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Abstract 

1. S t r u c t u r a l c o m p l e x i t y o f h a b i t a t s m o d i f i e s t r o p h i c i n t e r a c t i o n s b y p r o v i d i n g ref­

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

t e r a c t i o n s t r e n g t h s d r i v e n by t h e s e m e c h a n i s m s m a y a l t e r f o o d w e b d y n a m i c s 

a n d c o m m u n i t y s t r u c t u r e in r e s p o n s e t o h a b i t a t m o d i f i c a t i o n s . H o w e v e r , c h a n g e s 

in f u n c t i o n a l r e s p o n s e , t h e r e l a t i o n s h i p b e t w e e n p r e y d e n s i t y a n d f e e d i n g r a te , 

a l o n g h a b i t a t c o m p l e x i t y ( H Q g r a d i e n t s a r e l i t t l e u n d e r s t o o d . 

2. W e q u a n t i f i e d f u n c t i o n a l r e s p o n s e s a l o n g a H C g r a d i e n t f r o m an e n t i r e l y u n s t r u c ­

t u r e d t o h i g h l y s t r u c t u r e d h a b i t a t in a f r e s h w a t e r s y s t e m , u s i n g d r a g o n f l y l a r v a e 

[Aeshna cyoneo) p r e y i n g o n Chaoborus obscuripes l a r v a e . T o d i s e n t a n g l e m e c h a ­

n i s m s b y w h i c h c h a n g e s in H C a f f e c t f u n c t i o n a l r e s p o n s e s , w e u s e d t w o d i f f e r e n t 

a p p r o a c h e s — a p o p u l a t i o n - l e v e l a n d a b e h a v i o u r a l e x p e r i m e n t — a p p l i e d an i n f o r ­

m a t i o n t h e o r e t i c a p p r o a c h to i d e n t i f y p l a u s i b l e l i n k s b e t w e e n H C a n d f u n c t i o n a l 

r e s p o n s e p a r a m e t e r s , a n d c o m p a r e d o u r r e s u l t s t o p r e v i o u s s t u d i e s . 

3 . F u n c t i o n a l r e s p o n s e s h a p e d i d n o t c h a n g e , b u t w e f o u n d s t r o n g e v i d e n c e f o r n o n ­

l i n e a r d e p e n d e n c e o f a t t a c k r a t e a n d h a n d l i n g t i m e o n H C in o u r s t u d y . C o m b i n e d 

r e s u l t s f r o m b o t h e x p e r i m e n t s i m p l y t h a t a t t a c k r a te i n c r e a s e d s t e p w i s e b e t w e e n 

t h e u n s t r u c t u r e d a n d s t r u c t u r e d h a b i t a t s in l i ne w i t h t h e t h r e s h o l d h y p o t h e s i s , 

b e c a u s e t h e p r e d a t o r s g a i n e d b e t t e r a c c e s s t o t h e p r e y . H a n d l i n g t i m e w a s l o w e s t 

a t an i n t e r m e d i a t e H C l eve l in t h e p o p u l a t i o n - l e v e l e x p e r i m e n t w h i l e t h e d i r e c t 

e s t i m a t e of h a n d l i n g t i m e d i d n o t v a r y w i t h H C in t h e b e h a v i o u r a l e x p e r i m e n t . 

T h e s e d i f f e r e n c e s p o i n t t o w a r d s H C - d r i v e n c h a n g e s in f o r a g i n g a c t i v i t y a n d o t h e r 

p r e d a t o r a n d p r e y b e h a v i o u r . 

4 . M o s t p r e v i o u s s t u d i e s r e p o r t e d s t e p w i s e d e c r e a s e in a t t a c k r a te in l i ne w i t h t h e 

t h r e s h o l d h y p o t h e s i s o r n o c h a n g e w i t h i n c r e a s i n g H C . M o r e o v e r , c h a n g e s in t h e 

h a n d l i n g t i m e p a r a m e t e r w i t h H C a p p e a r t o b e r e l a t i v e l y c o m m o n b u t n o t c o n f o r m ­

i n g t o t h e t h r e s h o l d h y p o t h e s i s . O v e r a l l , i n c r e a s e d H C a p p e a r s t o , r e s p e c t i v e l y , 

w e a k e n a n d s t r e n g t h e n t r o p h i c l inks in 2 D a n d 3 D p r e d a t o r - p r e y i n t e r a c t i o n s . 

5 . W e c o n c l u d e t h a t d e t a i l e d u n d e r s t a n d i n g o f H C e f f e c t s o n f o o d w e b s r e q u i r e s 

c o m p l e m e n t a r y e x p e r i m e n t a l a p p r o a c h e s a c r o s s H C g r a d i e n t s t h a t c o n s i d e r p r e d ­

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

h e l p g u i d e c o n s e r v a t i o n e f f o r t s as a d d i t i o n o f s t r u c t u r a l e l e m e n t s is f r e q u e n t l y 

u s e d f o r r e s t o r a t i o n o f d e g r a d e d a q u a t i c h a b i t a t s . 
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K E Y W O R D S 

Aeshno, at tack rate, Chaoborus, d imens iona l i ty of p redator -prey interact ions , habitat doma in , 

handl ing t ime, refuge, th resho ld hypothes is 

1 | INTRODUCTION 

Habi tat s t ructure is a ub iqu i tous env i ronmenta l feature that under­

lies the d ivers i ty and compos i t ion of local communi t ies (Newman 

et al . , 2 0 1 5 ; T h o m a z et a l . , 2008 ) . M o r e s t ruc tured habitats t yp­

ically host more abundant and diverse communi t ies (e.g. Heck & 

W e t s t o n e , 1977; Je f f r ies , 1 9 9 3 ; N e w m a n et a l . , 2015) , but see 

Augus t , 1983 ; Reichstein et a l . , 2013) . Habi ta t s t ructure encom­

passes habitat heterogenei ty , de f ined as the d ivers i ty of structural 

e lements , and habitat comp lex i t y (hereafter 'HC' ) , de f ined as a 

mult id imens ional e lement consist ing of qual i tat ive and quant i tat ive 

component s , such as the t y p e and dens i ty of macrophyte leaves in 

f reshwaters or corals and macroalgae in the mar ine env i ronment 

(Carvalho & Barros , 2017 ; Kova lenko et a l . , 2012) . 

Unders tand ing the links be tween H C and c o m m u n i t y s t ructure 

and func t ion ing has important impl icat ions for conservat ion and 

management of habitats and ecosys tems . C o m m u n i t y responses to 

habitat a l terat ion can be nonl inear (Tokeshi & Arakak i , 2012) and 

may include rapid deter iorat ion or even catast rophic regime shifts 

(Scheffer et al . , 2001) . For example , marine macrofaunal c o m m u ­

nity r ichness decreased strongly w i th decreas ing H C of cora l reefs, 

wh ich cont ras ted w i th l imited communi ty- leve l responses above a 

certain H C threshold (Newman et a l . , 2015) . Such results suggest 

that communi ty - leve l responses to H C could be reduced to the 

p resence-absence sca le , but the responses and under ly ing mech­

anisms across longer gradients of H C are incomplete ly unders tood 

(Tokeshi & A rakak i , 2012) . 

