p ul ati o n s c al e. I n r u n ni n g t hi s a n al ysis, w e c o m p ar e d r es ult s fr o m o ur f ull p o p ul ati o n s c al e 

m o d el ( w h er e e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers v ari e d wit h a g e, as m e as ur e d a b o v e) t o a 

p o p ul ati o n s c al e m o d e l w h er e w e p ar a m et eri z e d o ur m o d el wit h d at a fr o m a si n gl e a g e. 

In di vi d u als i n o ur si n gl e- a g e p ar a m et eri z ati o n still h a d a v ari et y of a g es. H o w e v er, t h e y all h a d 

t h e s am e pr o b a bilit y of b e c o mi n g i nf e ct e d, b as e d o n e x p eri m e nt al r es ult s fr o m h osts of a si n gl e 

a g e ( 4, 1 2, or 2 0 d a ys). O n c e i nf e ct e d, w e als o s et t h e “ a g e at i nf e cti o n ” p ar a m et er ( 𝑈 𝜇 ) eq u al t o 

t h at a g e w h e n c al c ul ati n g s p or e yi el d a n d h ost f e e di n g r at e. T h us, i n o ur t hr e e “fi x e d p ar a m et er ” 

m o d els, i n di vi d u als v ari e d i n a g e, b ut f e e di n g r at e, p er-s p or e s us c e pti bilit y, s p or e yi el d, a n d 

birt hs p er d a y w er e c o nst a nt – t h at is, t h os e e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers di d n ot v ar y 

wit h h os t a g e. T h e c o m p aris o n b et w e e n o ur f ull m o d el ( wit h p ar a m et ers t h at v ar y wit h a g e, as 

m e a s ur e d e m piri c all y) a n d o ur t hr e e s et- a g e m o d els ( w h er e p ar a m et ers di d n ot v ar y wit h a g e) is 

us e f ul f or t w o r e as o ns. First, b y r e m o vi n g t h e li n k b et w e e n a g e str u ct ur e a n d tr a ns mi ssi o n 

p ar a m et ers, w e c a n is ol at e t h e i m p a ct of a g e-i n d u c e d v ari a bilit y a n d a g e- m e di at e d f e e d b a c k 

l o o ps ( Fi g. 1) o n e pi d e mi c d y n a mi cs. S e c o n d, i nf e cti o n ass a ys us e d t o p ar a m et eri z e h ost 

p o p ul ati o n -s c al e c oi nf e cti o n m o d els ar e g e n er all y c o n d u ct e d o n h osts t h at ar e a si n gl e a g e. T h us, 

e a c h s et- a g e s c e n ari o r e pr es e nts c o n cl usi o ns t h at r es e ar c h ers w o ul d c o m e t o r e g ar di n g t h e i m p a ct 

of c oi nf e cti o n at t h e h ost- p o p ul ati o n l e v el if t h e y di d n ot t a k e a g e- eff e cts i nt o a c c o u nt. W e us e 
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pr e v al e n c e as a r es p o ns e v ari a bl e w h e n a n al y zi n g o ur si m ul ati o n r es ult s, t h o u g h o ur r es ult s d o 

n ot q u alit ati v el y diff er w h e n usi n g d e nsit y of i nf e ct e d h osts as a r es p o ns e m etri c ( Fi g. S 6, S 7). 

Hi g h er p e a ks i n di c at e hi g h er p ar asit e tr a ns mi ssi o n, w hi c h dri v es a m or e r a pi d e v ol uti o n of l o w 

h ost  s us c e pti bilit y. 

W h e n t h e e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers ar e h el d c o nst a nt wit hi n a p o p ul ati o n, 

i n cre asi n g h ost a g e c a n i n cr e as e or d e cr e as e p e a k f u n g al i nf e cti o n pr e v al e n c e, d e p e n di n g o n t h e 

pr es e n c e of c o -i nf e cti o ns. I n t h e a bs e n c e of t h e b a ct eri a, i n cr e asi n g t h e a g e at i nf e cti o n i n cr e as es 

p e a k f u n g al i nf e cti o n pr e v al e n c e (fr o m 0. 1 4 w h e n a g e = 4 t o 0. 2 4 w h e n a g e = 2 0, Fi g. 5, t o p 

r o w, first t hr e e p a n els, r e d li n es) b e c a us e ol d er h o sts h a v e a hi g h er s us c e pti bilit y t o f u n g al 

i nf e cti o n ( Fi g. 2 B). I n t h e pr es e n c e of t h e b a ct eri a h o w e v er, i n cr e asi n g t h e a g e at i nf e cti o n 

m o d estl y d e cr e as es p e a k f u n g al i nf e cti o n pr e v al e n c e (fr o m 0. 4 7 w h e n a g e = 4 t o 0. 3 9 w h e n a g e 

= 2 0, Fi g. 5, t o p r o w, first t hr e e p a n els, p ur pl e li n e s ) b e c a us e pri or b a ct eri al i nf e cti o n i n cr e as es 

h ost s us c e pti bilit y t o f u n g al i nf e cti o ns i n y o u n g h osts, b ut n ot i n ol d er h osts ( Fi g. 2 B). B e c a us e 

t h e fa cilit ati v e eff e ct of t h e b a ct eri a o nl y e xist s i n y o u n g er h osts, t h e f a cilit ati v e eff e ct of b a ct eri a 

o n f u n gi at t h e h ost p o p ul ati o n s c al e d e cr e as es as t h e a g e at i nf e cti o n b e c o m es hi g h er ( Fi g. 5, t o p 

r o w, first t hr e e p a n els, diff er e n c e b et w e e n r e d a n d p ur pl e li n es).  

W h e n e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers ar e h el d c o nst a nt wit hi n a p o p ul ati o n, a g e-

e ff e cts h a v e c o nsist e nt i m p a cts o n p e a k b a ct eri al pr e v al e n c e i n si n gl y- a n d c o-i nf e ct e d 

p o p ul ati o ns:  p e a k b a ct eri al pr e v al e n c e d e cr e as es wit h i n cr e asi n g a g e at i nf e cti o n i n b ot h si n gl y- 

a n d c o-i nf e ct e d p o p ul ati o ns (fr o m 0. 5 0 w h e n a g e = 4 t o 0. 3 5 w h e n a g e = 2 0 i n t h e a bs e n c e of t h e 

f u n gi, a n d fr o m 0. 3 8 w h e n a g e = 4 t o 0. 2 8 w h e n a g e = 2 0 i n t h e pr es e n c e of t h e f u n gi, Fi g. 5, 

b ott o m r o w, first t hr e e p a n els). I n cr e asi n g a g e at i nf e cti o n d e cr e as es p e a k b a ct eri al i nf e cti o n 

pr e v al e n c e b e c a us e y o u n g er h o sts h a v e a hi g h er s us c e pti bilit y t o b a ct eri al i nf e cti o n r e g ar dl ess of 
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pri or i nf e cti o n st at us ( Fi g. 2 A), a n d b e c a us e b a ct eri al s p or e yi el d g e n er all y d e cr e as es wit h a g e 

( Fi g. 3 A). B e c a us e pri or f u n g al i nf e cti o n d e cr e as e s h ost s us c e pti bilit y t o t h e b a ct eri a t h e m ost i n 

y o u n g h osts, c o -i nf e cti o n d e cr e as es p e a k b a ct eri al pr e v al e n c e t h e m ost w h e n a g e at i nf e cti o n is 4 

d a ys ( Fi g. 5, b ott o m r o w, l ar g est diff er e n c e b et w e e n p ur pl e a n d bl u e li n es i n t h e first p a n el).  

W e n o w as k h o w i ntr as p e cifi c v ari ati o n i n p ar asit e i nt er a cti o ns d u e t o a g e- eff e cts alt ers 

dis e as e d y n a mi cs. T o d o t hi s w e c o m p ar e pr e vi o u s si m ul ati o ns ( w h er e e pi d e mi ol o gi c all y 

r el e v a nt p ar a m et ers di d n ot v ar y wit h a g e, a n d w er e s et b as e d o n esti m at es of h osts at a si n gl e 

a g e) t o si m ul ati o ns w h er e w e all o w e d e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers ( p er s p or e 

s us c epti bilit y, f e e di n g r at e, s p or e yi el d, a n d birt h r at e) t o v ar y wit h a g e, as m e as ur e d e m piri c all y. 

