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Abstract	21	

Mesopredators	must	contend	with	both	top-down	(predation	pressure	by	top	predators)	and	22	

bottom-up	 (food	 availability)	 drivers	when	 selecting	 habitat.	We	 studied	 the	 distribution	 and	23	

trophic	 dynamics	 of	 an	 abundant	 mesopredator	 (the	 three-spined	 stickleback;	 Gasterosteus	24	

aculeatus)	 in	 three	 habitats	 of	 differing	 complexity:	 a	 macroalgal	 bed	 (Fucus	 vesiculosus),	 a	25	

seagrass	meadow	(Zostera	marina),	and	a	sand	 flat.	We	 found	that	stickleback	abundance	and	26	

food	availability	were	highest	in	the	macroalgae,	intermediate	in	the	seagrass,	and	very	low	in	27	

the	sand	flat.	We	then	tested	in	situ	predation	pressure	on	isopods	and	amphipods	by	tethering	28	

live	prey	in	the	three	habitats.	Predation	on	amphipods	was	very	high	in	early	summer,	when	it	29	

was	 highest	 in	 the	 sand	 flat,	 intermediate	 in	 the	 seagrass,	 and	 lowest	 in	 the	 macroalgae.	30	

However,	 small-scale	 within-habitat	 differences	 in	 physical	 complexity	 (shoot	 density)	 or	31	

location	 (interior	 vs.	 edge)	 did	 not	 affect	 predation	 rates.	 Predation	 rates	 on	 amphipods	32	

decreased	with	 prey	 size,	 but	 predation	 on	 isopods	was	 always	 low.	 Laboratory	 experiments	33	

using	 amphipod	prey	 and	 stickleback	predators	 supported	 the	patterns	 observed	 in	 the	 field,	34	

where	predation	success	was	highest	in	the	sand	and	lowest	in	the	Fucus.	Overall,	sticklebacks	35	

were	 more	 abundant	 in,	 and	 preferentially	 chose,	 the	 two	 habitats	 with	 highest	 structural	36	

complexity	 (the	macroalgae	bed	 and	 seagrass	meadow),	 potentially	 trading	 off	 low	predation	37	

success	 for	 higher	 food	 availability	 and	 increased	 shelter	 from	 top	 predators.	 These	 results	38	

confirm	the	critical	importance	of	these	structured	habitats	for	coastal	trophic	networks.	39	

	40	

Keywords:	 habitat	 complexity,	 predation,	 three-spined	 stickleback,	 Zostera	 marina,	 Fucus	41	

vesiculosus	 	42	



	 3	

Highlights	43	

• Sticklebacks	were	more	abundant	in,	and	preferred,	complex	habitats	44	

• Complex	habitats	also	provided	higher	food	availability	45	

• Stickleback	predation	success	decreased	with	increasing	habitat	complexity	46	

• Sticklebacks	may	trade-off	predation	success	for	food	availability	and	shelter	 	47	
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1.	Introduction	48	

Structured	 habitats	 play	 a	 critical	 role	 in	 coastal	 marine	 ecosystems,	 providing	 substrate,	49	

refuge,	 food,	 and	 breeding	 habitats	 for	 a	 wide	 variety	 of	 fish	 and	 invertebrate	 species	50	

(Kovalenko	 et	 al.,	 2012),	 and	 habitat	 complexity	 is	 generally	 positively	 correlated	 with	 high	51	

biodiversity	 (Edgar	 et	 al.,	 1994;	Nagelkerken	 et	 al.,	 2008;	Hansen	 et	 al.,	 2011;	 Schmidt	 et	 al.,	52	

2011).	Habitat	complexity	may	be	due	to	abiotic	structures	(e.g.	boulders,	gravel),	but	 is	often	53	

created	by	biogenic	 ecosystem	engineers	 such	as	 seagrasses,	macroalgae,	 corals,	 and	bivalves	54	

(McCoy	and	Bell,	1991;	Jones	et	al.,	1994;	Meadows	et	al.,	2012).	These	habitats	are	threatened	55	

by	 anthropogenic	 pressures	 such	 as	 eutrophication,	 coastal	 development,	 overfishing,	 and	56	

climate	change	(Polidoro	et	al.,	2010;	McClenachan	et	al.,	2017;	Beck	et	al.,	2011;	Krumhansl	et	57	

al.,	2016),	and	~30%	of	seagrass	meadows	have	been	 lost	 (Waycott	et	al.,	2009).	Habitat	 loss	58	

leads	to	reduced	biodiversity	and	shifts	in	ecosystem	functioning	and	trophic	interactions	(e.g.	59	

Turner	et	al.,	1999;	Brooks	et	al.,	2002;	Pihl	et	al.,	2006;	Reed	and	Hovel,	2006).	60	

The	 importance	 of	 complex	 habitats	 for	 species	 depends	 on	 their	 trophic	 level.	 Smaller	61	

species	 depend	 on	 complexity	 for	 refuge.	 For	 example,	 decreased	 complexity	 due	 to	 fishing	62	

disturbance	 increased	 juvenile	 scallop	 mortality	 (Talman	 et	 al.,	 2004),	 while	 predation	 on	63	

juvenile	 coral	 reef	 fish	 decreased	 with	 higher	 complexity	 (Beukers	 and	 Jones,	 1997).	 For	64	

predators,	complex	habitats	can	provide	greater	prey	abundance	but	reduce	predation	success	65	

(e.g.	Graham	et	al.,	1998;	Bartholomew	et	al.,	2000),	though	this	relationship	is	mediated	by	the	66	

relative	abundance	of	predators	and	prey	(Mattila	and	Heck,	2008),	and	body	size	in	relation	to	67	

complexity	 (e.g.	 Lipcius	 et	 al.,	 1998).	Mesopredator	 habitat	 choice	may	 depend	 on	 trade-offs:	68	

complexity	 offers	 refuge	 from	 predation,	 but	 may	 lead	 to	 increased	 difficulty	 in	 finding	 and	69	

catching	prey.	Their	use	of	habitats	of	different	complexity	thus	 likely	depends	upon	predator	70	

presence,	 food	 availability,	 and	 the	degree	of	 complexity	 (e.g.	 Thistle	 et	 al.,	 2010;	 Lannin	 and	71	

Hovel,	2011;	Tait	and	Hovel,	2012;	Bergström	et	al.,	2016).	As	mesopredators	play	an	important	72	

role	in	trophic	networks	by	regulating	herbivore	abundance	(Östman	et	al.,	2016,	Donadi	et	al.,	73	

2017),	understanding	their	distribution	offers	insights	into	ecosystem	functioning.	74	
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In	 the	 brackish	 northern	Baltic	 Sea,	 structured	 habitats	 include	 angiosperm	meadows	 and	75	

macroalgal	 beds.	 These	 are	 interspersed	 by	 large	 unvegetated	 areas	 of	mud,	 sand,	 or	 gravel.	76	