Changes in t rophic interact ions (Dean & Conne l l , 1987; Kovalenko 

et a l . , 2012) , a long w i th less diversi f ied niches (Jeffries, 1993) and 

smaller amounts of total food and habitat area (Fontoura et al . , 2019 ; 

Parker et al, , 2001) , dr ive communi ty responses to habitat s implif ica­

t ion . Trophic interact ions determine the fluxes of energy and nutrients 

wi th in f o o d webs and their alterations can thus have cascading ef fects 

on the structure and stabil ity of the under ly ing communit ies (Berlow 

et a l . , 2004) . The ' threshold hypothesis ' suppor ted by numerous ex­

per iments posits that predation rates and anti-predator behaviour 

changes nonlinearly along H C gradients (Gotceitas & Co lgan , 1989). 

Food web structure and dynamics may not respond to H C alterations 

outs ide a crit ical H C range, but even small changes in H C within that 

range could incur strong populat ion- and-community- level responses. 

Funct iona l responses (Hol l ing , 1966) are centra l to studies 

l inking t roph ic interact ion st rengths to food w e b dynamics and 

stabi l i ty . Three parameters descr ibe the most c o m m o n funct iona l 

response shapes (Figure 1); the Hi l l exponent character iz ing the 

Type II Type II to type III 

H i g h e r 
a t t a c k rate 

N o c h a n g e in 
a t t a c k rate 

L o w e r 
a t t a c k rate 

H ighe r No c h a n g e in 
h a n d l i n g t i m e h a n d l i n g t i m e h a n d l i n g t i m e 

75 150 0 75 

Prey density 

L o w e r H i g h e r No c h a n g e in 
h a n d l i n g t i m e h a n d l i n g t i m e h a n d l i n g t i m e 

FIGURE 1 Poss ible responses (black lines) of a t ype II funct iona l response (grey line) to changes in H C . These inc lude no response (e), 

changes in handl ing t ime and/or attack rate w i thout a shift to t ype III response (a-d, f-i), and changes f r o m type II to t ype III (j-r). A l l curves 

based on the formula y - {aNb)/{l + ahNb), w i th basel ine parameter values of at tack rate (a-i: a - 2, j - r : a - 0 .028) and handl ing t ime (a-i: 

h = 0 . 0 3 , j - r : h = 0.032) altered by 5 0 % (a) or 2 0 % (h) accord ing to the panel label . The Hil l exponent was set t o b = 1 for panels a-i a n d b = 2 

for panels j - r 
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funct iona l response shape, the attack rate co r respond ing to the 

slope of the funct iona l response at low prey densi t ies , and the han­

dling t ime whose inverse determines the max imum impact of the 

predator at high prey densit ies (e.g. Bar r ios-O'Ne i l l et a l . , 2 0 1 5 ; 

Kal inkat , Schneider , et a l . , 2013) . The shape and parameter values 

of funct iona l response strongly in f luence the stabi l i ty of consumer -

resource interact ions and popula t ion equi l ibr ia , and hence are of 

great impor tance in studies of populat ion dynamics , commun i t y 

stabi l i ty and ef fects of invasive species (Barr ios-O'Nei l l et al . , 2 0 1 5 ; 

Boukal et a l . , 2 0 0 7 ; Wi l l i ams & M a r t i n e z , 2004) . 

H C can modi fy the shape and magni tude of funct iona l responses 

by altering the attack rate, handl ing t ime or the Hil l exponent 

(Figure 1). Us ing a mod i f i ed R o s e n z w e i g - M a c A r t h u r mode l as an ex­

ample , some of these changes can destabi l ize p redator -prey dynam­

ics (Figure l a - c ) whi le others may have a stabi l iz ing (Figure l h j - r ) 

or e i ther e f fec t (Figure ld , f ,g , i ) depend ing on the numerica l values 

of mode l parameters (Boukal et a l . , 2007) . The under ly ing proxi­

mate mechanisms inc lude changes in predator or prey d is t r ibut ion 

in space , behavioural changes, movement inter ference and altered 

abil ity of predators to exploi t prey dr iven by predator and prey habi­

tat domains and relevant funct iona l traits (Boukal , 2014 ; Gotce i tas & 

Co lgan , 1989 ; K lecka & Bouka l , 2014) . 

Three broad types of such mechanisms have been recognized, 

First , imped iments to predator movement or visual detec t ion of the 

prey can decrease the attack rates (Figure l g - i ; Hauzy et a l . , 2010 ; 

Long et a l . , 2 0 1 2 ; Manatunge et al . , 2000) . S e c o n d , H C can create 

perch ing sites for the predator (Klecka & Bouka l , 2014) or compro­

mise prey movement and visual range (Hauzy e t a l , , 2 0 1 0 ; Manatunge 

et a l , , 2000 ) and hence increase the attack rates (Figure l a - c ) . Th i rd , 

prey refuges in more complex habitats ('refuge ef fect ' ; A lexander 

et a l . , 2012 ; L ipcius & Hines , 1986) can change t ype II to t ype III func­

t ional response because some but not all prey can escape predat ion 

by using these refuges (Figure l j - r ) . Interestingly, we lack mechanis­

tic explanat ions for the surpris ingly c o m m o n observat ions of H C -

dependent handl ing t ime wi th or w i thou t a concur rent change f rom 

type II to t ype III (Figure la ,c ,d , f ,g , i , l ,m ,o ,p , r ; e .g. Kal inkat , Brose , 

et al . , 2013 ; L ipcius & Hines , 1986 ; Wasse rman et a l . , 2016) . This 

parameter inc ludes the predator's abil ity to process and digest cap­

tured prey that should be independent of H C but also other biolog­

ical processes and act iv i t ies (Jeschke, 2 0 0 7 ; Li et al . , 2018) that may 

vary wi th H C . For example , more f requent fa i led predat ion at tempts 

or longer per iods of predator inact iv i ty increase handl ing t imes. 

The impact of H C on funct iona l responses is usually s tudied 

on the p resence-absence scale or a scale w i t h a s t ructura l ly sim­

ple habitat and t w o levels of H C and rarely cons ider the H C as a 

gradient (Table SI). To date, only four studies inc luded four H C lev­

els (terrestrial : H o d d l e , 2 0 0 3 ; Kal inkat , Brose , et a l . f 2 0 1 3 ; marine: 

A n d e r s o n , 2 0 0 1 ; f reshwater : A l exande r et a l . , 2015) , and one study 

used leaves of f ive terrestr ial plant species di f fer ing in t r i chome 

densi ty that w e interpret as H C levels (Barbosa et a l , , 2019) . These 

studies used d i f ferent taxa and exper imenta l set-ups and reached 

di f ferent conc lus ions on the e f fec t of H C on funct iona l responses , 

Changes in funct iona l responses a long more gradual gradients of H C 
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are thus poor l y under s tood and w e lack tests of the ' threshold hy­

pothesis ' in a dynamica l set t ing . This hampers a robust unders tand­

ing of the qual i tat ive and quant i tat ive e f fects of habitat a l terat ion on 

t rophic interact ions and commun i t y s t ructure . 