W e fi n d t h at i n c or p or ati n g t h e v ari ati o n i n t h es e p ar a m et ers wit h a g e m ostl y eli mi n at es t h e 

i m p a ct of c o -i nf e cti o n o n i nf e cti o n pr e v al e n c e ( Fi g. 5, “ A g e V ari es ” p a n els), as t h e 9 5 % 

e n v el o p es of i nf e cti o n pr e v al e n c e fr o m st o c h asti c r u ns i n si n gl y i nf e ct e d a n d c oi nf e ct e d 

s c e n ari os n o w h e a vil y o v erl a p. T his m ostl y h a p p e ns b e c a us e a g e v ari ati o n l o w ers b a ct eri a l 

i nf e ctio n pr e v al e n c e i n si n gl y i nf e ct e d p o p ul ati o ns a n d l o w ers f u n g al i nf e cti o n pr e v al e n c e i n c o -

i nf e ct e d p o p ul ati o ns.  

All o wi n g e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers t o v ar y wit h a g e l o w ers t h e pr e v al e n c e 

of t h e  b a ct eri a i n si n gl y i nf e ct e d p o p ul ati o ns b e c a us e of t h e w a y f e e di n g r at e a n d t h e pr o b a bilit y 

of b a ct eri al i nf e cti o n c h a n g e wit h h ost a g e i n t h e a bs e n c e of t h e f u n gi. As h osts a g e, t h eir f e e di n g 

r at e i n cr e as es, i n cr e asi n g t h e n u m b er of s p or es t h e y c o ns u m e, b ut h osts ar e l ess s us c e pti bl e t o 

b ei n g i nf e ct e d b y e a c h s p or e ( Fi g. 2, S 3). T his r es ult s i n a n o n-li n e ar r el ati o ns hi p b et w e e n h ost 

a g e a n d pr o b a bilit y of i nf e cti o n f or a gi v e n d e nsit y of s p or es i n t h e e n vir o n m e nt ( Fi g. 6 C). T h e 

pr o b a bilit y of i nf e cti o n is r el ati v el y st e a d y t hr o u g h a g e 2 1 d a ys, b ef or e dr o p pi n g st e e pl y t o 0. 

T h us, w h e n w e d eri v e i nf e cti o n p ar a m et ers i n o ur m o d el fr o m h osts a g e d 4, 1 2, or 2 0 d a ys, 
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i nf e cti o n pr o b a biliti es d o n ot c h a n g e m u c h b et w e e n s c e n ari os. H o w e v er, all o wi n g 

e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers i n o ur m o d el t o r efl e ct t h e a ct u al a g e distri b uti o n gi v es us 

ol d er i n di vi d u als w h o ar e i m m u n e t o i nf e cti o n, t h us l o w eri n g o v er all pr e v al e n c e. I n c oi nf e ct e d 

p o p ul ati o ns, ol d er i n di vi d u als h a v e a hi g h er pr o b a bilit y of b ei n g i nf e ct e d b y t h e b a ct eri a ( Fi g. 6), 

b ut a l o w er s p or e yi el d o v er all ( Fi g. 3) l e a di n g t o a n e gli gi bl e i m p a ct of c oi nf e cti o n o n b a ct eri al 

pr e v al e n c e.  

All o wi n g e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers t o v ar y wit h a g e eli mi n at es t h e p ositi v e 

i m p a ct of c oi nf e cti o n o n f u n g al pr e v al e n c e f or si mil ar r e as o ns as it eli mi n at es t h e i m p a ct of 

c oi nf e cti o n o n b a ct eri al pr e v al e n c e. Pri or i nf e cti o n wit h t h e b a ct eri a b o osts t h e li k eli h o o d t h at 

h osts b el o w 2 1 d a ys ol d w o ul d b e i nf e ct e d b y t h e f u n gi a n d eli mi n at es t h e pr o b a bilit y t h at h osts 

a b o v e t h e a g e of 2 3 d a ys w o ul d b e i nf e ct e d b y t h e f u n gi ( Fi g. 6 A, B). T h us, w h e n p ar a m et eri zi n g 

p a r asit e i nt er a cti o ns wit h o nl y h osts of a g e 4, 1 2, or 2 0 d a ys, w e s e e o nl y t h e p ositi v e eff e cts of 

c oi nf e cti o n. H o w e v er, t a ki n g t h e f ull a g e str u ct ur e i nt o a c c o u nt, i n cr e as es i n f u n g al pr e v al e n c e 

d u e t o i n cr e as e d i nf e cti o n pr o b a bilit y i n y o u n g er h osts ar e b al a n c e d b y d e cr e as es i n f u n g al 

pr e v al e n c e d u e t o d e cr e a s e d i nf e cti o n pr o b a bilit y i n ol d er h osts. Ulti m at el y, t h es e r es ult s i n di c at e 

t h at t h e f ull a g e str u ct ur e of a p o p ul ati o n m ust b e c o nsi d er e d t o u n d erst a n d h o w p ar asit e 

i nter a cti o ns at t h e h ost s c al e will tr a nsl at e t o t h e h ost- p o p ul ati o n s c al e.   

Dis c u ssi o n 

H ost a g e alt ers h o w p ar a sit es i nt er a ct wit hi n t h eir h osts, b ut w e l a c k e d a n u n d erst a n di n g 

of h o w t h es e a g e eff e cts alt er m ulti- p ar asit e e pi d e mi cs. O ur st u d y s h o ws t h at, i n a c o -i nf e ct e d 

z o o pl a n kt o n s yst e m, wit hi n- h ost i nt er a cti o ns alt er e d h ost s us c e pti bilit y a n d s p or e yi el d at t h e 

si n gl e h ost s c al e ( Fi g ur e 2, 3). H o w e v er, a g e v ari ati o n a m o n g a h ost p o p ul ati o n, al o n g wit h t h e 
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w a y e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers c h a n g e wit h h ost a g e, c a n eli mi n at e t h e i m p a ct of c o-

i nf e cti o n o n e pi d e mi c d y n a mi cs ( Fi g. 5). F or t h e b a ct eri a, o ur m o d els i n di c at e t h at c oi nf e cti o n 

l o w ers s p or e yi el d a n d i nf e cti o n pr o b a biliti es i n y o u n g er h osts, b ut at t h e p o p ul ati o n s c al e t his 

n e g ati v e i m p a ct of c oi nf e cti o n i s c o u nt er b al a n c e d b y c oi nf e cti o n i n cr e asi n g i nf e cti o n 

pr o b a biliti es i n ol d er h osts ( Fi g. 3, 6). F or t h e f u n gi, o ur m o d el i n di c at es t h at c oi nf e cti o n 

i n cre as es i nf e cti o n pr o b a biliti es i n y o u n g er h osts, b ut at t h e p o p ul ati o n s c al e t his p ositi v e i m p a ct 

of c oi nf e cti o n i s c o u nt er b al a n c e d b y c oi nf e cti o n l o w eri n g i nf e cti o n pr o b a biliti es i n ol d er h osts. 

T h us, w e  d e m o nstr at e t h at p o p ul ati o n-l ev el i m p a c ts of c oi nf e cti o n i n t his s yst e m c a n n ot b e 

a p pr o xi m at e d w h e n p ar a m et eri zi n g t h e m o d el wit h h osts i nf e ct e d at a si n gl e a g e, as c oi nf e cti o n 

m o d els g e n er all y d o. 