Vegetated	 habitats	 support	 biodiverse	 communities	 of	 invertebrate	 herbivores	 (isopods,	77	

amphipods,	bivalves,	and	gastropods),	 and	mesopredatory	 fish	and	crustaceans	 (Boström	and	78	

Bonsdorff,	1997;	Kersen	et	al.,	2011).	Eutrophication	has	led	to	decreased	vegetation	cover	and	79	

depth	 limits	 (Torn	 et	 al.,	 2006;	 Boström	 et	 al.,	 2014),	 and	 shifts	 in	 community	 composition	80	

(Bonsdorff	et	al.,	1997;	Herkül	and	Kotta,	2009;	Gustafsson	and	Boström,	2014).	81	

The	 evolutionary	 biology	 and	 behavioural	 ecology	 of	 the	 three-spined	 stickleback	82	

(Gasterosteus	aculeatus)	 is	well-studied,	 but	 its	 trophic	 interactions	 as	 a	mesopredator	 are	 of	83	

particular	interest	in	the	Baltic	Sea.	Population	increases	have	led	to	concerns	that	sticklebacks	84	

may	 contribute	 to	 filamentous	 algal	 blooms	 by	 feeding	 on	 mesograzers	 which	 mitigate	 algal	85	

growth	(Eriksson	et	al.,	2009;	2012;	Sieben	et	al.,	2011a)	as	on	the	eggs	of	predatory	fish	which	86	

can	control	algae	through	top-down	processes	(Bergström	et	al.,	2015).	Sticklebacks	are	also	an	87	

important	food	source	for	larger	predatory	fish	such	as	perch	(Lappalainen	et	al.	2001),	and	are	88	

especially	abundant	in	vegetated	habitats	(Gagnon	et	al.	2017).	Here,	we	investigated	the	factors	89	

driving	their	use	of	three	habitats	of	differing	complexity	(a	macroalgal	bed,	a	seagrass	meadow,	90	

and	 asand	 flat).	 In	 the	 seagrass	meadow,	we	 also	 investigated	how	 small-scale	within-habitat	91	

differences	in	complexity	and	position	affected	predation	success	(Hovel	and	Lipcius,	2001).		92	

In	 the	three	habitats,	we	measured	 food	availability,	 in	situ	predation	pressure	on	tethered	93	

amphipods	and	isopods,	and	predation	success	and	habitat	preference	of	sticklebacks	in	the	lab.	94	

We	were	particularly	interested	in	how	predation	on	important	mesograzers	(adult	amphipods	95	

and	isopods)	varied	by	habitat,	as	well	as	by	predator	and	prey	body	size.	We	expected	that	as	a	96	

species	occupying	an	 intermediate	 trophic	 level,	stickleback	predation	success	would	 increase	97	

with	decreasing	complexity,	but	that	they	might	choose	to	occupy	medium	or	higher	complexity	98	

habitats,	trading	off	predation	success	for	food	availability	and	shelter	from	top	predators.	99	

	100	

2.	Methods	101	
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2.1.	Field	sampling	and	experiments	102	

2.1.1.	Study	sites	and	habitats	103	

All	 experiments	were	 conducted	 in	 summer	 2015:	 the	 field	 experiments	 took	 place	 in	 the	104	

Archipelago	 Sea,	 northern	 Baltic	 Sea	 (Fårö:	 59°55'10"N,	 21°47'45"E)	 at	 a	 site	 where	 three-105	

spined	 sticklebacks	 are	 abundant	 (Gagnon	 et	 al.,	 2017),	 during	 three	 sampling	 periods:	 June	106	

(early	 breeding	 season),	 July	 (late	 breeding	 season),	 and	 August	 (after	 the	 breeding	 season).	107	

The	 site	 supports	 a	 large	 meadow	 at	 2-4	m	 depth	 (dominated	 by	 eelgrass	 Zostera	 marina,	108	

intermixed	with	Myriophyllum	 spicatum,	 Potamageton	 perfoliatus,	Ruppia	maritima,	 Stuckenia	109	

pectinata,	and	 Zannichellia	palustris).	 Dense	 bladderwrack	 (Fucus	 vesiculosus)	 beds	 are	 found	110	

along	 a	 rocky	 shore	 at	 1-2	m	 depth,	 and	 an	 unvegetated	 sand	 flat	 occurs	 between	 the	 two	111	

vegetated	 habitats	 at	 2-3	 m	 depth.	 These	 habitats	 represent	 typical	 shallow	 shores	 in	 the	112	

Archipelago	Sea,	and	have	differing	structural	complexity.	The	sand,	the	Zostera	and	Fucus	were	113	

considered	as	having	low,	medium	and	high	complexity,	respectively,	based	on	the	complexity	114	

index	 developed	 by	 Bartholomew	 et	 al.	 (2000).	 Due	 to	 its	 branching	 three-dimensional	115	

structure,	Fucus	has	greater	biomass	per	area	than	Zostera	(mean	±	SE,	n=10;	Fucus:	4.13	±	0.66	116	

kg	m-2;	 Zostera:	 0.18	±	0.02	 kg	m-2).	 Drift	 algae	 (composed	 of	 filamentous	 species	 including	117	

Ceramium	 tenuicorne,	 Cladophora	 spp.,	 Ectocarpus	 siliculosus,	 and	 Pyliaella	 littoralis)	 covered	118	

much	of	the	Zostera,	though	the	mat	thickness	decreased	in	August,	and	there	were	also	patches	119	

of	drift	algae	in	the	sand	flat	(5-20%	cover,	5	cm	deep;	Table	S1).	There	were	no	drift	algae	in	120	

the	 Fucus	 but	 the	 thalli	 were	 covered	 in	 epiphytic	 algae.	 Despite	 the	 algal	 cover,	 the	 edge	121	

between	Zostera	and	sand	was	distinct	as	eelgrass	blades	always	extended	over	the	algae.	122	

	123	

2.1.2.	Fish	communities	and	stickleback	stomach	contents	124	

Fish	populations	at	 the	site	were	quantified	during	the	three	sampling	periods	using	beach	125	

seines	and	minnow	traps.	To	avoid	interfering	with	the	tethering	experiment,	the	seining	took	126	

place	 along	 a	 sandy	 beach	 ~100	m	 away	 from	 the	 nearest	 tethers.	 Three	 seines	 were	 taken	127	
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during	each	sampling	period,	starting	50	m	from	the	shore	(at	1.2	m	depth)	with	a	total	area	of	128	