To fil l this gap, w e carr ied out laboratory exper iments to est i­

mate the parameters of a funct iona l response a long a gradient of 

f ive H C levels ranging f rom an entirely uns t ruc tured to highly struc­

tured habitat . W e used dragonf ly Aesbna cyonea larvae feed ing on 

phantom midge Cbaoborus obscuripes larvae; both species f requent ly 

co-occur in nature. W h i l e the dragonf ly larvae are c l imbers that hunt 

mainly v isual ly wi th a s it-and-wait ambush st rategy (Pr i tchard, 1965), 

Chaoborus larvae occupy the wate r co lumn (Pastorok, 1981). The 

theory summar ized above predicts t w o outcomes for this combina­

t ion of predator and prey domains and predator foraging strategy; 

(a) increas ing attack rates as the habitat transit ions f rom s imple to 

more complex because the predators gain better access to prey in 

the wate r co lumn (Klecka & Bouka l , 2014) , fo l lowed by decreas ing 

attack rates due to impeded access to the prey in highly s t ructured 

habitat and (b) possible change f rom type II to t ype III funct iona l re­

sponse due to a 'refuge ef fect 1 in highly s t ruc tured habitats . 

2 I MATERIALS A N D METHODS 

W e comb ined t w o comp lementa r y approaches to funct iona l re­

sponse es t imat ion , w i th the i r o w n st rengths and weaknesses , 

yet a lmost never used s imul taneous ly , to obta in robust results ; a 

populat ion- leve l approach that est imates the parameters f r o m prey 

morta l i ty measured in feed ing exper iments c o n d u c t e d at mult iple 

prey densit ies , and a behavioura l approach in wh ich the attack rates 

and handl ing t imes are est imated d i rect ly by observ ing the predat ion 

process (Hauzy et a l . , 2 0 1 0 ; Hoss ie & Mur ray , 2010) . 

2.1 I Experiment 1 

W e first conduc ted a populat ion- leve l exper iment at f ive H C lev­

els in a temperature-cont ro l led room (mean ± SD : 19.7 ± 0 . 2 5 ° C , 

1SL : 6D photoper iod) on 8-16 Sep tember 2016 . Predators and 

prey were co l lected in small f ishless forest ponds ( 4 9 ° 4 ' 5 9 . 0 7 8 " N , 

14 a 23 '30 . 756"E ) near České Budějov ice , Czech Republ ic . Chaoborus 

larvae (4th instar, mean ± SD wet mass 8.18 ± 1.34 x 1 0 " 3 g) were 

accl imated in 10-L plastic buckets and fed ad l ib i tum w i th zooplank­

ton {Daphnia sp.) for 1-2 days pr ior to the exper iment . Aeshna larvae 

(wet mass 0 . 154 ± 0 .02 g, range 0 . 1 2 0 - 0 . 1 8 8 g) were acc l imated 

individual ly in 150-ml plastic cups and fed ad l ib i tum w i th Tubifex 

worms for 2-3 days prior to the exper iment . Before the exper iment , 

each Aeshna was we ighted to the nearest 0 .1 mg (ABT 1 2 0 - 5 D M 

analyt ical balance; K E R N & S O H N G m b H , Bal ingen, Germany) and 

starved for 24 hr, 

Feeding trials were run in translucent plastic boxes (length x width xh 

eight = l ó cm x 12 cm x 12 cm) filled with 1.5 L (9 cm depth) of tap water 

continuously aerated for 24 hr. A 1-mm layer of fine quartz sand (grain size 
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-0 .3 rnm) was added to provide a bottom substrate. Arenas were sepa­

rated by cardboard walls to prevent visual interference among predators. 

W e placed N = 0 , 1 , 2, 4 or 8 plastic plant models in the arena to create 

a H C gradient. Each plant model consisted of four strips of green plas­

tic mesh (18 cm long, 2 cm wide, 1.5 mm mesh size) tied to a small stone 

(2-3 cm diameter; Figure SI). Index of complexity of individual 'plants' \ h v 

equalled 9.4 ± 1.6 (mean + SD, n = 8)—measured as \hv - frf\h + with 

fh and fv the mean numbers of interstices intercepted per meter, respec­

tively, along the horizontal and vertical axes r and l h and lv the mean lengths 

of interstices in meters, respectively, along the horizontal and vertical axes 

(Dibble eta l . , 1996). 

W e quant i f ied the funct iona l response at each H C level on a 

gradient of seven prey densit ies (N0 = 2 , 4 , 8, 16 , 32 , 64 and 128 

individuals) . Prey were released into the arena 30 min before the 

exper iment , after wh ich the predator was a d d e d and a l lowed to for­

age for 8 hr. A f t e r w a r d s , w e noted the locat ion of each predator , 

removed it and counted surv iv ing and dead prey. A l l predators and 

prey were used only once . Arenas , sand and plastic plant models 

were used repeatedly but thoroughly r insed w i th boi l ing wate r to 

el iminate chemica l cues be tween subsequent trials. 

W e ran 8-10 repl icates of predat ion trials for every combina­

t ion of H C and prey dens i ty ( N t o t = 279). Background prey mor­

tal ity, assessed in 4 - 7 control repl icates for each combinat ion of 

H C and prey densi ty , was low {proport ion of dead individuals ; 

mean ± $D = 0 ,02 + 0 .05 , n = 161) and independent of H C and 

initial prey dens i ty (quasi-binomial G L M : H C , p - 0 . 53 ; prey den­

sity, p - 0.48). W e thus ignored background prey morta l i ty in the 

analyses, 

2.2 | Experiment 2 

In al l , 18 Aeshna larvae (mean ± SD wet mass 0 . 346 ± 0 . 048 g, range 

0 . 2 7 5 - 0 . 4 7 5 g) and thei r prey (4th instar Chaoborus, mean ± SD wet 

mass 9.45 ± 1.69 x 1 0 " 3 g) were co l lec ted f rom the same locat ion as 

above in September 2017. Prior to the exper iment , the animals were 

t reated ident ical ly as in Exper iment 1, inc luding a 24-hr s tarvat ion 

per iod of the predators , 

The exper iment was run in thermal cabinets (Lov ibond 

BSK ET 6 5 0 ; T in tometer G m b H , D o r t m u n d , Germany) at 2 0 ° C 

(mean ± SD = 20 .3 + 0 . 2 °C ) and s imulated dayl ight condi t ions . W e 

used glass aquaria w i th near ly the same vo lume as in Exper iment 

1 (1.44 L, length x w i d t h x height = 15 cm x 8 cm x 15 c m , 12 cm 

water depth) , a l lowing side v ideo record ing . Trials were run at three 

H C levels: none ( N p = 0 plant models per arena), low ( N p - l ) a n d high 

(Np — 4). Each indiv idual Aeshno was tr ial ied in one level of H C at t w o 

prey densit ies (6 and 24 prey indiv iduals , order of prey t reatment 

randomized) over a 4-day per iod : each indiv idual was starved dur ing 

day 1, used in the f i rst trial and subsequent ly fed at libitum on day 2, 

s tarved on day 3, and trial led again on day 4 . The set-up inc luding the 

acc l imat ion procedure was o therw i se identical as in Exper iment 1. 