Wit h o ut c o nsi d eri n g h o w tr ait s s u c h as p er s p or e s us c e pti bilit y, f e e di n g r at e, a n d s p or e 

yi el d c h a n g e wit h a g e, w e m a y i n c orr e ctl y esti m at e t h e i m p a ct of c o -i nf e cti o n o n e pi d e mi c 

d y n a mi cs.  E x p eri m e nt al m e as ur e m e nts of wit hi n- h ost i nt er a cti o ns c a n b e s c al e d u p t o pr e di ct 

m ul ti- p ar asit e e pi d e mi c d y n a mi cs ( M ar c h ett o & P o w er 2 0 1 7; R y n ki e wi c z et al.  2 0 1 7). H o w e v er, 

e x p eri m e nts o n wit hi n- h ost i nt er a cti o ns ar e oft e n c o n d u ct e d o n h osts of a si n gl e, r el ati v el y y o u n g 

a g e ( B e n- A mi 2 0 1 9). T his m et h o d pr e v e nts m o d el s fr o m i n cl u di n g a g e- m e di at e d f e e d b a c k l o o ps, 

w h e r e p ar asit e tr a ns mi ssi o n d et er mi n es t h e a g e of i nf e cti o n, w hi c h d et er mi n es h o w p ar asit es 

i nt er a ct wit hi n a h ost , w hi c h l o o ps b a c k t o d et er mi n e p ar asit e tr a ns mi ssi o n. I n o ur s yst e m, 

m o d els p ar a m et eri z e d wit h e x p eri m e nts p erf or m e d o n a si n gl e h ost a g e o v er esti m at e t h e i m p a ct 

of c o -i nf e cti o n o n i nf e cti o n pr e v al e n c e o v er t h e c o urs e of a n e pi d e mi c ( Fi g. 5); t his eff e ct i s 

p a rti c ul arl y str o n g f or t h e s c e n ari o t h at us es t h e y o u n g est h osts. W e m a y s e e si mil ar r es ult s i n 

ot h er s yst e ms. S o m e p ast r es e ar c h h as m e as ur e d wit hi n- h ost i nt er a cti o ns i n wil d h osts, a n d, as 

s u ch, m e as ur e d i nt er a cti o ns a cr oss a wi d e r a n g e of h ost a g es ( F e nt o n e t al. 2 0 1 0; H alli d a y et al.  
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2 0 1 8). T his a p pr o a c h c o ul d p ot e nti all y q u a ntif y t h e i m p a ct of a g e o n wit hi n- h ost i nt er a cti o ns. 

H o w e v er, if t hi s a p pr o a c h is us e d t o pr e di ct a n a v er a g e str e n gt h of wit hi n- h ost i nt er a cti o ns f or all 

h ost s, t hi s a g ai n r e m o v es t h e p ossi bilit y of q u a ntif yi n g a g e- m e di at e d f e e d b a c k l o o ps t h at c a n 

dri v e  m ulti- p ar asit e d y n a mi cs. O n e w a y t o e as e d at a c oll e cti o n o n h o w a g e- eff e cts alt er p ar asit e 

i nter a cti o ns is t o q u a ntif y a g e-si z e r el ati o ns hi ps, as a g e a n d si z e ar e hi g hl y c orr el at e d i n m a n y 

t a x a a n d si z e is e asi er t o m e as ur e t h a n a g e. H o w e v er, es p e ci all y w h e n att e m pti n g t o q u a ntif y 

a g e- eff e cts i n t h e wil d usi n g b o d y si z e, it is al s o i m p ort a nt t o c o nsi d er ot h er p ot e nti al 

c o nf o u n di n g f a ct ors, s u c h as r es o ur c e v ari ati o n b et w e e n p o p ul ati o ns, t h e i m p a ct of i nf e cti o n o n 

h ost si z e ( Cr essl er et al.  2 0 1 4), as w ell as ot h er f a ct ors t h at c o m pli c at e i nf erri n g p ar asit e 

i nter a cti o ns fr o m n at ur al p o p ul ati o ns ( T elf er et al.  2 0 0 8). 

If h ost a g e alt ers wit hi n- h ost i nt er a cti o ns, t h e n t h e i m p a ct of c o -i nf e cti o n o n e pi d e mi c 

d y n a mi cs d e p e n ds o n t h e a g e str u ct ur e i n h ost p o p ul ati o ns. M a n y or g a nis m s r e pr o d u c e 

s eas o n all y ( e. g.,  C art er et al. 2 0 1 8), m e a ni n g t h at t h e m e a n a g e of h osts i n a p o p ul ati o n c h a n g es 

o v er ti m e. I n t h es e s p e ci e s, t h e str e n gt h of wit hi n- h ost i nt er a cti o ns m a y s yst e m ati c all y c h a n g e 

t hr o u g h o ut t h e y e ar. F or i nst a n c e, i n o ur s yst e m, wit hi n- h ost i nt er a cti o ns c a n h a v e o p p osit e 

eff e cts i n y o u n g vs. ol d h osts ( Fi g. 6). T h us, f or a s e as o n all y br e a di n g s p e ci es, t h e i m p a ct of c o -

i nf ecti o n o n e pi d e mi c d y n a mi cs m a y c h a n g e wit h ti m e aft er t h e br e e di n g s e as o n, as t h e h ost 

p o p ul ati o n a g es. F urt h er, e pi d e mi cs t h e ms el v es c a n c h a n g e t h e a g e str u ct ur e of a p o p ul ati o n  

( D w y er 1 9 9 1; Hit e et al.  2 0 1 6). T h us, w e c a n e x p e ct t h e str e n gt h of wit hi n- h ost i nt er a cti o ns t o 

c h a n g e o v er t h e c o urs e of a n e pi d e mi c i n r es p o ns e t o p ar asit e- dri v e n s hifts i n m e a n h ost a g e. 

Q u a ntif yi n g h o w m ulti- p ar asit e e pi d e mi cs c h a n g e h ost a g e str u ct ur e, a n d h o w h ost a g e str u ct ur e 

i n t ur n alt ers m ulti- p ar asit e d y n a mi cs, will f urt h er o ur u n d erst a n di n g of a g e- m e di at e d f e e d b a c k 

l o o ps i n c o -i nf e ct e d s yst e ms.  
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E pi d e mi cs i n wil d D a p h ni a  p o p ul ati o ns e x hi bit hi g h s p ati al a n d t e m p or al v ari ati o n 

( Du n c a n & Littl e 2 0 0 7; D uff y et al.  2 0 1 0; G or e n & B e n- A mi 2 0 1 3; S h a w et al.  2 0 2 0). I n 

a d diti o n t o a bi oti c f a ct or s ( S h a w et al.  2 0 2 0), pr e d ati o n ( A ul d e t al. 2 0 1 4 b), a n d v ari ati o n i n t h e 

s p eci es c o m p ositi o n of t h e h ost c o m m u nit y ( Str a u ss e t al. 2 0 1 6), w e h a v e s u g g est e d t h at c o-

i nf e cti o n m a y pl a y a r ol e i n dri vi n g v ari ati o n i n e pi d e mi c si z e ( Cl a y et al.  2 0 1 9 b, 2 0 2 0). O ur 

r es ult s i n di c at e t h at o n c e v ari ati o n i n h ost a g e is c o nsi d er e d, t hi s is li k el y n ot t h e c as e, at l e ast f or 

t hi s p air of p ar asit es. H o w e v er, b ef or e w e c a n r e m o v e c o -i nf e cti o n fr o m o ur list of p ossi bl e 

c a us es f or v ari ati o n i n e pi d e mi c si z e, w e m ust r e c o n cil e t h e r es ult s of t his st u d y wit h e vi d e n c e 

fr o m l a b p o p ul ati o ns of D a p h ni a w h er e t h e pr es e n c e of t h e f u n g al p at h o g e n si g nifi c a ntl y r e d u c es 

t h e pr e v al e n c e of t h e b a ct eri al p at h o g e n ( Cl a y e t al. 2 0 2 0). O n e p ossi bl e e x pl a n ati o n is t h at 

i nf ecti o n pr e v al e n c e of p ar asit es c a n b e m u c h hi g h er i n l a b p o p ul ati o ns t h a n o bs er v e d i n n at ur al 

p o p ul ati o ns of D a p h ni a , a n d hi g h er i nf e cti o n pr e v al e n c e li k el y l e a ds t o str o n g er p ar asit e 

i nt er acti o ns at t h e p o p ul ati o n s c al e.  

O ur  e x p eri m e nt al r es ult s s h o w t h at t h e i m p a ct of c o -i nf e cti o n o n p ar asit e fit n ess w e a k e ns 

as h ost s a g e (t h o u g h f or s p or e yi el d t his d e p e n ds o n t h e or d er of i nf e cti o n), a p att er n t h at w e m a y 

fi n d a cr oss s yst e ms. O ur b a ct eri al p ar asit e e x hi bit s str o n g g e n ot y p e b y  g e n ot y p e eff e cts wit h 

D a p h ni a  h osts ( B e n- A mi & R o utt u 2 0 1 3), a n d D a p h ni a  g e n ot y p es diff er s u bst a nti all y i n k ey 

tr ait s ass o ci at e d wit h t h eir i nt er a cti o ns wit h o ur f u n g al p ar asit e ( D uff y e t al. 2 0 1 2; S e arl e e t al. 