~500	 m2	 per	 seine,	 and	 all	 fish	 were	 counted	 and	 identified.	 After	 pulling	 the	 seines,	 five	129	

minnow	traps,	baited	with	dry	dog	food,	were	placed	within	the	eelgrass	meadow	(at	least	50	m	130	

from	the	tethers)	and	collected	along	with	the	tethers	after	24	hours,	when	all	fish	were	counted	131	

and	 identified.	The	 traps	were	45	cm	 long	and	22	cm	wide,	made	of	3–mm	plastic	mesh,	with	132	

funnelled	openings	of	25	mm	diameter.	As	we	were	focused	on	the	trophic	relationships	of	adult	133	

sticklebacks,	 we	 counted	 adult	 and	 juvenile	 young-of-the	 year	 separately.	 We	 compared	 the	134	

abundance	of	adult	and	juvenile	sticklebacks	between	months	using	a	generalized	linear	model	135	

with	quasi-poisson	distribution	(glm	function	in	the	native	‘stats’	package	in	R.3.5.1).	In	July,	we	136	

examined	 the	 stomach	 contents	 of	 10	 adults.	 The	 stomachs	 were	 immediately	 removed	 and	137	

preserved	in	alcohol	until	analysis.	 In	the	 laboratory,	we	counted	and	identified	all	prey	items	138	

under	a	dissecting	microscope	to	the	lowest	practical	taxonomic	level	(family	or	genus).		139	

	140	

2.1.3.	Epifaunal	abundance	141	

As	a	proxy	 for	 food	availability,	we	 collected	epifauna	 from	 the	Fucus	 and	Zostera	 habitats	142	

(10	plots	per	habitat)	using	a	~25-cm	diameter	circular	mesh	bag	(1	mm	mesh),	and	counted	143	

and	 identified	 all	 macrofauna	 (>1	mm)	 to	 species	 or	 genus	 level.	We	 also	measured	 the	 wet	144	

weight	of	vegetation	in	each	plot,	which	was	used	to	verify	complexity	(see	above	2.1.1).	As	all	145	

samples	covered	the	same	surface	area	(~0.05	m2),	we	standardised	all	species	to	individuals	m-146	

2.	We	analysed	differences	in	food	availability	by	comparing	the	abundance	of	several	epifaunal	147	

invertebrate	 species	 (isopods	 Idotea	 spp.,	 amphipods	 Gammarus	 spp.,	 mussels	Mytilus	 edulis,	148	

gastropods	 Hydrobia	 spp.,	 Theodoxus	 fluviatilis,	 and	 Radix	 peregra,	 and	 chironomid	 larvae)	149	

between	the	Zostera	and	Fucus	habitats,	using	a	generalized	linear	model	(Habitat=fixed	factor,	150	

Abundance	 of	 each	 species=response	 variable)	 with	 quasi-poisson	 distribution	 for	 each	151	

invertebrate	species	(glm	function	in	the	native	‘stats’	package).	To	control	for	multiple	testing,	152	

p-values	were	adjusted	using	the	Benjamini-Hochberg	correction,	and	we	checked	correlations	153	

between	species	(Table	S2).	154	
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	155	

2.1.4.	Tethering	experiment	in	natural	habitats	and	artificial	seagrass	units	156	

During	each	 sampling	period,	we	 set	out	20	 tethered	prey	 items	 in	 the	Fucus,	Zostera,	 and	157	

sand	habitats:	10	isopods	(Idotea	spp.)	and	10	amphipods	(Gammarus	spp.).	We	also	set	out	and	158	

additional	10	amphipods	and	10	isopods	in	both	the	interior	and	edge	of	the	Zostera	meadow	in	159	

artificial	 seagrass	 units	 (ASUs)	 with	 two	 standardized	 shoot	 densities	 (low	 density:	 12	160	

shoots=200	shoots	m-2;	high	density	with	60	shoots	=1000	shoots	m-2).	The	ASUs	consisted	of	161	

25	cm	 ×	25	 cm	 plots	 of	 plastic	 mesh	 with	 attached	 artificial	 seagrass	 blades	 (length=50	 cm,	162	

width=5	mm,	similar	to	the	natural	seagrass)	made	of	green	plastic	ribbon	(Hovel	and	Lipcius,	163	

2001).	In	June,	the	algal	mat	prevented	us	from	deploying	the	ASUs,	so	the	tethers	were	set	out	164	

along	the	edge	and	interior	of	the	meadow	without	ASUs,	and	analysed	separately.	165	

The	 tethered	prey	 (amphipods	and	 isopods)	were	 collected	 from	 in	early	 June	and	kept	 in	166	

aquaria	at	10°C,	with	weekly	water	changes	and	food.	We	used	a	large	size	range	(7-28	mm)	of	167	

prey	items,	encompassing	several	species	of	each	genus	(Idotea	balthica,	I.	chelipes,	I.	granulosa;	168	

Gammarus	salinus,	 G.	locusta,	 G.	oceanicus).	 We	 measured	 the	 length	 of	 each	 prey	 item,	 then	169	

glued	each	to	the	end	of	a	10-cm	long	piece	of	clear	monofilament	(diameter=0.15	mm),	which	170	

was	attached	 to	a	clear	acrylic	 rod	 (Duffy	et	al.,	2015;	Reynolds	et	al.,	2018).	The	use	of	 clear	171	

rods	and	monofilament	reduces	any	effects	of	additional	complexity	on	visual	predators.	172	

The	 tethers	 were	 transported	 with	 the	 prey	 in	 individual	 seawater	 containers,	 and	 we	173	

checked	if	they	were	alive	when	deployed.	The	tethers	were	deployed	in	random	order	1–2	m	174	

apart,	with	the	prey	~20–30	cm	from	the	bottom	(so	they	could	hide	within	the	vegetation):	in	175	

the	 sand	and	Zostera	 they	were	 simply	driven	 into	 the	 sediment,	while	 in	 the	Fucus,	 the	 rods	176	

were	 attached	 to	 thalli	with	 cable	 ties.	 After	 24	hours,	we	 collected	 the	 tethers	 and	 recorded	177	

whether	 the	prey	had	been	predated	or	not	 (partial	 presence	was	 counted	as	predation).	We	178	

had	previously	checked	attachment	without	predators	and	confirmed	that	prey	did	not	escape	179	

from	the	tethers	within	a	24	h	period,	so	we	considered	all	absent	prey	to	have	been	predated.	180	

Any	 molted	 individuals	 (i.e.	 the	 exoskeleton	 remained),	 prey	 which	 had	 died	 prior	 to	181	
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deployment,	 and	 tethers	which	 had	 fallen	 to	 the	 bottom	were	 excluded	 from	 the	 analysis	 (in	182	

total,	6%	of	the	tethers	were	excluded).	183	

	Amphipods	 and	 isopods	 were	 analysed	 separately	 for	 each	 experiment	 using	 logistic	184	

regression	(glm	in	the	native	‘stats’	package)	and	assessing	the	significance	of	the	fixed	factors	185	

with	the	Anova	function	in	the	‘car’	package	(Fox	and	Weisberg,	2011),	with	Predation	(1	or	0)	186	

as	 the	 binomial	 responding	 variable.	 In	 the	 natural	 habitat	 experiment,	 Prey	 length,	 Habitat	187	