W e ran 3 6 trials in tota l (3 H C levels x 2 prey densit ies x 6 repl icates 

per exper imenta l condit ions) . 
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Prey we re in t roduced into the arena 30 min before the pred­

ator. Its behav iour was recorded w i th P K - 9 1 0 H H D 1080p web-

cams ( A 4 T E C H ; Taipei , Taiwan) at 3 0 f rames per second for 50 min. 

Observa t ions s tar ted after the in t roduced predator s topped sw im­

ming and sett led onto a surface, ind icat ing it has ca lmed and begun 

to search for prey. Its behav iour was then recorded for 4 0 min or 

until the handl ing of the last prey captured in the 40-min interval 

was comp le ted . The camera was placed perpendicu lar ly to the cen­

tre of the arena's w ide r s ide; t w o oppos ing cameras were used in the 

high complex i ty t reatment to prevent unobse rved predat ion events . 

Four categor ies of predator behaviour were manual ly scored 

using BORIS v5 .1 .3 (Friard & G a m b a , 2016) : (a) substrate preference , 

de f ined as propor t ions of total t ime spent on the wa l l , b o t t o m and on 

plant mode l s , all rounded to the nearest second ; (b) predator attack 

towards a prey, v is ib le as a rapid extens ion of the mouthpar t s ; (c) 

handl ing t ime , de f ined as t ime e lapsed since prey capture to the last 

c leaning movement of the predator's mouthpar t s before its who le -

body movement or another attack on prey and (d) durat ion of a for­

aging bout , de f ined as t ime interval f rom the start of the trial or the 

end of previous prey handl ing to the next successfu l attack or the 

end of the tr ia l . W e used the ratio be tween the number of successful 

and fa i led predator attacks to ca lculate the probabi l i ty of successful 

prey capture and foraging bout durat ions to est imate attack rates 

(see below), Four events w i th zero handl ing t ime were exc luded f rom 

the attack rate and handl ing t ime analysis , assuming that the preda­

tors were not hunt ing dur ing prey handl ing . 

2.3 | Data analyses 

W e used a mode l se lec t ion approach for the data f rom each ex­

per iment , and compared a suite of models cover ing all possibi l i t ies 

out l ined in Figure 1 similar to Kal inkat , Brose , et a l . (2013). W e also 

compared the est imates of attack rate and handl ing t ime f rom the 

t w o exper iments . W e ran all analyses in R 3 .6 .2 (R Deve lopment 

C o r e Team, 2019). 

Data f rom the populat ion- leve l Exper iment 1 were analysed wi th 

packages BBMLE (Bolker & R Deve lopment C o r e Team, 2017) and 

E M D B O O K (Bolker, 2016) . W e f irst d is t inguished be tween Type II and 

Type III funct iona l response at each level of habitat complex i t y HC , 

expressed on a relative scale as H C - Np/8. W e used the logist ic re­

gress ion be tween the p ropor t ion of eaten prey Ne/N0 and the initial 

prey dens i ty (Jul iano, 2001) : 

M exp ( P 0 ( H C ) + P i (HC)NC + P 2 (HC)N 2

0 + P 3 ( H C ) N 3

0 ) 
— = — , (1) 
N ° 1 + exp ( P 0 (HC) + P i (HC) N 0 + P 2 (HC) N2

Q + P 3 (HC)N^) 

where N is the number of prey eaten and the HC-speci f ic parame­

ters P ((HC) are determined with the maximum likelihood method 

(Juliano, 2001) . Wh i l e P^HC) < 0 characterize a Type II funct ional 

response, P^HC) > 0 and P 2 (HC) < 0 identify a Type III funct ional 

response for given H C . W e have also attempted to fit models wi th a 
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variable Hill exponent , but these models did not converge (results not 

shown). 

W e found only Type II funct ional response at each level of 

H C and thus used Rogers equat ion to account for prey deplet ion 

(Rogers, 1972). To detect possible nonl inear ef fects of H C on attack 

rate a or handl ing t ime h, we cons idered 18 models of increasing com­

plexity wi th HC-dependent parameters a ( H Q and fi(HC) [Table S2). 

M o d e l s (l)-(9) assumed that a(HC) and h(HC) are constant or scale 

linearly (i.e. a(HC) = aQ + a t H C and/or h(HC) = h 0 + h 1 HC) or as a 

second-order polynomial wi th H C (i.e. o(HC) = aQ + c^HC + a2HC2 

and/or h(HC) = h Q + hfiC + h2C2). M o d e l s (10)-(12) descr ibed a 

stepwise change in the attack rate (i.e. a(0) = a w and a(HC) = a v l for 

H C > 0) combined wi th a constant , linear or unimodal dependence 

of handl ing t ime on H C . M o d e l s (13)-(15) fur ther general ized models 

(10)-(12) using a linear relationship a(HC) = a v l + a v HC for HC > 0 

w i th a max imum attack rate at Np = 1 for negative aw values . Finally, 

models (16)-(18) assumed that the attack rate or handl ing t ime vary 

freely across H C levels, that i s ,a (HC) = a V i or ri(HC) = h V j for/ artif icial 

'plants' 0' = 0 , 1 , 2,4 and 8). M o d e l (1) corresponds to no ef fect of H C 

on the funct ional response , models (10-12) cor respond to a qual ita­

tive, p resence-absence dr iven e f fec t of H C on attack rate, models 

(13-15) cor respond to an initial increase in attack rate fo l lowed by a 

possibly decelerat ing or negative e f fec t of H C on attack rate in more 

complex habitats and model (18) w i th HC-spec i f ic parameters is clos­

est to the approach taken in many previous studies (Tables S I and $2), 

Prey consumption increased wi th predator size W even within the 

relatively narrow preselected size range. W e accounted for this effect 

in models (1)-(18) by incorporat ing al lometric scaling of handling time 

and attack rate as a[HQ W) - afHCJ-W*' and h(C, W) = rt(HC)-W*, where 

b and c are the respective al lometric exponents (Weter ingset al. , 2015), 

y ielding a modif ied Rogers equat ion: 

N e = N 0 ( l - exp (a (HQ Mr* (Neh (HC) - T) *)) , (2) 

where the number of eaten prey Ne depends on initial prey density N 0 , 

duration of experiment T and the parameters outlined above. W e used 

Lambert-W function to solve the equation (Eolker, 2008), Each model 

was fitted by maximum likelihood estimation (Eolker, 2008) and all 18 

models ranked by their Bayesian information criterion (BIC) values 

(Brewer et al. , 2016). W e considered models with ABIC < 2 as plausible al­

ternatives to the most parsimonious model (Burnham & Anderson , 2002), 

W e character ize the magnitude of the H C e f fec t in each func­

t ional response parameter r (r - a or h) of each plausible model by 

calculat ing the largest relative change A r = minH C{ln(r(HC)/r(0))) if 

r(HC) < r(0) or A r = max H C(ln(r(HC)/r(0)}) if r(HC) > r(0) across the four 

increased H C levels . W e used the same approach to ext ract data 

f rom prev ious studies (Table SI). W e also f i t ted the log-transformed 

l o g 1 0 ( N e + 1) data as advised by Uszko et al. (2020) w i th nonl inear 

least squares regression to ver i fy that our results are robust ; the 

max imum-l ike l ihood method was unable to produce parameter est i­

mates for these data , W e do not repor t parameter values est imated 

f rom the log-transformed data as they lack d i rect interpretat ion and 

cannot be compared to prev ious studies . 
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W e then used the data f r o m Exper iment 2 to analyse the ef fects 

of H C and prey densi ty on the microhabitat use (i.e. p ropor t ions of 

t ime spent on the wal l , b o t t o m and art i f ic ial plants w h e n present) , 

probabi l i ty of a successfu l at tack , number of eaten prey, handl ing 

t ime and attack rate of the predators . In each analys is , w e con­

st ructed a set of candidate models and used BIC to ident i fy the most 

pars imonious and plausible models as in Exper iment 1. Candidate 

models for all four response variables covered all possible combi ­

nations of H C and prey dens i ty as f i xed-ef fect pred ic tors , including 

their stat ist ical interact ions (Table S3). Prey densi ty was inc luded as 

a l inear covar iate and H C as a l inear {HC, scaled as H C - N p /4) , qua­

dratic (HC + H C 2 , scaled as H C = N p /4) or b inary ( H C b j n , set to 0 if 

