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EFFECTS	OF	ANTHROPOGENIC	CHANGES	ON	THE	COASTAL	ZONE	

Sandy	 beaches	 dominate	 the	 world´s	 coastlines	 (Dugan	 et	 al.,	 2010;	
McLachlan	 &	 Brown,	 2006),	 with	 more	 than	 half	 of	 the	 population	 living	
within	 60	 km	off	 the	 coastline,	 increasing	 to	 75%	 in	 2020	 (UNCED,	 1992).	
However,	coastal	ecosystems	in	general,	and	sandy	beaches	in	particular,	are	
currently	one	of	the	most	heavily	used	and	threatened	ecosystems	globally,	
due	 to	human	activities	 (Defeo	 et	 al.,	 2009;	Barbier	 et	 al.,	 2011).	 Effects	 of	
human	activities	exist	on	various	spatio‐temporal	scales	(Defeo	et	al.,	2009)	
and	are	most	often	cumulative	in	nature	(Harris	et	al.,	2015).		
	
A	major	 indirect	human	 impact	 constitutes	 climate	 change.	 Climate	 change	
affects	the	coastal	zone	on	a	large	spatial	and	temporal	scale,	and	comprises	
of	 temperature	 rise,	 sea	 level	 rise,	 acidification	 and	 increased	 storm	
occurrence	and	intensity.	Temperature	rise	and	acidification	can	affect	beach	
organisms	 directly,	 by	 driving	 narrow	 ranged	 species	 that	 lack	 dispersive	
larval	stages	out	of	 their	ranges	because	they	are	outpaced	by	temperature	
changes,	 and	 by	 reducing	 the	 calcium	 metabolism	 of	 crustaceans	 and	
molluscs	 due	 to	 declining	 pH	 levels	 (Defeo	 et	 al.,	 2009;	 Schoeman	 et	 al.,	
2014).		
In	addition,	rising	temperatures	cause	sea	level	rise,	which	will	push	beaches	
inland.	Especially	flat	profiled	(dissipative)	beaches	are	susceptible	because	
of	their	erosive	nature.	Intensified	storms	will	be	another	source	of	erosion	
of	sandy	beaches.	
On	the	landward	side	of	sandy	beaches,	urban	development	and	agricultural	
activities	occur	on	or	just	behind	the	dunes,	leading	to	claims	on	the	need	for	
coastal	 defence.	 Solutions	 for	 coastal	 protection	 are	 often	 sought	 in	
engineering	constructions	such	as	dykes,	sea	walls	and	groins,	so	called	hard	
solutions.		
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As	a	consequence,	the	largest	threat	facing	sandy	beaches	is	coastal	squeeze	(Schlacher	et	
al.,	2007a;	2006;	Defeo	et	al.,	2009).	Beaches	are	trapped	(“squeezed”)	between	rising	sea	
levels	and	erosion	on	 the	sea	side	and	 increasing	coastal	development	and	hard	defence	
structures	on	 the	 land	 side.	 The	 resulting	narrow	beach	 zone	 leaves	no	 room	 for	 inland	
migration	of	sandy	beaches	(Dugan	et	al.,	2010;	Galbraith	et	al.,	2002)	that	would	occur	as	
a	natural	process	following	sea	level	rise.	Moreover,	increasing	storm	intensity,	as	part	of	
climate	change,	will	intensify	erosion	even	more,	amplifying	the	effects	of	coastal	squeeze.	
As	 a	 consequence,	 sandy	 beach	 ecosystems	 may	 change,	 or	 possibly	 even	 disappear	
(Brown	&	McLachlan,	2002;	Defeo	et	al.,	2009;	Dugan	et	al.,	2010;	Pilkey	&	Cooper,	2014).		
	