(Zostera,	sand,	Fucus),	Month,	and	Habitat	×	Month	interaction	were	included	as	fixed	factors.	In	188	

the	 ASU	 experiment,	 we	 first	 analysed	 June	 (without	 ASUs)	 separately,	 then	 July	 and	 August	189	

together.	Prey	length,	Shoot	density	(low	vs.	high),	Location	(meadow	edge	vs.	interior),	Month,	190	

and	Habitat	location	×	Shoot	density	×	Month	interaction	were	included	as	fixed	factors	(Month	191	

and	 Shoot	 density	 were	 excluded	 for	 June).	 We	 removed	 non-significant	 higher-level	192	

interactions	in	the	model,	then	compared	the	AICc	values	of	the	full	and	simplified	models,	using	193	

the	AICc	command	in	the	‘MuMIn’	package	(Bartoń,	2018).	In	the	final	model,	we	calculated	the	194	

odds	ratio	for	Prey	length	(odds.ratio	function	in	the	‘questionr’	package;	Barnier	et	al.,	2017).	If	195	

the	p-value	for	Prey	length	was	significant	and	the	confidence	intervals	did	not	include	zero,	we	196	

determined	the	probability	of	predation	for	each	mm	length	interval.	197	

	198	

2.2.	Aquarium	experiments	199	

2.2.1.	Aquarium	setup	200	

We	 ran	 the	 aquarium	experiments	 in	 July,	 in	 an	 isolated	 room	at	~10	°C	with	 a	 16/8	 light	201	

cycle.	For	comparison,	the	water	temperature	when	sticklebacks	were	captured	was	12-14	°C,	202	

and	the	seasonal	temperature	variation	is	0-22	°C.	During	an	acclimation	period	of	2	weeks,	fish	203	

were	kept	in	holding	tanks	in	the	isolated	room	with	aeration	and	water	changes	every	2	days.	204	

They	 were	 fed	 defrosted	 chironomid	 larvae	 and	 live	 amphipods	 every	 1-2	 days,	 but	 starved	205	

prior	 to	 some	 experiments	 (see	 below).	We	 did	 not	 use	 fish	with	 swollen	 abdomens,	 as	 they	206	

were	 likely	 either	 gravid	 females	 or	 infected	 by	 the	 cestode	 parasite	 Schistocephalus	 solidus,	207	
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both	of	which	 could	potentially	 affect	 feeding	behaviour.	Each	 individual	was	only	used	once,	208	

and	then	released	back	into	the	sea.	209	

	210	

2.2.2.	Predation	experiment	211	

The	 first	aquarium	experiment	 tested	the	effects	of	habitat,	prey	size,	and	predator	size	on	212	

stickleback	predation	success.	As	the	field	tethering	showed	that	amphipods	were	more	readily	213	

eaten	than	isopods,	we	only	used	Gammarus	spp.	as	prey.	We	set	up	42	18-l	aquaria	(30	cm	long	214	

×	20	cm	wide	×	30	cm	high:	18-l)	with	a	~3-cm	layer	of	sand	~20	cm	water.	Each	aquaria	was	215	

assigned	to	one	of	three	habitat	types	(14	aquaria	per	habitat):	1)	Fucus	with	two	thalli	(~12	cm	216	

high,	wet	weight=10	g	each),	2)	Zostera	with	12	shoots	(12–15	cm	high),	and	3)	bare	sand.	The	217	

density	and	cover	of	the	Zostera	and	Fucus	in	the	aquaria	was	similar	to	natural	cover	observed	218	

in	the	field,	and	epiphytic	algae	and	epifauna	were	removed	prior	to	the	experiment.	Cardboard	219	

was	placed	between	the	aquaria	to	prevent	the	fish	from	seeing	each	other.	220	

As	tethering	showed	that	most	consumed	amphipods	were	<15	mm,	we	chose	two	prey	size	221	

classes:	5–10	mm	and	11–15	mm.	We	also	used	two	stickleback	size	classes	(40–52	mm	and	60–222	

72	mm),	 based	 on	 the	 bimodal	 distribution	 of	 stickleback	 sizes	 observed	 in	 the	 study	 area	223	

(Gagnon	et	al.,	2017).	The	 fish	were	not	 fed	 for	2	days	prior	to	the	experiment	to	ensure	they	224	

hunted	 the	 amphipods.	 Thirty-six	 aquaria	 were	 assigned	 to	 one	 of	 the	 12	 treatment	225	

combinations.	 Six	 amphipods	 were	 placed	 in	 each	 aquarium,	 the	 fish	 were	 added	 after	 30	226	

minutes,	and	removed	after	8	hours,	then	released	back	to	the	sea.	We	then	thoroughly	checked	227	

each	 aquarium	 and	 counted	 all	 remaining	 amphipods	 to	 calculate	 the	 predation	 rate	 (the	228	

proportion	of	amphipods	eaten).	The	final	six	aquaria	had	only	amphipods	in	Zostera,	Fucus	or	229	

sand,	 without	 fish,	 to	 check	 our	 ability	 to	 find	 amphipods.	 We	 successfully	 located	 100%	 of	230	

amphipods	in	these,	validating	the	results.	231	

We	ran	 this	experiment	 four	 times	using	 the	 same	aquaria,	but	different	 fish,	 for	a	 total	of	232	

144	replicates	(12	per	treatment).	As	all	experiments	took	place	within	three	days,	we	did	not	233	
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change	 the	 water	 or	 vegetation	 between	 trials.	 The	 aquaria	 were	 aerated	 using	 air	 stones	234	

between	replicates	(~12	h),	but	not	during	the	experiments	as	we	noticed	during	trial	runs	that	235	

amphipods	would	use	 these	 to	hide.	We	analysed	 the	 results	with	 a	 generalized	 linear	mixed	236	

model	with	poisson	error	distribution	using	the	glmer	function	in	the	R	package	‘lme4’;	(Bates	237	

et	al.,	2015)	and	assessed	 the	significance	of	 the	 fixed	 factors	using	 the	Anova	 function	 in	 the	238	

package	 ‘car’	 (Fox	 and	 Weisberg,	 2011),	 using	 Predation	 rate	 as	 the	 response	 variable,	 and	239	