H C = 0 and to 1 if H C = 1 or 4) covar iate . This y ie lded 11 candidate 

models for all analyses except the e f fec t of art i f ic ial plants on mi­

crohabitat use (5 candidate models due to plant absence at HC = 0), 

W e used scaled initial prey dens i ty (N 0 /24) in the analyses of micro-

habitat use, probabi l i ty of prey capture , number of eaten prey and 

handl ing t ime , and scaled prey dens i ty at the t ime of attack (N t/24) 

in the analysis of attack rate to account for possible ef fects of prey 

dep let ion . 

Data on microhabitat use, handl ing t ime, probabi l i ty of prey cap­

ture and number of eaten prey f rom Exper iment 2 we re f i t ted wi th 

linear mixed models ( LMMs) and genera l ized l inear mixed models 

( G L M M s ) using the LME4 package (Bates et a l „ 2015) w i th a random 

replicate ef fect nested wi th in predator ident i ty to account for vari­

ation among indiv idual repl icates and predators . Data on microhab­

itat use and the probabi l i ty of a successfu l attack we re analysed 

using binomial G L M M s w i th logit link f u n c t i o n . Data on handl ing 

t ime were analysed using a L M M w i th a log-t rans formed response , 

and the number of eaten prey was analysed using a Poisson G L M M 

with a log link f u n c t i o n . Pre l iminary inspect ion of the data showed 

that the number of eaten prey did not change but handl ing t ime de­

creased w i th predator weight W. To faci l i tate compar i son of both 

exper iments , w e inc luded InttV7) as an o f f se t in the analyses of han­

dling t ime f rom Exper iment 2, using the mean value of c est imated 

by Equat ion 1 in all I S funct iona l response models we ighted by the 

B I C model weights ref lect ing their relative pars imony (see Table S2). 

D H A R M A package vers ion 0 .2 .7 (Hart ig , 2020) was used to val idate 

model residuals and test for the lack of over- and underdispers ion 

and for inf luent ia l out l iers in the most pars imonious models . Table S5 

was generated in sjPiot vers ion 2 ,8 .2 (Ludecke, 2021) . 

W e used survival analysis for the r ight-censored attack rate data 

f rom Exper iment 2. Dura t ion of foraging bouts used to est imate 

the attack rates did not v is ib ly vary w i th predator weight unlike in 

Exper iment 1, presumably due to smal ler size range in Exper iment 2. 

W e thus did not correct for predator body size in this analysis . Data 

were f irst f i t ted w i th parametr ic frai l ty models to account for re­

peated measures wi th in trials (PARFM package vers ion 2.7.5; (Munda 

et al . , 2012)) and then re-f i t ted w i th a parametr ic survival model 

(FLEXSURV package vers ion 0.7 .1 ; J ackson , 2016) w i th the same covar i-

ates as the most pars imonious parametr ic f ra i l ty model to obta in the 

t reatment-spec i f ic , s ize-corrected attack rate est imates (see Text S2 

for details) . 
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3 | RESULTS 

3.1 | Experiment 1: Population-level estimates 

W e on ly found suppor t for t ype II funct iona l responses (all 

P a (HC) < 9-56, Table S4). The es t imated attack rate exponents b were 

systemat ica l ly posi t ive (weighted mean + SD = 1.68 ± 0 .42 , range 

1 .05-2.51) and handl ing t ime exponents c systemat ica l ly negative 

(weighted mean ±5D = -1 .13 ± 0.17, range - 1 . 3 7 to -1 .00) , suggest­

ing a cons istent e f fec t of vary ing body sizes of the indiv idual preda­

tors across the models and H C levels. 

O u r analysis ident i f ied three plausible models for the dependence 

of attack rate a and handling t ime h on H C with untransformed data 

(Table 1; Table $1). The most pars imonious model (6) inc luded a con­

stant attack rate and a concave-up dependence of handl ing time on 

H C w i th a min imum corresponding to - 3 0 % reduct ion at intermediate 

H C levels ( N p - 4 , A h = -0 .35) . O t h e r plausible models (10) and {12} 

inc luded a s tepwise , up to twofo ld increase in attack rate (model (10): 

Aa = 0.67, model (12): A a = 0.41) wi th the transit ion f r o m a structur­

ally s imple (HC — 0) to more complex habitats (HC > 0), and a constant 

or unimodal dependence of handl ingt ime on H C (Figure 2). Functional 

responses based on the three plausible models were all similar and 

their fit to the data over lapped wi th the funct ional response based 

on separate f i t t ing of the data for each H C level w i th model (18), 

especial ly for N p = 2 and 8 {Figure 3; Figure S2). Analys is based on 

log-transformed data ranked these three models in the same order 

but gave less suppor t to models (10) and (12). M o d e l s [1-4) assuming 

constant values or a l inear dependence of attack rate and handling 

t ime on H C were not suppor ted by the data (Table 1; Table SI). The 

predators almost always sat on the artif icial plants at the end of the 

feeding trial (98.2% of the replicates wi th N p > 0). In the absence of 

the plants, they most ly sat on the wall (80% of the replicates). 

3.2 | Experiment 2: Estimates derived from 
behavioural data 

O u r mode l se lec t ion approach revealed only 1-2 plausible mode ls 

for each of the f ive response var iables . Based on these models , 

predator microhabi tat use var ied w i th H C but not w i t h prey dens i ty 
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(Tables S3 and S5). W e obse rved the same shift in mic rohab i ta t use 

f r o m wal ls to art i f ic ia l plants as perch ing sites w h e n the plants were 

present (Figure 4a) as in Exper iment 1. A s H C increased , the pro­

por t ion of t ime spent by the predators on art i f ic ia l plants increased 

wh i le p ropor t ions of t ime spent on the wal ls and on the b o t t o m 

decreased . 