2 0 1 6; P ar as k e v o p o ul o u et al.  2 0 2 2; P e n c z y k o ws ki e t al. 2 0 2 2). T h us, s o m e of o ur e m piri c al 

r es ult s m a y v ar y d e p e n di n g o n t h e g e n ot y p es i n a p arti c ul ar p o p ul ati o n. H o w e v er, c ert ai n as p e cts 

of o u r e m piri c al r es ult s will li k el y g e n er ali z e. W e h y p ot h esi z e t h at t h e m ai n i m p a ct of f u n g al 

i nf e cti o n o n b a ct eri al s p or e yi el d i n o ur s yst e m is t h at f u n g al i nf e cti o n r e d u c es h ost lif es p a n, 

r ed u ci n g t h e ti m e t h at b a ct eri al  s p or es h a v e t o r e pli c at e b ef or e h ost d e at h ( A ul d e t al. 2 0 1 4). 
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T h us, f u n g al  i m p a ct o n b a ct eri al s p or e yi el d is mi ni mi z e d b y i nf e cti n g ol d h osts w h er e t h er e is 

littl e diff er e n c e b et w e e n ti m e t o d e at h d u e t o s e n e s c e n c e a n d ti m e t o d e at h d u e t o f u n g al 

i nf ecti o n ( Fi g. 5); w e e n c o ur a g e f ut ur e st u di es c o m p ari n g h ost s p e ci es t h at diff er i n o v er all 

lif es p a n ( e. g., r el ati v el y s h ort-li v e d C eri o d a p h ni a  vs. r el ati v el y l o n g-li v e d D. m a g n a ) t o s e e if 

a g e- eff e cts o n c o -i nf e cti o n ar e c o nsist e nt as w ell a s t a k e a d v a nt a g e of t h e hi g h fr e q u e n c y of c o -

i nf e cti o n i n s o m e D a p h ni a  p o p ul ati o ns ( e. g., G or e n a n d B e n- A mi 2 0 1 3) t o t est t h es e 

r el ati o ns hi ps i n n at ur al c o m m u niti es. W e als o e n c o ur a g e f ut ur e st u di es of h osts wit h c o -i nf e cti n g 

p ar asit e s p e ci es t h at diff er i n t h eir tr a ns mi ssi o n m o d e, h ost e x pl oit ati o n str at e g y, pri orit y eff e cts 

a n d o v er all vir ul e n c e. F urt h er, w e m a y s e e t h e i m p a ct of c o -i nf e cti o n o n p ar asit e fit n ess w e a k e n 

i n old er h osts i n ot h er s yst e ms w h er e p ar asit es l ar g el y i m p a ct o n e a n ot h er b y r e d u ci n g t h e 

d ur ati o n of i nf e cti o n, eit h er b y r e d u ci n g h ost lif es p a n ( E z e n w a & J oll es 2 0 1 5) or vi a 

s u p eri nf e cti o n ( C urtis & T a n n er 1 9 9 9; B e n- A mi 2 0 1 9). 

Ulti m at el y, t o i m pr o v e o ur u n d erst a n di n g of h o w a g e- eff e cts alt er m ulti- p ar asit e s yst e ms, 

w e  m ust m o v e a w a y fr o m u n d erst a n di n g c o -i nf e cti o n d y n a mi cs p h e n o m e n ol o gi c all y, a n d t o w ar d 

u n d erst a n di n g t h e m m e c h a nisti c all y. Wit hi n- h ost i nt er a cti o ns d e p e n d o n m a n y f a ct ors s u c h as 

r es o ur c e a v ail a bilit y ( W al e et al.  2 0 1 7), or d er of i nf e cti o n ( B e n- A mi & R o utt u 2 0 1 3; Cl a y e t al. 

2 0 1 9 a; K ar v o n e n et al.  2 0 1 9), a n d ti mi n g b et w e e n i nf e cti o ns ( A d a m e- Ál v ar e z e t al. 2 0 1 4), as 

w ell as h ost a g e (I z h ar & B e n- A mi 2 0 1 5; I z h ar e t al. 2 0 1 5). T o tr ul y u n d er st a n d h o w wit hi n- h ost 

i nt er a cti o ns s c al e u p t o alt er m ulti- p ar asit e e pi d e mi cs w e n e e d t o u n d erst a n d h o w e a c h of t h es e 

f act ors i nt er a ct wit h o n e a n ot h er si m ult a n e o usl y. R at h er t h a n a c c o m plis hi n g t hi s vi a 

i m pr a cti c all y l ar g e f a ct ori al e x p eri m e nts, w e n e e d t o b uil d a m e c h a nisti c u n d erst a n di n g of 

wit hi n- h ost i nt er a cti o ns t h at will all o w a c c ur at e pr e di cti o ns of wit hi n- h ost i nt er a cti o ns u n d er 

v a ri o us cir c u mst a n c es. O n e p ot e nti al is t o a n al y z e h ost a g e- eff e cts a n d c o -i nf e cti o n usi n g 
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d y n a mi c e n er g y b u d g et m o d els ( H all et al.  2 0 0 9; Cr essl er e t al. 2 0 1 4). T hi s a p pr o a c h will b e 

p a rti c ul arl y us ef ul gi v e n t h at m a n y wit hi n- h ost p ar asit e i nt er a cti o ns ar e r es o ur c e m e di at e d 

( Gr a h a m 2 0 0 8). O ur st u d y h as s h o w n t h at t a ki n g a g e eff e cts i nt o a c c o u nt c a n alt er q u alit ati v e 

pr e di cti o ns a b o ut t h e i m p a ct of c o -i nf e cti o n ( e. g., i n o ur st u d y w e m o v e fr o m pr e di cti n g t h at c o -

i nf ecti o n will d e cr e as e or i n cr e as e e pi d e mi c si z e t o pr e di cti n g t h at c o -i nf e cti o n will h a v e n o 

i m p a ct o n e pi d e mi c d y n a mi cs gi v e n t h e c o ntr a di cti n g a g e- d e p e n d e nt eff e cts of f u n g al vs. 

b a ct eri al i nf e cti o ns). W e s u g g est t h at m e c h a nisti c m o d els of p ar asit e i nt er a cti o ns ar e t h e m ost 

e ffi ci e nt w a y t o i n c or p or at e a g e eff e cts i nt o c o -i nf e cti o n m o d els a cr oss s yst e ms.   

A c k n o wl e d g m e nts 

W e t h a n k R e b e c c a Bili c h f or assi st a n c e i n t h e l a b. T his w or k w as s u p p ort e d b y N S F D E B-

1 7 4 8 7 2 9 t o M A D a n d gr a nt # 9 3 8/ 1 6 fr o m t h e Isr a el S ci e n c e F o u n d ati o n (I S F) t o F B A. M A D 

als o a c k n o wl e d g es s u p p ort fr o m t h e M o or e F o u n d ati o n ( G B M F 9 2 0 2; D OI: 

htt ps:// d oi. or g/ 1 0. 3 7 8 0 7/ G B M F 9 2 0 2 ).    

St at e m e nt of a ut h o rs hi p 

P A C a n d M A D  c o n c e pt u ali z e d a n d pl a n n e d e x p eri m e nts wit h i n p ut fr o m S G a n d F B. P A C, J G, 

V H , a n d S G r a n e x p eri m e nts. P A C c o n d u ct e d st atisti c al a n al ysis a n d m o d elli n g. P A C pri m aril y 

wr ot e m a n us cri pt wit h f e e d b a c k a n d e diti n g b y all a ut h ors. 

D at a a n d C o d e A c c essi bilit y 

All d at a a n d c o d e c a n b e a c c ess e d at Dr y a d r e p osit or y ( Cl a y 2 0 2 3, 

htt ps:// d at a dr y a d. or g/st as h/ d at as et/ d oi: 1 0. 5 0 6 1/ dr y a d.j h 9 w 0 vt b v ). 

https://doi.org/10.37807/GBMF9202
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s p or es, a n d t hi n li n es r e pr es e nt f u n g al s p or es. ( A) P ar asit es c a n alt er t h e r at e at w hi c h D a p h ni a  

f ee d, a n d t h us t h e r at e at w hi c h t h e y c o nt a ct f urt h er p ar asit es ( Str a uss et al.  2 0 1 9). ( B) T h e 

pr o b a bilit y t h at a n i n g est e d p ar asit e will i nf e ct a D a p h ni a  h ost is d et er mi n e d b y t h e pr o b a bl y t h at 

t h e p ar asit e c a n p e n etr at e t h e g ut w all a n d t h e h ost’s i m m u n e r es p o nse ( St e w art M errill et al.  