Habitat,	 Fish	 length,	 and	Prey	 length	as	 fixed	 factors.	As	we	used	 the	 same	aquaria	 in	 several	240	

replicates,	we	also	included	Aquarium	ID	as	a	random	factor	to	account	for	any	potential	effect	241	

of	previous	replicates.	We	simplified	models	by	removing	non-significant	interaction	terms	and	242	

comparing	AICc	values,	as	detailed	in	2.1.4	243	

	244	

2.2.3.	Habitat	preference	experiment	245	

The	 second	 aquarium	 experiment	 tested	 stickleback	 habitat	 preference.	 We	 used	 a	 120-l	246	

aquarium	(80	cm	long	×	50	cm	wide	×	30	cm	high)	with	3	cm	of	sand	and	25	cm	water	depth,	247	

split	lengthwise	into	two	separate	sections	with	dark	PVC,	so	that	we	could	run	two	replicates	at	248	

once	within	the	aquarium	without	the	two	fish	seeing	each	other.	Each	side	was	split	into	three	249	

habitats	of	equal	area:	Zostera	(20	shoots,	~20	cm	high)	at	one	end,	Fucus	(4	thalli	 for	~200	g	250	

total)	at	the	other	end,	and	bare	sand	in	between.	This	matched	the	natural	distribution,	density,	251	

and	 cover	 of	 the	 habitats	 at	 the	 field	 site.	 The	 two	 sections	 were	 set	 up	 with	 opposite	252	

configurations	 (Fucus-Sand-Zostera	 and	Zostera-Sand-Fucus)	 to	 control	 for	 any	 environmental	253	

differences	such	as	light.		254	

In	each	 trial,	one	stickleback	was	placed	 in	 the	center	of	 the	bare	sand	of	each	section.	We	255	

then	filmed	the	movements	of	the	fish	for	1	h	with	a	camera	placed	above	the	aquarium.	After	256	

starting	the	recording,	we	left	the	aquarium	room	and	did	not	re-enter	until	the	end	of	the	trial.	257	

We	then	removed	the	fish,	weighed	and	measured	them,	recorded	the	sex,	and	released	them.	258	

From	the	video,	we	determined	the	preferred	habitat	of	each	individual	fish	(i.e.	the	habitat	 in	259	

which	they	spent	the	most	time).	We	ran	24	replicates	over	2	days,	and	aerated	the	aquarium	260	
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for	at	 least	1	h	between	 trials.	 In	12	replicates,	we	starved	 the	 fish	 for	1-2	days,	and	added	5	261	

amphipods	 between	 replicates,	 so	 they	 could	 choose	 habitat	 based	 on	 food.	 In	 the	 other	 12	262	

replicates,	we	fed	the	fish	prior	to	the	experiment	and	removed	all	epifauna.	263	

We	first	ran	chi-square	tests	of	independence	(chisq.test	function	in	the	native	‘stats’	package	264	

in	R.3.3.1)	to	check	for	differences	in	habitat	selection	between	(a)	males	and	females,	(b)	large	265	

and	 small	 fish,	 (c)	 replicates	 with	 and	without	 food,	 and	 (d)	 the	 two	 aquarium	 sections.	We	266	

found	no	significant	differences,	so	we	pooled	all	 trials	 together	 for	a	more	powerful	analysis.	267	

We	 then	 used	 a	 chi-square	 test	 of	 independence	 to	 determine	 whether	 the	 frequency	 of	268	

selection	differed	between	the	three	habitats.	269	

	270	

3.	Results	271	

3.1.	Fish	abundance		272	

Adult	 sticklebacks	were	 significantly	more	 abundant	 in	 beach	 seines	 and	minnow	 traps	 in	273	

June	and	July	than	August,	while	juveniles	were	significantly	more	abundant	in	August.	(Fig.	S1).	274	

Throughout	 the	 summer,	we	 observed	 that	 sticklebacks	were	 highly	 abundant	 in	 the	Zostera	275	

and	Fucus	habitats,	but	rare	 in	 the	sand	flat	(pers.	obs.).	Pipefish	were	also	commonly	seen	 in	276	

the	Zostera	and	Fucus,	while	gobies	were	abundant	in	the	sand	flat	(pers.	obs.).	277	

	278	

3.2.	Epifauna	and	stomach	contents	279	

Isopods	 and	 amphipods	 were	 significantly	 more	 abundant	 (t18=−3.31,	 p=0.0069	 and	280	

t18=−4.86,	 p=0.00029,	 respectively)	 in	 Fucus	 than	 Zostera,	 while	 hydrobid	 gastropods	 and	281	

mussels	 were	 more	 abundant	 (t18=8.28,	 p<0.0001	 and	 t18=8.05,	 p<0.0001,	 respectively)	 in	282	

Zostera	 than	Fucus	(Fig.	1).	Chironomid	larvae	abundance	did	not	differ	significantly,	but	were	283	

only	 found	 in	 half	 of	 the	Zostera	 samples	 and	 none	 of	 the	Fucus	samples	 (Fig.	 1).	 All	 ten	 fish	284	

were	 infected	by	 the	 cestode	parasite	Schistocephalus	solidus,	 and	 three	had	 empty	 stomachs.	285	

More	than	half	had	consumed	amphipods,	but	none	had	consumed	isopods,	and	their	diet	also	286	
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included	copepods,	cladocerans,	mites,	insects,	chironomid	larvae,	and	fish	eggs	(Table	S3).	287	

	288	

3.3.	Field	tethering	experiments	289	

For	 amphipods	 (Gammarus	 spp.)	 in	 natural	 habitats,	 the	Month	 ×	 Habitat	 interaction	was	290	

significant	 (p=0.0004),	 while	 Prey	 length	 was	 non-significant	 (p=0.20,	 odds	 ratio=1.13,	 95%	291	

confidence	 limits:	0.94-1.37).	 In	 June	and	 July,	predation	rates	were	very	high	 in	 the	sand	 flat	292	

(80–100%	of	the	tethered	amphipods	were	consumed),	but	in	August	there	was	no	predation	in	293	

the	 sand	 flat	 and	 intermediate	 predation	 levels	 in	 the	 Zostera	 and	 Fucus	 (Fig.	 2a).	 Predation	294	

rates	on	isopods	(Idotea	spp.)	were	substantially	lower	(<40%	in	all	habitats	and	months),	and	295	

did	not	 differ	 significantly	 by	Month	 (p=0.22),	Habitat	 (p=0.64),	 or	Prey	 length	 (p=0.74,	 odds	296	

ratio=1.27,	95%	confidence	limits:	0.88-1.21)	(Fig.	2b).		297	

In	June,	predation	on	amphipods	in	the	seagrass	meadow	did	not	differ	by	Location	(p=0.64;	298	

Fig.	 3a),	 or	 Prey	 length	 p=0.052,	 odds	 ratio=1.27,	 95%	 confidence	 limits:	 0.99-1.79).	 As	 the	299	

confidence	 limits	 and	 p-value	 of	 Prey	 length	 were	 nearly	 significantly,	 we	 graphed	 this	300	

relationship	 and	 found	 that	 predation	 tended	 to	 decrease	 with	 increasing	 amphipod	 body	301	

length	(Fig.	S2).	Predation	was	low	on	isopods,	and	did	not	differ	between	Location	(p=0.90;	Fig.	302	

3b)	 or	 Prey	 length	 (p=0.83,	 odds	 ratio=1.02,	 95%	 confidence	 limits:	 0.82-1.29).	 In	 July	 and	303	

August	 (when	 ASUs	were	 deployed),	 all	 interactions	were	 removed	 from	 the	models	 as	 they	304	

were	non-significant.	For	amphipods,	Location	and	Shoot	density	were	non-significant	(p=0.32	305	

and	p=0.21,	respectively),	as	was	Prey	length	(p=0.09,	odds	ratio=1.26,	95%	confidence	limits:	306	