Soft	solutions	such	as	sand	nourishments	are	a	better	alternative	to	counteract	erosion	and	
replenish	 the	 lost	 sand.	 However,	 also	 beach	 nourishments	 can	 have	 negative	
consequences	 to	 sandy	beaches:	 as	 a	 result	 of	 beach	nourishments,	 all	 inhabitant	macro	
invertebrate	fauna	may	die	due	to	the	large	burden	of	sand.	Nourishments	will	also	change	
the	 natural	 beach	 profile,	 which	 will	 have	 to	 be	 recolonized	 with	 new	 fauna,	 possibly	
altering	the	original	faunal	and	algal	community.	Beach	nourishments	are	sometimes	also	
used	 as	 a	 means	 to	 increase	 recreation,	 to	 create	 nicer	 and	 wider	 beaches.	 However,	
recreation	 can	 also	 influence	 sandy	 beach	 ecology	 in	 a	 negative	 way,	 for	 instance	 by	
disturbing	and	 trampling	 the	beach	 fauna	and	by	 leaving	 litter	on	 the	beach.	Mechanical	
beach	 cleaning	 is	 often	 applied	 to	 remove	 litter,	 especially	 on	 high	 tourism	 beaches.	
However,	mechanical	beach	cleaning	not	only	disturbs	 the	sand	by	 raking	and	sieving	 it,	
but	 also	 removes	 organic	 wrack	 from	 the	 beach,	 which	 is	 an	 important	 resource	 for	
supralittoral	 crustaceans	 and	 insects,	 and	 a	 potential	 starting	 point	 for	 embryonic	 dune	
formation.	 Other	 human	 activities	 that	 disturb	 and	 damage	 the	 coastal	 zone	 include	
pollution,	 beach	mining	 (removal	 of	 sand	 for	 usage	 elsewhere)	 and	 exploitation	 such	 as	
(over)fishing.	All	those	negative	effects	of	human	activities	add	up	to	the	effects	of	coastal	
squeeze.	
	

ECOSYSTEM	SERVICES	

The	predicted	 shift	 of	 human	populations	 towards	 the	 coast	 (UNCED,	1992)	 emphasizes	
the	 large	socio‐economic	values	which	are	 represented	 in	 the	coastal	zone.	These	values	
are	related	to	the	provision	of	a	range	of	ecosystem	services	(ES)	(Schlacher	et	al.,	2008a;	
Defeo	 et	 al.,	 2009;	 Dugan	 et	 al.,	 2010;	 Barbier	 et	 al.,	 2011).	 Ecosystem	 services	 can	 be	
defined	 as:	 “the	 benefits	 humans	 derive	 from	 ecosystems”	 (MEA,	 2005).	 With	 the	
increasing	human	activities	that	threaten	the	coastal	zone	and	sandy	beaches	in	particular,	
those	benefits	are	also	under	threat.	The	potential	 loss	of	ecosystem	services	emphasizes	
the	 importance	 of	 preserving	 beach	 ecosystems.	 Ecosystem	 services	 can	 support	 the	
human	population	in	various	ways,	which	are	described	below.		
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Surf	 zones	 and	 beaches	 (Figure	 1.1,	 Figure	 1.5)	 are	 often	 a	 source	 of	 bait	 and	 food	
organisms	 for	humans	 (Defeo	et	al.,	2009;	Barbier	et	 al.,	 2011),	 like	worms	and	bivalves	
respectively.	The	large	dune	sand	body	stores	water	in	aquifers	and	filters	and	purifies	it,	
after	which	it	 is	often	used	as	drinking	water	(van	der	Meulen	et	al.,	2004;	Barbier	et	al.,	
2011).	This	kind	of	ecosystem	services	where	products	are	obtained	from	ecosystems,	are	
termed	provisioning	services	(Birkhofer	et	al.,	2015).		
Regulating	 ecosystem	 services	 include	 benefits	 that	 are	 obtained	 from	 the	 regulation	 of	
ecosystem	processes,	such	as	the	coastal	zone	providing	a	means	of	sediment	storage	and	
transport,	 being	 a	 dynamic	 response	 to	 sea	 level	 rise	 when	 given	 room	 to.	 Nearshore,	
surfzones,	 beaches	 and	 dunes	 dissipate	waves	 and	 are	 a	 buffer	 against	 extreme	 events,	
such	as	storms.	Sandy	shores	 therefore	play	a	crucial	 role	 in	 the	safety	of	 the	hinterland	
against	flooding.	Organic	materials	and	pollutants	infiltrate	in	the	sand	and	are	subjected	
to	microorganisms	that	assist	in	the	decomposition.		
More	visible	are	 the	cultural	 services,	 such	as	recreational	opportunities	 that	 the	coastal	
zone	offers,	from	beautiful	scenery	to	all	kinds	of	sportive	activities	such	as	kite	surfing.		
Besides	 services	 that	 are	 clearly	 of	 direct	 advantage	 to	 humans,	 sandy	 shores	 also	 have	
supporting	 services,	 which	 underpin	 all	 other	 services	 (Birkhofer	 et.	 al.,	 2015).	 Beach	
ecosystems	are	an	important	component	in	the	processing	of	organic	matter	and	nutrients,	
by	filtering	the	seawater	through	the	porous	sand	body,	and	the	mineralisation	of	organic	
matter	 and	 recycling	 of	 nutrients	 through	 its	 biota	 (Schlacher	 et	 al.,	 2008a;	Defeo	 et	 al.,	
2009).	The	 intertidal	macro	 invertebrate	 fauna	plays	a	key	 role	 in	 the	 sandy	beach	 food	
chain,	 where	 filter	 feeders	 and	 deposit	 feeders	 turn	 over	 high	 amounts	 of	 particulate	
organic	matter,	epipsammic	microflora	and	even	meiofauna	(McLachlan	&	Brown,	2006).	
In	turn	they	are	an	important	food	source	for	different	kinds	of	predators	such	as	wading	
birds	(e.g.,	sanderling	Calidris	alba),	juvenile	fishes	(e.g.,	flatfish	Pleuronectes	platessa)	and	
larger	crustaceans	(e.g.,	brown	shrimp	Crangon	crangon)	(Thijssen	et	al.,	1974;	Beyst	et	al.,	
2001;	Speybroeck	et	al.,	2008a).	Sandy	beach	surf	zones	offer	an	 important	nursery	area	
for	 juvenile	 (flat)	 fishes,	 and	 many	 shorebirds,	 turtles	 and	 pinnipeds	 (i.e.	 seals	 and	
sealions)	use	beaches	for	nesting	and	breeding.	Most	species	that	live	on	sandy	beaches	are	
not	found	in	other	environments,	making	sandy	beaches	important	in	the	maintenance	of	
biodiversity	 and	 genetic	 resources	 (Schlacher	 et	 al.,	 2008a;	 Defeo	 et	 al.,	 2009).	 Algae,	
plants	 and	 animal	 carcasses	 that	 drift	 ashore	 are	 an	 important	 resource	 for	 specific	
crustaceans	and	insects	(Schlacher	et	al.,	2008a),	which	in	turn	play	an	important	role	 in	
the	 turnover	 of	 this	 organic	material.	Moreover,	 this	 organic	wrack	 offers	 pioneer	 dune	
vegetation	a	chance	to	establish,	due	to	substrate	stability	and	nutrient	availability,	being	
the	beginning	of	embryo	dunes.	All	these	functions	make	sandy	beaches	the	functional	link	
between	 the	 terrestrial	 and	marine	 environment	 in	 the	 coastal	 zone	 (Figure	 1.1,	 Figure	
1.5).		
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Figure	1.1.	Sensitivity	curve	for	a	typical	sandy	coastline	(top).	The	areas	(bottom)	most	sensitive	to	
human	 activities	 are	 the	 higher	 supralittoral	 and	 foredunes,	 with	 sensitive	 features	 such	 as	 dune	
vegetation,	nesting	turtles	and	birds,	supralittoral	fauna,	the	water	table,	fishery	areas,	rare	species,	
archaeological	 sites,	 dynamic	 and	 fragile	 habitats	 and	 high	 wilderness	 quality	 (adjusted	 after	
McLachlan	&	Brown,	2006).	LW=	low	water	tide,	HW=	high	water	tide.	