2 0 1 9; I z h ar et al.  2 0 2 0). P ar asit es c a n t h us alt er t h e h ost’s s us c e pti bilit y t o o n e a n ot h er if t h e y 

a lt er t h e h ost i m m u n e r es p o ns e. ( C) I n s u c c essf ull y c o -i nf e ct e d h osts, p ar asit es c a n alt er t h e 

n u m b er of i nt er-s p e cifi c i nf e cti o us s p or es r el e as e d fr o m D a p h ni a  at d e at h ( B e n- A mi e t al. 2 0 1 1; 

Cl a y et al.  2 0 1 9 b), p ossi bl y b y alt eri n g p ar asit e gr o wt h r at es, h ost lif es p a n, or h ost b o d y si z e. I n 

t h e ri g ht p a n el, t h e i nt er a cti o ns s h o w n at t h e i n di vi d u al s c al e ( as s h o w n i n t h e l eft p a n el) 

d et er mi n e p ar asit e tr a ns mi ssi o n r at e, w hi c h d et er mi n es a v er a g e a g e of h osts at i nf e cti o n, w hi c h 

d et er mi n es i n t ur n h o w p ar asit es i nt er a ct at t h e i n di vi d u al h ost s c al e.  

Fi g u r e 2:  A g e alt ers p er s p or e i nf e cti o n pr o b a bilit y, b ut t his d e p e n ds o n w h et h er t h e h ost w as 

pr e vi o usl y i nf e ct e d. X- a xis s h o ws h ost a g e, a n d Y- a xis p er s p or e pr o b a bilit y of i nf e cti o n. S oli d 

li n es s h o w li n e ar r e gr essi o n of t h e m e a n, a n d b a n d s s h o w st a n d ar d err or. N ot e t h at t h e Y- a xis 

s c al e is diff er e nt b et w e e n t h e p a n els b e c a us e o ur b a ct eri u m g e n er all y h as a m u c h l o w er p er s p or e 

i nf ecti o n pr o b a bilit y t h a n o ur f u n g us. N o r a w d at a p oi nt s ar e s h o w n as t h e p er s p or e pr o b a bilit y 

of i nf e cti o n w as d eri v e d r at h er t h a n dir e ctl y m e as ur e d.  

Fi g u r e 3:  A g e a n d c o -i nf e cti o n st at us i nt er a ct t o alt er b a ct eri al s p or e yi el d a n d h a v e n o eff e ct o n 

f u n g al s p or e yi el d. X- a xis s h o ws h ost a g e, a n d Y- a xis s h o ws n u m b er of i nf e cti o us s p or es 

Fi g u r e L e g e n ds 

Fi g u r e 1:  Di a gr a m of t hr e e w a ys t h at p ar asit es c a n i nt er a ct at t h e si n gl e- h ost s c al e (l eft p a n el), 

a n d a g e- m e di at e d e pi d e mi ol o gi c al f e e d b a c k l o o ps (ri g ht p a n el). Pi ct ur e r e pr es e nts si d e vi e w of 

D.  d e ntif er a, w h er e gr e e n li n es r e pr es e nt h ost g astr oi nt esti n al tr a ct, bl u e d ots r e pr es e nt b a ct eri al
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r el e as e d fr o m h osts at d e at h. P oi nt s ar e r a w m e as ur e m e nts of i n di vi d u al s p or e yi el ds, s oli d li n es 

s h o w b est fitti n g li n e ar m o d el, a n d b a n ds s h o w st a n d ar d err or. F or b a ct eri a s p or e yi el d, li n es 

r e pr es e nt diff er e nt tr e at m e nts, w hil e f or f u n gi s p or e yi el d, t h e li n e is t h e a v er a g e of all 

tr e at m e nts, as o ur li n e ar m o d el s h o w e d n o si g nifi c a nt i m p a ct of h o st a g e at i nf e cti o n or c o -

i nf e cti o n o n s p or e yi el d.  

Fi g u r e 4:  X- a xis s h o ws d a ys of t h e e pi d e mi c, a n d Y- a xis s h o ws f u n g al or b a ct eri al i nf e cti o n 

pr e v al e n c e. Li n es ar e m e a ns o v er 6 0 m o d el r u ns, wit h b a n ds t h at c o nt ai n 9 5 % of st o c h asti c 

m o d el o ut c o m e s. T h us, o v erl a p pi n g b a n ds i n di c at e t h at d et er mi nisti c diff er e n c es i n pr e v al e n c e 

d u e  t o p ar asit e pr es e n c e w er e s m all er t h a n t h e i m p a ct of st o c h asti c v ari ati o n o n pr e v al e n c e. 

C ol ors i n di c at e w hi c h p ar asit es w er e pr es e nt i n t h e p o p ul ati o n. V erti c al b ar s i n di c at e r a n g e of 

m e a n pr e v al e n c e v al u es o v er ti m e o v er 9 5 % of m o d el r u ns. F or t h es e si m ul ati o ns, i niti al a g es of 

i n di vi d u als i n a p o p ul ati o n w er e dr a w n fr o m a n or m al distri b uti o n wit h a m e a n of eit h er 1 0 or 2 4 

d a ys. A d diti o n all y, i niti al a g e at i nf e cti o n w as s et t o eit h er 4 or 2 4 d a ys f or i nf e ct e d i n di vi d u als 

s e e di n g t h e e pi d e mi c.   

Fi g u r e 5 : V a ri ati o n i n e pi d e mi ol o gi c all y r el e v a nt p ar a m et ers wit h a g e eli mi n at es t h e eff e ct of 

c oi nf e cti o n o n e pi d e mi c d y n a mi cs. T h e Y- a xis s h o ws m e a n b a ct eri al or f u n g al i nf e cti o n 

pr e v al e n c e i n si n gl y- or c o -i nf e ct e d p o p ul ati o ns o v er 6 0 m o d el r u ns, o v er ti m e o n t h e X- a xis. 

P a n els wit h “ S et a g e ” i n di c at e t h at h ost s us c e pti bilit y, f e e di n g r at e, s p or e yi el d, a n d birt h r at e 

w er e c o nst a nt f or all h osts a n d w er e s et b as e d o n a si n gl e h ost a g e ( 𝑈 ) a n d a g e at i nf e cti o n (𝜇 𝑈 ). 

In c o ntr ast, p a n els wit h “ A g e V ari es ” i n di c at e t h at p er s p or e s us c e pti bilit y, f e e di n g r at e, s p or e 

y i el d, a n d birt h r at e w er e all o w e d t o v ar y wit h h ost a g e a n d a g e at i nf e cti o n as m e as ur e d i n o ur 

l a b orat or y e x p eri m e nt. S oli d li n e i n di c at es m e a n pr e v al e n c e a cr oss m o d el r u ns, w hil e b a n ds 
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c o nt ai n 9 5 % of st o c h asti c m o d el o ut c o m es.  V erti c al b ars i n di c at e r a n g e of m e a n pr e v al e n c e 

v a l u es o v er ti m e o v er 9 5 % of m o d el r u ns.  

Fi g u r e 6 : T h e  pr o b a bilit y of i nf e cti o n c a n f all off s h ar pl y as h ost s a g e. T h e Y- a xis s h o ws t h e 

pr o b a bilit y t h at a h ost will b e i nf e ct e d aft er 2 4 h o urs of b ei n g e x p os e d t o a c ert ai n d os a g e of 

i nf e cti o us pr o p a g ul es i n t h e e n vir o n m e nt, gi v e n t h e h ost’s f e e di n g r at e a n d p er-s p or e i nf e cti o n 

pr o b a bilit y. T h e X- a xis i n di c at es t h e a g e of t h e h o st. P a n els A a n d B i n di c at e i nf e cti o n 

pr o b a biliti es b y t h e f u n gi, p a n els C a n d D i n di c at e i nf e cti o n pr o b a biliti es b y t h e b a ct eri a. P a n els 

A a n d C i n di c at e i nf e cti o n pr o b a bilit y wit h n o pri or i nf e cti o n or e x p os ur e t o t h e ot h er p ar asit e, 

p a n els B a n d D i n di c at e pri or i nf e cti o n b y t h e ot h er p ar asit e. Li n e c ol or i n di c at es r el ati v e s p or es 

p e r lit er c o m p ar e d t o t h e a p pr o xi m at e m a xi m u m s p or es of t h e gi v e n p ar asit e r e c or d e d d uri n g 

m o d el r u ns of si n gl e p ar asit e e pi d e mi cs.  
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Study Design 

Table S1: Infection schedule for each treatment. B and F indicate infection by the bacteria and the fungi, 

respectively. C indicates hosts exposed to ground up uninfected hosts as a control. f indicates feeding rate 

measurements.  