0.96-1.93),	 while	 Month	 was	 significant	 (p=0.029;	 Fig.	 3a).	 For	 isopods,	 predation	 was	307	

significantly	higher	in	the	interior	than	edge	of	the	meadow	(p=0.05;	Fig.	3a),	but	there	were	no	308	

significant	differences	between	Shoot	density	and	Month	(p=0.55,	p=0.82,	respectively;	Fig.	3b),	309	

or	Length	p=0.14,	odds	ratio=1.29,	95%	confidence	limits:	0.93-2.01).	310	

	311	

3.4.	Aquarium	predation	experiment	312	
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The	final	statistical	model	included	a	significant	interaction	between	Habitat	and	Prey	length	313	

(F2,	145=8.80,	p=0.012)	as	well	as	a	significant	effect	of	Fish	 length	(F1,	137=33.48,	p<0.001)	(Fig.	314	

4).	Large	sticklebacks	ate	significantly	more	amphipods	than	small	sticklebacks	 in	all	habitats.	315	

Predation	rates	were	significantly	higher	on	small	amphipods	than	large	amphipods,	except	in	316	

the	Fucus	habitat	where	they	were	low	for	both	size	classes	(Fig.	4).	317	

	318	

3.5.	Aquarium	habitat	preference	experiment	319	

Sticklebacks	significantly	preferred	the	Fucus	and	Zostera	habitats	over	the	sand	(χ2=11.31,	320	

p=0.0035;	Fig.	5).	17	sticklebacks	spent	the	most	time	in	Fucus,	while	7	spent	the	most	time	in	321	

Zostera.	 No	 fish	 preferred	 the	 sand,	 and	 video	 analysis	 showed	 that	 they	 only	 used	 the	 sand	322	

habitat	when	moving	between	Fucus	and	Zostera.	The	longest	single	time	spent	within	the	sand	323	

habitat	was	70	s,	compared	to	476	s	and	724	s	in	the	Zostera	and	Fucus,	respectively.	324	

	325	

4.	Discussion	326	

Here,	 we	 show	 the	 importance	 of	 vegetated	 habitats	 in	 regulating	 the	 distribution	 and	327	

trophic	 interactions	 of	 an	 abundant	 mesopredator	 in	 the	 northern	 Baltic	 Sea.	 Although	328	

transient,	 sticklebacks	 can	 exert	 strong	 top-down	 pressure	 on	 mesograzers	 (especially	329	

amphipods)	in	early	summer,	as	previously	seen	in	the	western	Baltic	Sea	(Sieben	et	al.,	2011b).	330	

We	have	also	tested,	for	the	first	time,	how	predation	success	of	adult	sticklebacks	is	affected	by	331	

habitat	complexity,	prey	size,	and	stickleback	size.	332	

Field	 tethering	 experiments	 in	 June	 and	 July,	 when	 adult	 sticklebacks	 were	 abundant,	333	

showed	 that	 predation	 rates	 on	 tethered	 amphipods	 were	 significantly	 lower	 in	 the	 two	334	

complex	habitats	 (Fucus	 and	Zostera)	 than	 the	 sand	 flat.	One	of	 the	major	drawbacks	of	 such	335	

experiments	is	the	uncertainty	over	the	identity	of	the	predator.	Of	the	other	common	species	336	

present	 during	 the	 experiment,	 gobies	 are	 benthic	 feeders	 (Aarnio	 and	 Bonsdorff,	 1993;	337	

Schückel	et	al.,	2013),	while	pipefish	consume	smaller	prey	(Oliviera	et	al.,	2007;	Gurkan	et	al.,	338	
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2011).	 We	 attribute	 most	 predation	 on	 tethered	 amphipods	 to	 sticklebacks	 (Gagnon	 et	 al.,	339	

2017)	as	 they	were	 the	most	abundant	 fish	species	at	 that	 time,	and	were	seen	attacking	and	340	

consuming	the	tethered	prey	as	the	tethers	were	placed.	In	some	cases,	sticklebacks	were	found	341	

attached	to	the	tethers	after	having	swallowed	amphipods	whole	(Fig.	S3).	In	August	however,	342	

there	were	 few	 adult	 sticklebacks	 present,	 and	 juveniles	were	 too	 small	 (<1	 cm)	 to	 consume	343	

amphipods	of	the	size	we	tethered.	Instead,	predation	on	amphipods	in	the	Zostera	meadow	at	344	

this	 time	was	 likely	by	other	 fish	such	as	eelpout	Zoarces	viviparus	 and	perch	Perca	fluviatilis,	345	

which	become	abundant	in	the	meadow	in	late	summer	(pers.	obs.).	346	

Notably,	the	results	of	the	aquarium	experiment	showed	that	stickleback	predation	success	347	

decreased	as	habitat	complexity	increased	(from	sand	to	Zostera	to	Fucus),	matching	the	results	348	

of	the	field	tethering	trials	in	early	summer,	and	further	supporting	the	paradigm	that	complex	349	

habitats	increase	invertebrate	survival	(e.g.	Mattila,	1992;	Boström	and	Mattila	1999;	Carroll	et	350	

al.,	 2015).	 In	 addition,	 both	 the	 field	 tethering	 and	 the	 aquarium	 experiment	 confirmed	 that	351	

predation	success	decreased	with	prey	size.	In	the	aquarium	experiment,	we	also	found	a	role	of	352	

stickleback	size	-	as	sticklebacks	grow	they	can	eat	more	and	 larger	prey	(Jakubavičiūtė	et	al.,	353	

2017).	This	did	not	apply	to	all	prey	types,	as	predation	rates	were	low	on	isopods	of	all	sizes,	354	

confirming	previous	observations	that	sticklebacks	prefer	amphipods	to	isopods	(Sieben	et	al.,	355	

2011b),	 potentially	 due	 to	 the	 stiffer	 exoskeleton	 of	 isopods	 or	 their	 observed	 behaviour	 of	356	

camouflaging	themselves	by	lying	flat	on	available	substrate	(pers.	obs.).	357	

Infection	 rates	 of	 three-spined	 sticklebacks	 by	 the	 cestode	 parasite	 Schistocephalus	 solidus	358	

can	be	very	high	in	the	northern	Baltic	Sea	(up	to	80%;	Budria	and	Candolin,	2015),	leading	to	359	

increased	prey	handling	 time	and	 smaller	prey	 choice	due	 to	 reduced	 stomach	 space	 (Barber	360	

and	Huntingford,	1995).	While	we	did	not	use	fish	that	were	obviously	infected	(indicated	by	a	361	

swollen	abdomen),	we	may	have	missed	individuals	which	were	in	an	earlier	stage	of	infection,	362	

and	thus	could	have	underestimated	maximum	prey	size	of	sticklebacks.	Parasite	infection	may	363	

contribute	 to	 large	 sticklebacks	 consuming	 many	 small	 amphipods	 rather	 than	 few	 large	364	

amphipods	 in	 the	 aquarium	 experiment,	 despite	 optimal	 foraging	 theory	 suggesting	 that	365	