	

SOCIETAL	CHALLENGES		

From	the	above,	it	becomes	clear	that	ecosystem	services	offered	by	sandy	beaches	are	of	
vital	 importance	to	humanity.	 It	has	many	additional	values	to	being	a	coastal	protection	
object	 alone.	However,	 climate	 change	 and	human	activities	pose	a	 serious	 threat	 to	 the	
natural	 functioning	of	 sandy	beaches,	 and	with	 that,	 the	 continued	existence	of	 the	wide	
range	 of	 ecosystem	 services	 is	 at	 stake.	 Loss	 of	 biodiversity,	 ecosystem	 functions	 and	
coastal	 vegetation	 in	 coastal	 ecosystems	 may	 already	 have	 contributed	 to	 biological	
invasions,	declining	water	quality	and	decreased	coastal	protection	(Barbier	et	al.,	2011),	
which	shows	the	importance	of	preserving	coastal	ecosystem	services.	Consequently,	to	be	
able	 to	 predict	 the	 effects	 of	 the	 foreseen	 climatic	 changes	 (Brown	&	McLachlan,	 2002;	
Defeo	 et	 al.,	 2009;	 Dugan	 et	 al.,	 2010;	 Pilkey	 &	 Cooper,	 2014)	 and	 of	 human	 activities	
(Schlacher	 et	 al.,	 2008a;	 Defeo	 et	 al.,	 2009),	 and	 to	 protect	 sandy	 beach	 ecosystems,	 a	
proper	understanding	of	the	functions	and	services	of	the	sandy	beach	ecosystem	and	how	
it	 responds	 to	 environmental	 change	 and	 the	 negative	 effects	 of	 human	 activities	 is	
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necessary.	 This	 asks	 for	 in	 depth	 knowledge	 on	 the	 effects	 of	 different	 drivers	 on	 the	
ecosystem	functioning	of	sandy	beaches	and	the	impacts	of	human	activities	thereof.		
	