Treatment Day 4 Day 7 Day 10 Day 12 Day 15 Day 18 Day 20 Day 23 Day 26 

1 C (f) C (f) C (f) (f) C (f) C(f) C (f) C (f) C (f) 

2 B (f) C (f) C C C C C C C 

3 F (f) C (f) C C C C C C C 

4 B (f) F (f) C (f) C C C C C C 

5 F (f) B (f) C (f) C C C C C C 

6 C C C B (f) C (f) C C C C 

7 C C C F (f) C (f) C C C C 

8 C C C B (f) F (f) C (f) C C C 

9 C C C F (f) B (f) C (f) C C C 

10 C C C C C C B (f) C (f) C 

11 C C C C C C F (f) C (f) C 

12 C C C C C C B (f) F (f) C (f) 

13 C C C C C C F (f) B (f) C (f) 

Host Fitness 

To parameterize an agent-based model of multi-parasite dynamics, we measured the impact of 

infection status and age at infection on host fitness. To measure host lifespan, we checked hosts 



3 

for death every day. To measure host fecundity, we moved hosts to clean tubes with fresh water 

every two days. While moving animals to their new tubes, we counted and discarded juveniles. 

For calculating host fitness in each treatment, we only included hosts that were successfully 

infected by all parasites to which they were exposed.  

Total Host Fitness 

Generally, parasites reduced lifetime reproduction of hosts. The reduction in lifetime 

reproduction due to infection was greater when hosts were infected at an earlier age, as this 

impacted a larger proportion of their reproductive timeline (p<0.001 in all treatments). We found 

no non-linear effects of age at first infection on fitness. If hosts were only infected with the 

bacteria and infection occurred late in the host’s life (day 20), then infected hosts had a higher 

lifetime reproduction than unexposed hosts.  
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Figure S1: Infection reduces lifetime reproduction, but this effect is reduced if infection occurs late in 

host lifespan. Y-axis shows lifetime reproduction of infected hosts compared to the average lifetime 

reproduction of unexposed hosts. X-axis shows age at first infection. We only show data from hosts 

infected by all parasites to which they were exposed. Solid lines represent mean change in lifetime 

offspring due to single infection by the bacteria (blue), single infection by the fungi (orange), coinfection 

with the bacteria arriving first (green), and coinfection with the fungi arriving first (yellow). Bands 

represent 95% confidence intervals of the mean. 

To parameterize our model, we examined the impact of age at infection on lifespan and 

births per day. Our fungal parasite has a larger impact on host lifespan than our bacterial parasite, 

which does not always alter host lifespan (Clay et al. 2018). Further, our fungal pathogen kills 
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hosts at a fairly constant time after host exposure. Thus, we first analyzed whether time until 

death after exposure to the fungi was altered by bacterial infection or age at exposure using the 

lm function in R. The model with the lowest AIC was the model with only time since infection 

as an explanatory variable (Table S2A). Hosts lived, on average, 16.3 days after fungal infection 

+/- standard error of 0.62 days (p<0.001). This did not change across any treatment, and death 

due to infection came before intrinsic mortality even in hosts infected late in life.  

We then examined hosts infected only with the bacteria. The model with the lowest AIC 

was the model with only time since infection as an explanatory variable (Table S2B). For hosts 

infected only with the bacteria, host lifespan after infection was intercept of 31.4 days +/- 1.34 

days (p<0.001). 

See Table S3A and B for full lifespan model summary. 

Table S2A: AIC values for models of post-infection time until death in hosts infected by the fungi 

(single or coinfections). Treatment indicates whether coinfection occurred and the order of infection. Age 

refers to the age of the host (in days) when infected by the fungus. We selected the intercept only model 

since it was the simplest model with ΔAIC < 2. 

Model AIC ΔAIC 

Intercept only 674.3 0 

Age 675.1 0.8 

Age2 675.9 1.6 

Treatment 677.8 3.5 

Age + Treatment 678.8 4.5 

Age2 + Treatment 679.5 5.2 
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Age + Age2 + Treatment 676.3 2 

Age + Treatment + Age * 

Treatment 

680.3 6 

Age2 + Treatment + Age2 * 

Treatment 

680.2 5.9 

Age + Age2 + Treatment + 

Age * Treatment 

678.6 4.3 

Age + Age2 + Treatment + 

Age2 * Treatment 

679.1 4.8 

Age + Age2 + Treatment + 

Age * Treatment + Age2 * 

Treatment 

681.4 7.1 

Table S2B: AIC values for models of post-infection time until death in hosts singly infected by the 

bacteria. Day refers to age (in days) at bacterial infection We selected the intercept only model since it 

was the simplest model with ΔAIC < 2. 

Model AIC ΔAIC 

Intercept only 302.3 0 

Age 304.6 2.3 

Age2 303.7 1.4 

Age + Age2 304.0 1.7 
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Table S3A: Results of linear model testing how age at infection and coinfection altered post-infection 

time until death in hosts infected by the fungi. Degrees of freedom = 102.  

Explanatory Var. Category P Value Parameter Value Error 

Life after fungal 
exposure intercept 

Discrete <2e-16 𝑙𝑙𝑆𝑆 16.3 days 0.62 

Table S3B: Results of linear model testing how age at infection altered post-infection time until death in 

hosts singly infected by the bacteria. Degrees of freedom = 41.  

Explanatory Var. Category P Value Parameter Value Error 

Life after bacterial 
exposure intercept 

Discrete <2e-16 𝑙𝑙𝑆𝑆 31.4 days 1.34 

Births per day: Prior evidence suggests that the parasites in our study change host 

fecundity over time, but do not immediately impact fecundity upon exposure (supplemental 

information of Clay et al. 2018). Thus, we ran a linear model for offspring per day using age and 

time since infection for each infection treatment as explanatory variables. The model with the 

lowest AIC included host age, host age squared, and treatment, but no interaction terms (Table 

S4). Analyzing the births per day of unexposed hosts for the length of the experiment, and 

infected hosts after they became infected, we see that offspring per day of all hosts decrease with 

host age (p<0.001) and increase with host age squared (p<0.001). Additionally, the offspring per 

day of all infected hosts decrease with time since infection, though this result is non-significant 

for hosts singly infected by the fungus (p = 0.121, Table S5). Incorporating all terms from the 

model with the lowest AIC, the offspring per day, (𝑏𝑏), of hosts in our model is calculated as 
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𝑏𝑏 = 𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 + 𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,2𝑎𝑎2 + 𝑏𝑏𝐵𝐵,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎 − 𝛾𝛾𝐵𝐵)𝐼𝐼𝐵𝐵 + 𝑏𝑏𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎 − 𝛾𝛾𝐹𝐹)𝐼𝐼𝐹𝐹

+ 𝑏𝑏𝐵𝐵𝐵𝐵,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎 − 𝛾𝛾𝐹𝐹)𝐼𝐼𝐵𝐵𝐵𝐵 + 𝑏𝑏𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎 − 𝛾𝛾𝐵𝐵)𝐼𝐼𝐹𝐹𝐹𝐹       𝑒𝑒𝑒𝑒. 𝑆𝑆2

See Table S5 for full birthrate model summary. 

Figure S2: Infection reduces offspring/day. Y-axis shows lifetime offspring/day. X-axis shows age of 

hosts. Solid lines represent results from linear regression for offspring of hosts infected by the bacteria, 

coinfected with the bacteria arriving first, coinfected with the fungi arriving first, and unexposed hosts. 

Bands represent standard error. We do not show regression results for hosts only infected by the fungi, as 

they did not significantly differ from unexposed hosts.   

Table S4: AIC values of models for births per day. In this instance, “Treatment” is a combined variable 

of both which parasites had infected the host, the order of infection, and time since infection. We selected 

the Age + Age2 + Treatment model since it was the simplest model with ΔAIC < 2. 

Model AIC ΔAIC 

Intercept Only 7022 91 

Age 7021 90 
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Age2 7016 85 

Treatment 6983 52 

Age + Age2 7001 76 

Age + Treatment 6951 26 

Age2 + Treatment 6936 11 

Age + Age2 + Treatment 6925 0 

Age + Treatment + Age * 

Treatment 

6936 11 

Age2 + Treatment + Age2 * 

Treatment 

6929 4 

Age+ Age2 + Treatment + 

Age * Treatment 

6926 1 

Age+ Age2 + Treatment + 

Age2 * Treatment 

6926 1 

Table S5: Results of generalized linear model testing how host age, and time since various infection 

treatments, altered offspring per day.  Degrees of freedom = 2160. 