	 16	

predators	should	consume	the	largest	prey	possible	(Edgar	and	Aoki,	1993).	366	

Despite	the	overall	importance	of	differences	in	habitat	complexity	between	habitats,	small-367	

scale	variation	in	complexity	within	a	habitat	did	not	seem	to	affect	predation,	as	we	found	no	368	

effect	of	ASU	shoot	density	or	location	(interior	vs.	edge)	on	predation	rates.	It	may	be	that	the	369	

patch	 size	 was	 too	 small	 (25cm	 x	 25	 cm)	 to	 be	 biologically	 significant	 for	 fish	 predators,	370	

especially	due	to	the	presence	of	filamentous	algal	mats	in	the	meadow.	Algal	mats	were	thick	in	371	

early	 summer	 and	 had	 mostly	 disappeared	 by	 August,	 but	 they	 were	 patchy	 and	 unevenly	372	

distributed,	making	it	difficult	to	estimate	how	they	contribute	to	habitat	complexity	and	food	373	

availability	(Norkko	et	al.,	2000).	While	algal	cover	did	not	affect	habitat	complexity	differences	374	

between	habitats	 (habitat	complexity	was	always	 lowest	 in	 the	sand	 flat),	 the	algae	may	have	375	

homogenized	small-scale	differences	in	shoot	density	within	the	eelgrass	meadow	(Brooks	and	376	

Bell,	2001).	Macroalgal	mats	 	are	currently	a	major	threat	to	benthic	habitats	 in	the	Baltic	Sea	377	

(Vahteri	 et	 al.,	 2000;	 Lehvo	 and	 Bäck,	 2001).	 In	 addition	 to	 reducing	 light	 availability	378	

(Gustafsson	 and	 Boström,	 2014)	 and	 inducing	 hypoxia	 (Norkko	 and	 Bonsdorff,	 1996),	379	

macroalgal	mats	may	alter	trophic	interactions	between	mesopredators	and	invertebrate	prey	380	

in	vegetated	habitats	(Gagnon	et	al.,	2017).	381	

Our	examination	of	stickleback	stomachs	confirm	previous	studies	showing	that	sticklebacks	382	

have	a	varied	diet,	consisting	of	amphipods	(between	13-45	%;	Reiss	et	al.,	2014;	Candolin	et	al.,	383	

2016;	Jakubavičiūtė	et	al.,	2017),	copepods,	ostracods,	chironomids,	fish	eggs,	and	cladocerans.	384	

They	 could	 thus	 contribute	 to	 reduced	 amphipod	 grazing	 on	 filamentous	 algae,	 as	 has	 been	385	

suggested	 (Sieben	 et	 al.,	 2011a;	 Donadi	 et	 al.,	 2017),	 though	 these	 trophic	 cascades	 may	 be	386	

relatively	weak	compared	 to	other	 fish	 (Reiss	et	 al.,	 2014;	Candolin	et	 al.,	 2016),	 and	 the	 link	387	

between	 sticklebacks	 and	 filamentous	 algal	 blooms	 remains	unclear.	 The	 reciprocal	 effects	 of	388	

filamentous	algae	on	sticklebacks	are	also	difficult	to	predict:	algae	may	have	negative	effects	on	389	

stickleback	breeding	and	feeding	(Quesenberry	et	al.,	2007;	Wong	et	al.,	2012),	but	these	can	be	390	

mediated	through	behavioural	changes	(e.g.	Candolin	et	al.,	2014).	391	

Although	they	had	 lower	predation	success	 in	the	complex	habitats	(high	complexity	Fucus	392	
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and	medium	complexity	Zostera),	sticklebacks	preferred	these	in	the	aquarium	experiment	over	393	

the	sand	(low	complexity,	high	predation	success),	and	were	also	more	abundant	 in	the	Fucus	394	

and	Zostera	in	the	field	(pers.	obs.).	Here	we	discuss	how	bottom-up	(food	availability)	and	top-395	

down	(predation	pressure)	processes	could	potentially	explain	this	pattern.	396	

	(1)	 Food	 availability:	 Higher	 food	 availability	 likely	 indicates	 higher	 encounter	 rates	 and	397	

thus	 overall	 higher	 food	 intake	 in	 high	 complexity	 habitats	 despite	 lower	 predation	 success.	398	

While	both	Fucus	and	Zostera	support	high	densities	of	associated	invertebrates,	the	community	399	

composition	 and	 dominant	 species	 of	 these	 two	 habitats	 differ	 (Törnroos	 et	 al.,	 2013).	 The	400	

results	 of	 our	 epifaunal	 sampling	 match	 general	 patterns	 observed	 in	 these	 habitat.	 Most	401	

species	are	present	in	both	habitats,	but	bivalves	and	hydrobid	gastropods	are	more	abundant	402	

in	 Zostera	 (Boström	 and	 Bonsdorff,	 1997;	 Fredriksen	 et	 al.,	 2005;	 Gustafsson	 and	 Boström,	403	

2009),	while	crustaceans	(isopods	and	amphipods)	and	larger	gastropods	are	more	abundant	in	404	

Fucus	(Wikström	and	Kautsky,	2007;	Fredriksen	et	al.,	2005).	Smaller	prey	such	as	chironomid	405	

larvae,	 copepods	and	polychaetes	 can	be	highly	 abundant	 in	Zostera	(Boström	and	Bonsdorff,	406	

1997;	Gustafsson	and	Boström,	2009),	 and	 thus	 food	 is	 likely	not	 the	defining	 factor	affecting	407	

habitat	choice	between	Fucus	and	Zostera.	Though	tethered	prey	were	readily	eaten	in	the	sand	408	

flat,	 natural	 sources	 of	 large	 prey	 are	 limited	 in	 this	 habitat	 (but	 zooplanktonic	 prey	 such	 as	409	

copepods	and	cladocerans	could	be	present).	410	

(2)	Predation	pressure:	Sticklebacks	are	vulnerable	 to	 larger	predators,	and	the	survival	of	411	

small	 fish	 is	 generally	 correlated	 with	 the	 availability	 of	 complex	 habitats	 (e.g.	 Nelson	 and	412	

Bonsdorff,	1992;	Beukers	and	Jones,	1997;	Adams	et	al.,	2004;	Nanjo	et	al.,	2011).	Experimental	413	

trials	have	shown	that	small	fish	preferentially	choose	complex	vegetation	over	bare	sand	(e.g.	414	