Prey handl ing t imes in Exper iment 2 (mean ±SD = 39.9 + 23 .3 s, 

range 5 .6 -144 .2 s, n = 115) were independent of H C (Tables S3 

0.9 

0 1 2 4 8 

Number of artificial plants Np 

FIGURE 2 Dependence of s ize-corrected attack rate a and 

handl ing t ime h f r o m Equat ion 2 on H C (N?, number of artif icial 

plants) in the most pars imonious mode l (6) and plausible models 

(10) and (12). M o d e l (18) est imat ing a and h separately for each H C 

level i l lustrated for compar i son . Est imates shown as mean ± 9 5 % 

conf idence interva l . See Table 52 for the respect ive values of 

the a l lometr ic exponent s for attack rate (b) and h a n d l i n g t i m e (c) 

TABLE 1 Summary of plausible models of the e f fec t of H C on attack rate a and handl ing t ime h f r o m the analyses using untransformed 

and log-t ransformed data . Ln(L) = log- l ike l ihood; A B I C = d i f fe rence of the BIC value f rom that of the most pars imonious m o d e l ; 

W B I C = mode l weight based on BIC va lue . See Sect ion 2 for detai ls 

M o d e l 
Untransformed data Log-transformed data 

M o d e l 

M o d e l structure df Ln(L) ABIC V*BIC Rank Ln(L) ABIC w 
V VBIC 

Rank 

(6) constant a 
quadratic h 

6 -568 .1 0 0.359 1 189.3 0 0,710 1 

(12) stepwise a 
quadratic fi 

7 -565 .8 1.0 0 .220 2 189.8 4.7 0.069 2 

(10) stepwise a 
constant h 

5 -571.9 2.0 0.135 3 184 5.1 0.056 3 
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FIGURE 3 Dependence of the 

funct iona l response of Aeshno feed ing 

on Chaoborus on H C gradient , f i t ted 

w i th the three pars imonious models (6), 

(10) and (12) and wi th the most complex 

model (18). Left co lumn : mean prey 

consumpt ion , right co lumn : means wi th 

95% boots t rapped conf idence intervals 

at N0 = 8 and 128 ; see Table 1 and Table 

S2 for deta i l s . Note that mode l (10) yields 

identical funct iona l response curves for 

N„ = 1-8 
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and S5). W i t h predator size f i xed to the mean mass in Exper iment 

1, the predic ted s ize-corrected handl ing t imes based on Exper iment 

2 (mean = 8 8 . 0 s, 9 5 % CI = 76 .0 -101 .8 s) we re much lower than 

the min imum handl ing t ime est imates f rom Exper iment 1 (model (6), 

N p - 4 : mean = 2 ,104 s, 9 5 % CI - 1 ,931-2 ,278 s, F igure 2) and this 

relat ionship remained unchanged across a w ide range of plausible 

size-scaling exponent s of handl ing t ime (Figure S3). 

The most pars imonious models fur ther showed that the proba­

bility of a successfu l attack increased sharply w i th H C , especia l ly at 

the low prey dens i ty {Tables S3 and S5 , F igure 4b). N u m b e r of eaten 

prey and attack rate increased w i th prey dens i ty and were higher in 

structural ly comp lex env i ronments , but d id not d i f fer between trials 

w i th 1 and 4 art i f ic ia l plants (number of eaten prey : Tables S3 and S6 

and Figure 4c ; at tack rates: Table S3 and Text S2) whi le the numbers 

of prey at tacks were highest at low H C (Np — 1) and lowest at no H C 

( N p = 0 , detai ls not s h o w n ; compare Figure 4b , c ) . The est imated size-

corrected attack rates in the absence of art i f ic ial plants ( N c = 6 ind , 

a rena" 1 ; a = 0 ,15 arena.hr" 1 , 95% CI = 0 , 0 7 - 0 , 3 0 arena .hr" 1 ; N c = 24 

ind .arena" 1 ; a = 0 .37 a r e n a . h r " 1 , 9 5 % C! = 0 .18-0 .74 arena.hr" 1 ) were 

comparab le to those f rom Exper iment 1 but became s ignif icant ly 

higher than in Exper iment 1 w h e n art i f ic ial plants we re present 

(N c = 6 ind .a rena" 1 : a = 1.16 arena.hr" 1 , 9 5 % CI = 0 . 8 6 - 1 . 5 5 arena. 

hr" 1 ; Nc = 24 ind .a rena" 1 : a = 2 .91 arena .hr" 1 , 9 5 % CI = 2 . 2 0 - 3 . 8 0 

arena.hr" 1 ) . 

4 | DISCUSSION 

The divers i ty of obse rved e f fects of H C on funct iona l responses 

(Figure 1, Text S I and Table SI) po ints towards the impor tance of 

predator and prey funct iona l traits and other habitat character is­

tics in dete rmin ing h o w gradual changes in H C alter predator-prey 

interact ions and popula t ion dynamics . The i r synthesis is current ly 

hampered by the relat ive pauc i ty of suitable data and lack of s tand­

ardized methods to assess the dependence of funct iona l responses 

on H C , 

Our s tudy systematical ly exp lored quant i tat ive changes in func­

tional response along a H C gradient , W e used a model se lec t ion ap­

proach , wh ich enables a d i rect compar i son of d i f ferent relat ionships 

be tween H C and funct iona l response parameters (Long et al . , 2012 ; 

http://arena.hr%221
http://arena.hr%221
http://arena.hr%221
http://arena.hr%221
http://arena.hr%221
http://arena.hr%221
http://arena.hr%221


8 Journal of Animal Ecology M O C Q ET Al 

(a) 

1.00 
III 
£ 
= 0.75 
4— 
O 

o 0.50 

S-0.25 
0.00 

Bottom 

1 - . . 
T f— 

0 1 

Vegetat ion Wal l 

I . 

4 0 1 4 0 
Habitat complexi ty (A/ p) 

FIGURE 4 P red ic ted e f fec t s of H C 

{Np number of art i f ic ial plants) on (a) 

predator microhabi tat use, (b) probabi l i ty 

of a successfu l attack and (c) number of 

successful at tacks in Exper iment 2 based 

on the most pars imonious models . In 

panels (b) and (c), the initial prey dens i ty 

N0 is 6 (grey) and 24 (black) i n d . a r e n a - 1 . 

C irc les - mean pred ic ted values ; error 

bars = 9 5 % Cls based on f ixed ef fects 
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Rail et a l . , 2012) and prov ides a general f r amework to test the rele­

vance of var ious under ly ing mechanisms. W e demonst ra ted that H C 

can have substant ia l ly nonl inear e f fec t s on funct iona l responses , and 

the combinat ion of the populat ion- leve l and behavioural approaches 

a l lowed us to ident i fy poss ible under ly ing mechanisms . W h i l e some 

ef fects obse rved in our exper iment and previous studies are in line 

w i th the ' threshold hypothes is ' (Gotceitas & C o l g a n , 1989), we also 

ident i f ied more complex relat ionships between H C and funct iona l 

response parameters dr iven by changes in predator behav iour and 

foraging per formance . 

Hossie and M u r r a y (2010) obse rved a shift f rom type II to type III in 

Anax larvae w h e n H C generated by suff ic ient amount of leaf l itter 

prov ided refuge for the tadpole prey. 

Changes in the funct iona l response shape a long a H C gradient 

(Figure lj-1) were de tec ted or suspected in only 10 ou t of 4 0 tested 

predator-prey pairs in previous studies w i th relevant data (Table SI), 

thereby suggest ing that increased H C may not stabi l ize p redator -

prey and food w e b dynamics th rough the prey refuge e f fec t as of ten 

as previously thought . This should however be conf i rmed by long-

te rm exper iments under more natural cond i t ions as most studies 

repor ted in Table S I used more or less art i f ic ia l laboratory sett ings . 