Explanatory Var. Category P Value Parameter Value Error 

Intercept Discrete 3.11e-16 𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖 1.16 offspring/day 0.141 

Age Continuous 0.000231 𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 -0.0397 offspring/
day2

0.0108 

Age2 Continuous 8.92e-08 𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,2 0.000958 offspring/ 
day3

0.000179 

Days since single 
bacterial infection 

Continuous 8.46e-16 𝑏𝑏𝐵𝐵,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 -0.0263 offspring/
day2

0.00324 
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Days since single 
fungal infection 

Continuous 0.121 𝑏𝑏𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 -0.00843 offspring/
day2

0.00543 

Days since 
coinfection, 
bacteria first 

Continuous 6.91e-07 𝑏𝑏𝐵𝐵𝐵𝐵,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 -0.0326 offspring/
day2

0.00654 

Days since 
coinfection, fungi 
first 

Continuous 4.83e-06 𝑏𝑏𝐹𝐹𝐹𝐹,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 -0.0417 offspring/
day2

0.00909 

Full Presentation of Model significance for feeding rate, host susceptibility, and spore yield 

The following tables are described and referenced in the main text.  

Table S6: AIC Values for models of host feeding rate. In this instance, “Treatment” is a combined 

variable of which parasites had infected the host and the order of infection. We selected the Age + 

Treatment + Age * Treatment model since it was the simplest model with ΔAIC < 2. We did not include 

quadratic age terms as we had to discard feeding measurements from middle-aged hosts.  

Model AIC ΔAIC 

Intercept Only 762.9 315.8 

Age 481.9 34.8 

Treatment 741.2 294.1 

Age + Treatment 467.9 20.8 

Age + Treatment + Age * 

Treatment 

447.1 0 
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Table S7: Results of generalized linear model testing how host age, presence of bacterial or fungal spores 

in the environment, and prior infection with the fungi or the bacteria altered host feeding rate. We found 

that neither spore exposure nor prior infection altered host feeding rate. Thus, we removed parasite factors 

as an explanatory variable when estimating parameter values for our agent-based model (Table S5). We 

note that our experiment differed from others that did find effects of infection on feeding rate, in that ours 

measured effects of infection on feeding rate while exposed to other pathogens, and found no effect, while 

other studies (Penczykowski et al. 2022) found that infection decreased host feeding rate in the absence of 

infectious spores. This suggests either (a) possible interactions between infection status and 

environmental spore density on host feeding rate, or (b) genotype by genotype interactions that could be 

explored in future studies.  These results are from glm with a Gamma distribution and a log link function. 

Degrees of freedom = 385.  

Explanatory Var. P value Parameter Estimate Error 

Intercept 8.24e-05 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 -0.650 ml/hour 0.1650924  

Host Age 5.2e-07 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 0.0527 ml/hour/da

y 

0.0105084   

Exposure to 
Bacteria 

0.297 𝑓𝑓𝐵𝐵 -0.257 ml/hour 0.2469109  

Exposure to Fungi 0.886 𝑓𝑓𝐹𝐹 -0.0334 ml/hour 0.2383736  

Exposure to 
Bacteria after 
Fungal Infection 

0.579 𝑓𝑓𝐹𝐹𝐹𝐹 -0.223 ml/hour 0.4019567  

Exposure to Fungi 
after Bacterial 
Infection 

0.623 𝑓𝑓𝐵𝐵𝐵𝐵 -0.236 ml/hour 0.4809959  

Age * Exposure to 
Bacteria 

0.0789 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐵𝐵 0.0286 ml/hour/da

y 

0.0162525   
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Age * Exposure to 
Fungi 

0.457 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐹𝐹 -0.0118 ml/hour/d

ay 

0.0159307  

Age * Exposure to 
Bacteria after 
Fungal Infection 

0.540 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐹𝐹𝐹𝐹 0.0150 ml/hour/da

y 

0.0245076   

Age * Exposure to 
Fungi after 
Bacterial Infection 

0.982 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐵𝐵𝐵𝐵 -0.00751 ml/hour/

day 

0.0329695  

Figure S3: GLMs found no significant results of exposure treatment or infection status on 

feeding rate. The X-axis shows the age of the hosts, while the Y-axis shows the feeding rate in 

ml of water filtered per hour. Points show individual feeding rates with colors and shapes 

indicating various treatments, while line and band show linear model fit and 95% confidence 
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interval, only using age as an explanatory variable, given that it was the only significant 

parameter.  

Table S8: AIC Values for models of per spore bacterial infectivity. We selected the Age + Prior Fungal 

Infection + Age * Prior Fungal Infection model since it was the simplest model with ΔAIC < 2. We did 

not include quadratic age terms as we had to discard feeding measurements from middle-aged hosts.  

Model AIC ΔAIC 

Intercept 734.3 594.4 

Age 736.3 596.4 

Prior fungal Infection 584.4 444.5 

Age + Prior Fungal Infection 380.3 240.4 

Age + Prior Fungal Infection 

+ Age * Prior Fungal

Infection 

139.9 0 

Table S9: Maximum likelihood estimates for how bacterial per-spore infectivity changed with host age, 

prior fungal infection, and the interaction between the two factors. Additionally, we show accompanying 

agent-based model parameterization.  

Explanatory Var. Category P Value Parameter Value Error 

Intercept Discrete < 2e-16 𝜇𝜇𝐵𝐵,𝑖𝑖𝑖𝑖𝑖𝑖 2.3029e-04 8.61e-06 

Age Continuous < 2e-16 𝜇𝜇𝐵𝐵,𝑎𝑎 -9.8447e-06 7.30e-07 

Prior Fungal 
Infection 

Categorical < 2e-16 𝜇𝜇𝐹𝐹.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 -1.7102e-04 1.20e-05 

Age * Prior Fungal 
Infection 

Continuous 1.562e-11 𝜇𝜇𝐹𝐹.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 7.9537e-06 1.18e-06 
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Table S10: AIC Values for models of per spore fungal infectivity. We selected the Age + Prior Bacterial 

Infection + Age * Prior Bacterial Infection model since it was the simplest model with ΔAIC < 2. We did 

not include quadratic age terms as we had to discard feeding measurements from middle-aged hosts.  

Model AIC ΔAIC 

Intercept 444.2 356.2 

Age 446.2 358.2 

Prior fungal Infection 197.6 109.6 

Age + Prior Bacterial 

Infection 

199.6 111.6 

Age + Prior Bacterial 

Infection + Age * Prior 

Bacterial Infection 

88.0 0 

Table S11: Maximum likelihood estimates for how fungal per-spore infectivity changed with host age, 

prior bacterial infection, and the interaction between the two factors. Additionally, we show 

accompanying agent-based model parameterization.  

Explanatory Var. Category P Value Parameter Value Error 

Intercept Discrete 5.04e-13 𝜇𝜇𝐹𝐹,𝑖𝑖𝑖𝑖𝑖𝑖 7.41e-04 1.03e-04 

Age Continuous < 2e-16 𝜇𝜇𝐹𝐹,𝑎𝑎 7.03e-06 1.64e-07 

Prior Bacterial 
Infection 

Categorical < 2e-16 𝜇𝜇𝐵𝐵.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 1.04e-02 1.05e-04 
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Age * Prior 
Bacterial Infection 

Continuous < 2e-16 𝜇𝜇𝐵𝐵.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎 -4.72e-04 4.76e-06 

Table S12: AIC Values for models of bacterial spore yield. We selected the Age2 + Treatment + Age2 * 

Treatment model since it was the simplest model with ΔAIC < 2.  

Model AIC ΔAIC 

Intercept 2029 14 

Age 2029 14 

Age2 2030 15 

Treatment 2025 10 

Age + Age2 2030 15 

Age + Treatment 2026 11 

Age2 + Treatment 2026 11 

Age + Age2 + Treatment 2026 11 

Age + Treatment + Age * 

Treatment 

2019 4 

Age2 + Treatment + Age2 * 

Treatment 

2015 0 

Age+ Age2 + Treatment + 

Age * Treatment 

2021 6 

Age+ Age2 + Treatment + 

Age2 * Treatment 

2017 2 
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Table S13: Results of generalized linear model testing how age at bacterial infection and coinfection 

status altered bacterial spore yield from infected hosts. Additionally, we show accompanying agent-based 

model parameterization. These results are from glm with a Gamma distribution and a log link function. 