GENERAL	CONCEPTS	IN	BEACH	ECOSYSTEM	FUNCTIONING	
Ecologically,	 the	sandy	beach	ecosystem	consists	of	 two	distinct	systems:	a	more	marine	
system,	from	the	surf	zone	up	to	storm	drift	 line,	and	a	more	terrestrial	system	from	the	
high	tide	mark	or	drift	line	up	to	the	dunes	(limit	of	active	dunes,	Figure	1.1;	Figure	1.5).	
Although	 often	 suggested	 as	 ecologically	 distinct,	 surf	 zones	 and	 dunes	 are	 connected	
through	 the	 interchange	 of	 sand	 on	 beaches	 by	 waves	 and	 wind,	 forming	 a	 single	
geomorphic	system,	which	 is	referred	to	as	 the	 littoral	active	zone	(McLachlan	&	Brown,	
2006;	Figure	1.1;	Figure	1.5).	This	makes	sandy	beaches	the	vital	link	between	the	marine	
and	terrestrial	environment.			
The	area	literally	linking	the	wet	marine	environment	and	the	dry	terrestrial	beach	is	often	
referred	to	as	the	intertidal	zone	(Figure	1.2),	from	the	low	tide	mark	up	to	the	high	tide	
mark.	 It	 inhabits	 macro	 invertebrate	 fauna	 as	 well	 as	 microscopic	 organisms	 (animals,	
plants,	 protozoans	 and	 bacteria).	 Macro	 invertebrates	 are	 the	 most	 abundantly	 studied	
group	on	sandy	beaches	(Nel	et	al.,	2014)	and	are	well	adapted	to	the	life	in	the	dynamic	
environment	 in	 the	 high	 energy	 swash	 climate	 of	 the	 intertidal	 zone.	 They	 show	 a	 high	
mobility	 and	 fast	 burrowing	 behaviour,	 together	 with	 orientation	 skills	 to	 be	 able	 to	
maintain	their	position	in	the	intertidal	zone.	These	orientation	skills	are	especially	highly	
developed	 in	 the	macro	 invertebrate	 fauna	 inhabiting	 the	supralittoral	zone	of	 the	beach	
(Figure	1.2),	above	the	high	tide	mark	(e.g.,	Scapini,	2006).	Species	of	this	(semi)	terrestrial	
fauna,	such	as	air‐breathing	amphipods,	 isopods	and	brachyura	(crabs),	also	show	a	high	
mobility	and	complex	responses	to	environmental	cues.	This	enables	them	to	demonstrate	
day‐night	and	tidal	migration	rhythms	to	avoid	predation	and	to	maximize	food	resources	
(e.g.,	McLachlan	&	Brown,	2006),	which	mainly	consist	of	organic	(macro	algal)	wrack	and	
carrion	(dead	animal	remains),	deposited	by	the	waves.		
In	turn,	this	organic	wrack	can	serve	as	a	substrate	for	pioneer	dune	vegetation,	providing	
both	 stability	 and	 nutrients.	When	wind‐blown	 sand	 is	 transported	 over	 the	 beach,	 it	 is	
trapped	 in	 the	 vegetation,	 forming	 embryo	 dunes.	 With	 pioneer	 dune	 vegetation	 being	
usually	 the	 only	 vegetation	 on	 a	 beach,	 sandy	 beaches	 are	 generally	 only	 sparsely	
vegetated.	 This	 is	 attributed	 to	 severe	 environmental	 stresses,	 which	 require	 highly	
specialized	plant	species.	However,	when	a	beach	is	(partly)	cut‐off	from	the	sea,	a	“green	
beach”	 can	 develop	 (Figure	 1.2),	 that	 can	 consist	 of	 a	mosaic	 or	 complex	 of	 dune	 slack,	
dune	 and	 salt	 marsh	 vegetation	 (Esselink	 et	 al.,	 2009).	 Green	 beaches	 are	 known	 for	
occurring	on	barrier	 islands,	especially	on	island‐heads,	and	on	washover‐complexes	and	
on	sandy	beaches	at	the	exposed	side	of	an	island,	and	can	develop	due	to	a	surplus	of	sand	
in	the	coastal	waters,	either	 from	natural	sources	or	 from	sand	nourishments.	This	extra	
sand	 budget	 can	 lead	 to	 either	 sandbanks	 getting	 attached	 to	 the	 island,	 or	 to	 the	
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development	 of	 embryo	 dunes,	 especially	 on	 flat	 and	 wide	 beaches,	 both	 resulting	 in	 a	
more	 sheltered	 environment	 on	 the	 beach.	 Green	 beaches	may	 disappear	 quickly	 when	
large‐scale	dynamic	processes	become	less	favourable	(Esselink	et	al.,	2009),	for	instance	
in	case	of	a	storm.	
	