4.1 | Dependence of functional response shape 
on HC 4.2 | Dependence of attack rate on HC 

W e observed on ly type II funct iona l responses across all H C levels. 

Categor ica l funct iona l responses , used also in our study, may not 

detect subt le changes in funct iona l response curvature d r i ven , for 

example , by prey refuge use fn more complex env i ronments or by 

increased presence of movement obstac les that h inder predators 

(Barr ios-O'Nei l l et al . , 2 0 1 5 ; Hauzy et a l . , 2010) . However , only the 

'pelagic' prey in our exper iment likely perceived the added H C only 

as obstac les . Type II funct iona l responses are c o m m o n in aeshnid 

larvae (Johansson & Johansson , 1992 ; Van Buskirk et al . , 2011) ; only 

W e expec ted to observe max imum attack rates at intermediate H C 

levels, at wh ich the benef i ts of improved access to the prey (Klecka & 

Bouka l , 2014) in less used part of the arenas (Uiterwaal et a l . , 2019) 

w o u l d dominate over costs of l imited prey detec t ion and movement 

h indrance (Gotceitas & Co lgan , 1989). W h i l e the populat ion- level 

data were congruent wi th this expec ta t ion , the most pars imonious 

models ident i f ied no change or a s tepwise increase of attack rate be­

tween none and low H C (i.e. zero and one artif icial plant). Behavioural 

data also fo l l owed the latter threshold pat tern . Obse r ved d i f ferences 
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in s ize-corrected attack rates in our t w o exper iments are consist­

ent w i th exper imenta l dura t ion . The populat ion- level exper iment 

ran longer, wh ich typ ica l ly leads to lower and potent ia l ly more re­

alistic est imates of attack rate due to more t ime spent on foraging-

unrelated act iv i t ies , for example , due to satiat ion (Li et al . , 2018). 

HC-spec i f i c d i f fe rences in the attack rate est imates f rom both 

exper iments thus imply that Aeshna larvae forage more ef f ic ient ly 

in the presence of art i f ic ial p lants . A l t h o u g h the relat ionship be­

tween macrophyte dens i ty and attack rate of aeshnid larvae wou ld 

likely be more gradual in natural habitats w i th larger vo lumes , our 

results lend fur ther suppor t to the ' threshold hypothes is ' (Gotceitas 

& C o l g a n , 1989) and to the poss ibi l i ty of nonl inear responses of 

f reshwater communi t ies to habitat alterat ions dr iven by changes in 

t rophic interact ions (Soukup et al . , in prep.), 

M o r e general ly , current theory posits that higher H C should 

modi fy predator search e f f i c iency and encounter rates (Gotceitas & 

Co lgan , 1989 ; Hauzy et al . , 2 0 1 0 ; Hoss ie & Murray , 2010) . Half of the 

previous studies con f i rm this theory , w i th 3 out of 3 2 predator-prey 

pairs w i th relevant data show ing an increase as in our study, 13 pairs 

exhibi t ing a decrease , and 16 pairs show ing no s ignif icant change 

in attack rates w i th H C , somet imes poss ibly due to f ew repl icates. 

Magn i tude of the e f fec t across studies was usual ly comparab le to 

or smal ler than our result ( increase in a w i t h H C ; A a = 0 .14-1 .67 , 

mean = 0 ,77 ; decrease ; A a = - 2 . 2 0 to - 0 . 4 5 , mean = -1 .15 ; no 

change; A a = -2 .14 to 2 .49, mean = - 0 . 1 0 ; F igure 5), Like us, most 

studies inc luding three or more H C levels found a s tepwise change 

in attack rate in line wi th the ' threshold hypothes is ' {8 out of 15 

predator-prey pairs; e .g . Bar r ios-O'Nei l l et a l . , 2015 ; Wasse rman 

et a l . , 2016) . O t h e r results suggest HC- independen t attack rates 

a h 
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Dimensionality 

F I G U R E 5 Magn i tudes of the H C e f fec t on attack rate a 

(Aa) and on handl ing t ime h (Ah) found in prev ious popu la t ion-

level exper iments (circles, squares and small tr iangles; data in 

Table 51) and in the three plausible models of our data (large 

triangles). P redator-prey encounter mode : circles - act ive mobi le , 

squares — act ive stat ic , tr iangles - s i t-and-pursue; symbo l f i l l : 

whi te = e f fec t was not tes ted , grey = no s ignif icant change, 

red = decl ine and green = increase w i th increas ing H C . D o t t e d 

horizontal lines show ± 2 0 % change (as in h in Figure 1) and the 

dash-dotted lines are +50% change (as in a in Figure 1). See Text S I 

and Table S I for detai ls 
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(e.g. Barbosa et a l . , 2019 ; H o d d l e , 2003) or a monotone relat ionship 

(Alexander et a l . , 2 0 1 2 ; Table SI). 

Results f r o m our behavioura l exper iment provide fur ther insights 

into the mechanisms by wh ich H C can modulate foraging behav iour 

of predators . In the st ructura l ly s imple env i ronment , Aeshna larvae 

attacked least o f t en and had the lowest foraging success , result ing 

in the lowest attack rates and prey morta l i ty . The increas ing proba­

bility of a successfu l attack was leveraged by fewer at tacks in high 

H C relative to low H C , most l ikely as the predator's hunger level de­

creased (Jeschke et a l . , 2002) . This leads to constant prey morta l i ty 

and attack rates across all pos i t ive H C levels. 

The re lat ionship between H C and attack rate may fur ther 

be contex t -dependent and , for example , vary w i th temperature 

(Wasserman et a l . , 2016) or the cho ice of the funct iona l response 

formula (Barr ios-O'Nei l l et a l . , 2015) , Encounter rates also depend 

on the d imens ional i ty of predator-prey interact ions and predator-

prey encounter mode (Barr ios-O'Nei l l et al . , 2 0 1 6 , 2019 ; Pawar 

et a l . , 2012) . Data f rom our exper iment and previous studies imply 

that at tack rates decrease and increase in more complex habitats 

w h e n the interact ions occur in 2 D and 3 D , respect ive ly (Figure 5). 

This suggests that H C tends to impede predators in 2 D predator-

prey interact ions i r respect ive of the encounter mode . M o r e data , 

especial ly f rom 3 D contex ts in terrestr ia l and marine env i ronments , 

could help disentangle the relative impor tance of these putat ive 

drivers on changes in funct iona l responses a long H C gradients , 

4.3 | Dependence of handling time on HC 

Current evidence of possible links between H C and the maximum 

feeding capacity of predators, characterized by the handling time 

parameter of funct ional responses, is equivocal . W e found strongest 

support for a concave-up response wi th the shortest handling times 

at intermediate levels of H C in the population-level exper iment . This 

contrasted wi th HC- independent estimates of handling t ime, def ined 

as the t ime needed to subdue and process the prey, in our and most 

other behavioural studies (4 out of 5 predator-prey pairs; e.g. Hauzy 

et a l . , 2010 ; Hossie & Murray , 2010 ; Table SI), W e conclude that H C 

may direct ly interfere wi th handling behaviour only in special cases 

such as wading birds probing the mud for hiding molluscs (de Fouw 

eta l . ,2016} . 