Degrees of freedom = 78. 

Explanatory 

Var. 

Category P Value Parameter Estimate Error 

Intercept Discrete <2e-16 𝛽𝛽𝐵𝐵,𝑖𝑖𝑖𝑖𝑖𝑖 12.0 0.209 

Age2 Continuous 0.0265 𝛽𝛽𝐵𝐵,𝑎𝑎 -0.00222 0.00100 

Coinfection: 
Bacteria First 

Categorical 2.62e-05 𝛽𝛽𝐵𝐵1 -1.44 0.341 

Coinfection: 
Fungi First 

Categorical 0.7832 𝛽𝛽𝐵𝐵2 -0.116 0.420 

Age2 * 
Coinfection: 
Bacteria First 

Continuous 0.0116 𝛽𝛽𝐵𝐵1,𝑎𝑎 0.00454 0.00180 

Age2 * 
Coinfection: 
Fungi First 

Continuous 4.03e-08 𝛽𝛽𝐵𝐵2,𝑎𝑎 -0.0115 0.00210 

Table S14: AIC Values for models of fungal spore yield. We selected the intercept only model since it 

was the simplest model with ΔAIC < 2.  

Model AIC ΔAIC 

Intercept 2464 0 

Age 2464 0 
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Age2 2465 1 

Treatment 2466 2 

Age + Age2 2465 1 

Age + Treatment 2467 3 

Age2 + Treatment 2467 3 

Age + Age2 + Treatment 2467 3 

Age + Treatment + Age * 

Treatment 

2470 6 

Age2 + Treatment + Age2 * 

Treatment 

2470 6 

Age+ Age2 + Treatment + 

Age * Treatment 

2471 7 

Age+ Age2 + Treatment + 

Age2 * Treatment 

2470 6 

Table S15: Results of generalized linear model to estimate fungal spore yield for our agent-based model. 

Degrees of freedom = 102.  

Explanatory Var. Category P Value Parameter Value Error 

Intercept Discrete < 2e-16 𝛽𝛽𝐹𝐹,𝑖𝑖𝑖𝑖𝑖𝑖 63900 3670 

Total Pathogen Fitness 



18 

Bacterial Success 

In addition to examining the mechanistic components of parasite interactions, we 

examine the cumulative impact of host age and coinfection on parasite success. We define 

parasite success as the expected infectious spore yield from exposed hosts when considering both 

probability of infection and spore yield from infected hosts. In single infections, bacterial spore 

yield did not change with age at infection (p=0.538). If the bacteria arrived first in coinfected 

hosts, coinfection reduced bacterial spore yield at the intercept (-90% of spores, p<0.046), but 

again did not change with age at infection (p=0.122; compare blue and green symbols and lines 

in left panel of Figure 3). If the fungi arrived first in coinfected hosts, coinfection did not change 

bacteria spore yield at the intercept (p=0.774), but the decrease in spores with age at infection 

was greater (-21% of spores/days lived, p=0.00517; compare blue and yellow symbols and lines 

in the left panel of Figure 3; also see Figure S3 and Table S11 for all statistical results).  
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Figure S4: Age decreases bacterial success, but this depends on coinfection status. The Y-axis shows the 

log number of bacterial spores released from all hosts that were exposed to the bacteria, including hosts 

the bacteria did not infect. (We do not include hosts that were exposed to, but did not become infected by, 

the fungi). The X-axis shows host age when exposed to the bacteria (jittered to avoid point overlap). Solid 

lines are results of glm fit to a negative binomial distribution with bands representing standard error of the 

mean. Points represent individual spore yields. 

Table S16: Results of generalized linear model on the impact of age at infection and infection status 

(singly infected, coinfected with the bacteria arriving first, coinfected with the fungi arriving first) on 
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bacterial success (the expected number of infectious spores released from a Daphnia exposed to the 

bacteria, considering both likelihood of infection, and spore yield from infected hosts). These results are 

from a glm with a negative binomial distribution and a log link function. Degrees of freedom = 93. 

Explanatory Var. P Value Estimate Error 

Intercept 3.56e-07 5.32 1.04 

Age 0.538 -0.110 0.180 

Age Squared 0.959 0.000363 0.00712 

Coinfection: Bacteria First 0.046 -2.25 1.13 

Coinfection: Fungi First 0.774 0.312 1.09 

Age * Coinfection: Bacteria First 0.122 0.130 0.0839 

Age * Coinfection: Fungi First 0.00517 -0.239 0.0854 

Fungal Success 

 We now ask: given exposure to the fungi, what is the expected infectious spore yield 

from that host if we consider both probability of infection and spore yield from infected hosts? In 

singly infected hosts, fungal success changes non-linearly with age at infection. Age at infection 

increases expected spore yield (+11% spores/day, p<0.0001) in a decelerating manner (-0.38% 

spores/day2, p<0.0001), to create a humped relationship. In coinfected hosts where the bacteria 

arrived first, fungal spore yield was higher at the intercept (+31% spores) but increased less with 

age at infection (-6.6% of spores/day). In coinfected hosts where the fungi arrived first, fungal 

spore yield had the same intercept as in singly infected hosts (p=0.361), but again decreased less 

with age (+10% spores/day, p=0.0916, Figure S4, see Table S12 for all statistical results). 
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Figure S5: Age changes fungal spore yield in a humped shape manner. The Y-axis shows the log number 

of fungal spores released from all hosts that were exposed to fungi, including hosts the fungi did not 

infect. (We do not include hosts that were exposed to, but not infected by, bacteria). The X-axis shows 

host age when exposed to the fungi (jittered to avoid point overlap). Solid lines are results of glm fit to a 

negative binomial distribution with bands representing standard error of the mean. Points represent 

individual spore yields. 

Table S17: Results of generalized linear model on the impact of age at infection and infection status 

(singly infected, coinfected with the bacteria arriving first, coinfected with the fungi arriving first) on 
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fungal success (the expected number of infectious spores released from a Daphnia exposed to the fungi, 

considering both likelihood of infection, and spore yield from infected hosts). Degrees of Freedom = 199. 

Explanatory Var. P Value Estimate Error 

Intercept < 2e-16 3.403 0.0502 

Age < 2e-16 0.111 0.00811 

Age Squared < 2e-16 -0.00387 0.000315 

Coinfection: Bacteria First 7.64e-07  0.271 0.0548 

Coinfection: Fungi First  0.361 0.0470 0.0515 

Age * Coinfection: Bacteria First < 2e-16 -0.0469 0.00426 

Age * Coinfection: Fungi First 0.0196 -0.00891 0.00382 

Figure S6: X-axis shows days of the epidemic, and Y-axis shows number of hosts infected by 

either the fungus or the bacteria. Lines are means over 60 model runs, with bands contain 95% of 
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stochastic model outcomes. Colors indicate which parasites were present in the population. 

Vertical bars indicate range of mean host density values over time over 95% of model runs. For 

these simulations, initial ages of individuals in a population were drawn from a normal 

distribution with a mean of either 10 or 24 days. Additionally, initial age at infection was set to 

either 4 or 24 days for infected individuals seeding the epidemic; an individual that was 

randomly designated as infected and that was, for example, 21 days old at the start of a 

simulation with an initial age at infection of 4 days would therefore be 21 days old and 17 days 

post-infection at the start of the simulation. After that first time step, age at infection was allowed 

to vary naturally. In these simulations, epidemiologically relevant parameters (feeding rate, per-

spore susceptibility, spore yield, and births per day) varied with host age. 

Figure S7: Mean age at infection and variation in age at infection alters density of infected 

hosts. The Y-axis shows number of hosts in the population infected with either the bacteria or the 
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fungus in singly- or co-infected populations over 60 model runs, over time on the X-axis. Panels 

with “Set age” indicate that host age (𝑎𝑎) and age at infection (𝛾𝛾𝑖𝑖) were held constant for the 

purposes of calculating host susceptibility, feeding rate, and spore yield, while panels with “Age 

Varies” indicate that host age and age at infection were allowed to vary naturally; in these 

simulations, epidemiologically relevant parameters (feeding rate, per-spore susceptibility, spore 

yield, and births per day) varied with host age. Solid line indicates mean values across model 

runs, while bands contain 95% of stochastic model outcomes.  Vertical bars indicate range of 

mean host density values over time over 95% of model runs. 