Joseph	et	al.,	2006;	Burfeind	et	al.,	2009).	Here	we	did	not	explicitly	test	predation	pressure	on	415	

sticklebacks,	 but	 used	 habitat	 complexity	 as	 a	 proxy	 for	 shelter	 from	 predation.	 Indeed,	416	

sticklebacks	prefer	sheltered	areas	(Rybkina	et	al.,	2017)	for	feeding	and	breeding,	especially	in	417	

the	presence	of	predators	(Candolin	and	Voigt,	1998;	Ajemian	et	al.,	2015).	As	Fucus	offers	the	418	

highest	habitat	complexity	and	shelter,	this	may	explain	why	sticklebacks	preferred	this	habitat	419	
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to	 the	 others	 in	 aquarium	 experiment,	 and	 in	 the	 field.	 However,	 we	 did	 observe	 many	420	

sticklebacks	in	the	Zostera	meadow,	including	breeding	individuals	and	abundant	juveniles	late	421	

summer,	so	both	Fucus	and	Zostera	are	clearly	important	structured	habitats	for	sticklebacks.	422	

Overall,	stickleback	habitat	use	appears	to	be	driven	by	a	combination	of	predation	success,	423	

food	 availability,	 and	habitat	 complexity.	However,	we	 also	observed	 that	 sticklebacks	 can	be	424	

opportunistic	and	can	make	short	ventures	to	less	sheltered	habitats	if	food	is	present,	as	they	425	

consumed	 tethered	amphipods	 in	 the	sand	habitat.	Predation	pressure	on	sticklebacks	by	 top	426	

predators	in	this	system	may	thus	be	low	enough	that	easily	available	food	is	worth	the	risk	to	427	

venture	from	shelter.	The	relative	importance	of	the	driving	mechanisms	are	likely	to	vary	over	428	

time,	 e.g.	 with	 changing	 seasonal	 abundances	 of	 both	 prey	 and	 predators.	 Further	 loss	 of	429	

structured	habitats	due	to	eutrophication	may	thus	alter	the	trophic	dynamics	of	sticklebacks.	430	

Though	reduced	top-down	pressure	(due	to	decreased	predator	populations)	may	mitigate	this	431	

to	some	extent,	sticklebacks	also	use	structured	habitats	as	breeding	and	feeding	grounds.	432	

Sticklebacks	are	abundant	mesopredators	in	Baltic	Sea	coastal	habitats,	and	may	contribute	433	

to	 trophic	 cascades	 leading	 to	 algal	 blooms	 (Eriksson	 et	 al.,	 2009;	 2012;	 Sieben	 et	 al.,	 2011a;	434	

Donadi	et	al.,	2017)	and	decreased	predatory	fish	populations	(Bergström	et	al.,	2015;	Byström	435	

et	al.,	2015).	While	 their	 role	 in	 the	 trophic	network	 is	 clearly	 important	due	 to	predation	on	436	

invertebrate	mesograzers	such	as	amphipods,	this	influence	is	limited	to	early	summer	(though	437	

juvenile	sticklebacks	continue	to	exert	pressure	on	smaller	prey	later	in	the	year).	Here,	we	only	438	

explored	a	fraction	of	the	trophic	role	of	three-spined	sticklebacks,	namely	the	influence	of	adult	439	

sticklebacks	on	mesograzers	 in	coastal	areas	during	daylight	hours.	Habitat	use	at	night	could	440	

differ,	as	could	the	effects	on	pelagic	trophic	networks	in	late	summer,	when	adult	sticklebacks	441	

move	 offshore	 (Peltonen	 et	 al.,	 2004;	 Jakubavičiūtė	 et	 al.	 2017).	 At	 the	 same	 time,	 juvenile	442	

sticklebacks	 remain	 highly	 abundant	 in	 coastal	 areas,	 especially	 in	 seagrass	 (Rybkina	 et	 al.,	443	

2017),	where	they	 likely	exert	high	predation	pressure	on	much	smaller	prey.	However,	more	444	

extensive	sampling	would	be	needed	 to	determine	 the	distribution	and	role	of	 sticklebacks	 in	445	

the	trophic	network	of	different	habitats	throughout	the	year.	446	
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	447	
5.	Conclusion	448	

In	 a	 system	 with	 habitats	 of	 differing	 complexity,	 habitat	 use	 by	 a	 mesopredatory	 fish	449	

increases	 with	 complexity,	 potentially	 trading	 off	 lower	 predation	 success	 for	 higher	 food	450	

availability	 and	 shelter.	 The	 continued	 loss	 of	 complex	 coastal	 habitats	 due	 to	 eutrophication	451	

and	 algal	 blooms	 could	 thus	 affect	 habitat	 selection	 and	 trophic	 dynamics	 of	 sticklebacks,	 as	452	

food	 availability,	 shelter,	 and	 breeding	 areas	 are	 likely	 to	 be	 reduced.	 The	 distribution	 of	453	

mesopredatory	fish	and	their	invertebrate	prey	in	the	northern	Baltic	Sea	is	intrinsically	linked	454	

to	the	availability	of	structured,	complex	habitats.	455	
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Figure	legends	713	

Fig.	1.	Density	(mean	±	SE)	in	July	of	potential	epifaunal	prey	(including	Idotea	spp.	and	714	

Gammarus	spp.)	in	Fucus	and	Zostera	habitats.	715	

Fig.	 2.	 Predation	 rates	 over	 24	h	 on	 (a)	 amphipods	 (Gammarus	 spp.)	 and	 (b)	 isopods	716	

(Idotea	 spp.)	 in	 different	 habitats	 in	 June,	 July,	 and	 August	 (calculated	 from	 10	717	

tethers/month	for	each	prey.	Different	letters	indicate	significant	differences	(p<0.05)	718	

in	predation	rate.	719	

Fig.	 3.	 Predation	 rates	 over	 24	h	 on	 (a)	 amphipods	 (Gammarus	 spp.)	 and	 (b)	 isopods	720	

(Idotea	spp.)	 inside	 and	on	 the	 edge	 of	 a	 seagrass	meadow	 in	 June,	 July,	 and	August	721	

calculated	 from	10	 tethers/month	 for	each	prey.	 In	 June	(before	dotted	 line),	 tethers	722	

were	 placed	 in	 natural	 seagrass.	 In	 July	 and	August	 (after	 dotted	 line),	 tethers	were	723	

placed	in	artificial	seagrass	units	(ASUs)	with	high	(HD)	and	low	(LD)	shoot	densities.	724	

Different	letters	indicate	significant	differences	(p<0.05)	in	predation	rate.	725	

Fig.	 4.	 Predation	 rates	 over	 8h	 (mean	±	SE)	 of	 two	 stickleback	 size	 classes	 on	 two	726	

amphipod	 size	 classes	 in	 Zostera,	 Fucus,	 and	 bare	 sand	 habitats	 in	 experimental	727	

aquaria.	Different	letters	indicate	significant	differences	(p<0.05)	between	treatments.	728	

Fig.	 5.	 Proportion	 (with	 95%	 confidence	 limits)	 of	 sticklebacks	 (n=24)	 preferring,	 i.e.	729	

spending	 the	 most	 time	 in,	 Fucus,	 Zostera	 and	 bare	 sand	 habitats	 in	 experimental	730	

aquaria.	All	habitats	occupied	the	same	area	in	the	aquaria	and	were	equally	available.	 	731	
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