Population-level studies (Table SI) usually reported no change 

(22 out of 34 predator-prey pairs wi th relevant data) or longer han­

dling t imes (8 predator-prey pairs) in more complex envi ronments . 

Magni tude of the ef fect was most ly comparable to or larger than in 

our study (increase of h w i th H C : A h = 0 .11-2 .53 , mean = 0 .83 ; de­

crease: A h = -1 .08 to -0 . 16 , mean = - 0 . 5 1 ; no change: A h = - 0 . 6 3 to 

0.69, mean = 0 .002 ; Figure 5). A m o n g the studies including three or 

more H C levels, c. half of them found constant handling t ime (9 out of 

16 predator-prey pairs; e.g. Hauzy et al. , 2010). The remaining ones re­

ported a concave-down relationship with the longest handling t ime at 

intermediate levels of H C (Hoddle , 2003) , stepwise or monotone de­

cline (Kal inkat Brose, et a l „ 2013 ; Wasserman e ta l . , 2016), or stepwise 
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or monotone increase wi th H C (Alexander et al . , 2012 ; Cuthber t 

et al . , 2 0 2 0 ; Long et al . , 2012 ; Table SI). A s w i th the attack rate, some 

of the results depended on the experimental or model l ing context 

(Barr ios-O'Neil l et al. , 2015 ; Wasserman et al. , 2016). Interestingly, 

handling t imes tend to , respectively, decrease and increase in more 

complex habitats for t rophic interact ions in 3 D and 2 D (Figure 5). 

G iven that digest ion should be independent of H C , the reported 

variat ion of the handling t ime parameter of the funct ional response 

could s tem f rom HC-dr iven changes in foraging act iv i ty and other 

predator and prey behaviour (Jeschke, 2007 ; Li et al . , 2018) . O u r study 

implies that the relative importance of the mechanisms af fect ing max­

imum foraging rates varies wi th H C such that the largest posit ive or 

negative ef fect on handl ing t ime typical ly occurs at the transit ion 

f rom a structural ly s imple to more complex habitat, In our study, 

Aeshna larvae attacked the prey more often and were more success­

ful in the structural ly complex env i ronments , thereby support ing the 

' threshold hypothesis ' (Gotceitas & Co lgan , 1989). This pattern was 

likely dr iven by increased access to the prey in the water co lumn and 

improved perching of the predators, which increased their str ike ac­

curacy. These mechanisms may also explain the stepwise decrease in 

handl ing t ime found in one exper iment by Wasserman et al . (2016). 

O n the other hand , highly complex habitats can increase the t ime 

predators spend to or ientate to and pursui t prey {Anderson , 1984), 

wh ich may lead to the common ly obse rved increases in handl ing 

t ime parameter w i th H C as d iscussed above . In our exper iment , 

Chaoborus larvae likely aggregated in pockets of f ree space created 

by the convo lu ted l eaves ' of the art i f ic ial plants at the highest H C 

level , and spatial aggregat ion of the prey is known to af fect funct iona l 

responses (Ui terwaal et a l . , 2019) . Chaoborus larvae can also detect 

and avoid predators (Berendonk & O 'B r i en , 1996), wh i ch could have 

forced Aeshna to re locate and p ro long pursuit . Taken together , these 

mechanisms could generate a nonl inear , un imoda l dependence of 

handl ing t ime on H C as in our populat ion- leve l exper iment . 

Another reason for the commonly reported HC-dependent han­

dling t imes in the population-level experiments could be the non-

independency of attack rate and handling t ime estimates and the 

ability of dif ferent parameter combinat ions to fit the same funct ional 

response curve (Uszko et al. , 2020) . W e thus recommend using addi­

t ional evidence to inform the population-level models and resolve the 

inherent uncerta inty in parameter estimates and in the identi f icat ion of 

(most) parsimonious models of the population-level data. In our study, 

results f rom Exper iment 2 align best wi th models (10) and (12) f rom 

Experiment 1 assuming a stepwise increase in attack rate and a con­

stant or vary ing handling t ime. M o d e l (10) assuming constant handling 

t ime, despite its lower BIC ranking, may thus appropriately describe 

the changes in funct ional response along a H C gradient in our data . 

4,3,1 | Implications for predator-prey dynamics, 
habitat restoration and regime shifts 

In sum, our results and some of the prev ious studies s h o w that func­

t ional responses can change nonl inear ly a long H C gradients . This 

wi l l have impor tant impl icat ions fo r p redator -prey and commun i t y 

dynamics (Barr ios-O'Nei l l et a l „ 2 0 1 5 ; Wi l l i ams & M a r t i n e z , 2004) . 

Cur rent ev idence suggests that the funct iona l response shape is 

usual ly i ndependent of H C (but see Bar r ios-O'Ne i l l et al . , 2015) , 

wh ich means that p redator -prey and c o m m u n i t y responses to H C 

alterat ions will be most ly dr iven by changes in attack rates and han­

dl ing t ime. The comb ina t ion of a s tepwise increase in attack rate and 

a concave-up dependence of handl ing t ime (Figure la ) f ound in our 

Exper iment 1 has not been repor ted before . Together w i th this re­

sult , the repor ted changes cover all scenarios de f ined in Figure l a - i 

and include cases that can both stabi l ize and destabi l ize p redator -

prey dynamics (Table SI). Obse r ved relative changes of attack rate or 

handl ing t ime due to H C al terat ion vary substant ia l ly across studies ; 

the i r magnitude w o u l d determine the s t rength of this (de)stabilizing 

ef fect . Overa l l , increased H C appears to , respect ive ly , weaken and 

st rengthen t roph ic l inks in 2 D and 3 D predator-prey interact ions . 

Human-dr iven changes in H C are a pervasive issue in aquatic eco l­

ogy (Kovalenko et a l . , 2012) . These changes can have negative or pos­

itive e f fects on the biota , such as the removal of coarse w o o d debris 

f rom rivers or management pract ices aiming to restore or conserve 

elements of complex i ty in degraded rivers (Foote et a l . , 2020) . O the r 

examples include shal low lake eutrophicat ion and the loss of sub­

merged macrophytes versus re-ol igotrophicat ion aiming to restore 

the original lake status (Pe r rowetaL , 1999), and coral- or oyster-based 

reef f lattening versus creat ion of artificial reefs in marine habitats 

(Newman et al. , 2015) . Nonl inearchanges in funct ional responses may 

amplify or dampen other mechanisms by wh ich these changes in H C 

alter local communit ies , especial ly if the communit ies are relatively 

simple and the changes of H C affect t rophic interact ions of top pred­

ators or other keystone species (Kalinkat, Brose, et al . , 2013). 

Future studies of t rophic interact ions across H C gradients should 

thus go beyond the common ly used presence-absence binary scale, 

combine d i f fe rent exper imenta l approaches to disentangle the un­

der ly ing mechanisms and involve mult iple p redator -prey pairs to in­

vest igate how gradual changes in H C alter food web dynamics and 

commun i t y s t ructure . 
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