	
Figure	1.2.	A	sandy	beach	with	zonation	(Schiermonnikoog,	picture	by	Rijkswaterstaat).	

	

PHYSICAL	AND	ABIOTIC	FACTORS	CONTROLLING	SANDY	BEACH	ECOSYSTEMS	

Sandy	beaches	are	generally	harsh	environments	with	the	physical	environment	being	the	
main	driver	of	ecological	processes.	Exposed	sandy	beaches	can	be	classified	according	to	
interactions	between	 tide	 range,	wave	energy	and	sand	characteristics,	which	determine	
the	morphodynamic	state	of	the	beach	and	surf	zone	(Short,	1996;	Figure	1.3).		
	
The	 morphodynamic	 state	 is	 experienced	 by	 macro	 invertebrate	 fauna	 as	 the	 swash	
climate	 and	 sand	 texture	 and	 stability.	 Increasing	 harshness	 in	 the	 swash	 climate	 will	
exclude	 intertidal	 macro	 invertebrate	 species	 towards	 the	 more	 reflective	 beaches,	
increasing	species	richness,	abundance	and	biomass	from	reflective	to	dissipative	beaches	
(Swash	Exclusion	Hypothesis	(SEH)).	On	extremely	reflective	beaches,	supralittoral	species	
would	 be	 the	 only	 ones	 capable	 of	 surviving	 the	 harsh	 conditions	 of	 the	 habitat	
(McLachlan,	1993).		
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Figure	1.3.	A	simplified	classification	of	beaches	based	on	the	dimensionless	fall	velocity	and	relative	
tide	 range	 (Short,	 2001).	 Wave‐dominated	 beaches	 (top)	 have	 an	 RTR<3,	 whereas	 tide‐modified	
beach	 types	have	RTR	3–15	(lower)	 (from	Short,	2001).	Hb=	breaker	height;	ws=	sand	 fall	velocity	
(related	to	sediment	grain	size);	T=	wave	period;	MSR=	mean	spring	 tide	range.	Reflective	beaches	
have	 a	 coarse	 grain	 size,	 steep	 beaches	 and	 narrow	 surf	 zones,	while	 dissipative	 beaches	 are	 fine	
grained,	flat	and	have	wide	surf	zones.	Intermediate	beaches	show	characteristics	that	are	in	between	
reflective	and	dissipative	beaches.	

	
Adding	 to	 the	 importance	 of	 swash	 climate,	 Brazeiro	 (2001)	 emphasized	 the	 role	 of	
sediment	 texture	 and	 erosion‐	 accretion	 dynamics,	 resulting	 in	 coarser	 grain	 sizes	 also	
excluding	 species	 from	 reflective	 systems	 (expanded	 SEH	 or	Multicausal	 Environmental	
Severity	Hypothesis).	In	harsh	beach	environments,	organisms	will	divert	more	energy	to	
maintenance,	 resulting	 in	 lower	 reproduction	 and	 higher	 mortality	 (Habitat	 Harshness	
Hypothesis	(HHH):	(Defeo	et	al.,	2003).	These	processes	are	assumed	to	be	post	settlement	
(Soares,	 2003).	 However,	 the	 SEH	 and	 HHH	 did	 not	 seem	 to	 be	 reliable	 in	 predicting	
species	abundances	and	population	 responses,	 especially	 for	 supralittoral	 species,	which	
are	relatively	independent	of	swash	climate	due	to	their	usually	good	mobility.	Therefore,	
(Defeo	 &	 Gómez,	 2005)	 introduced	 the	 Habitat	 Safety	 Hypothesis	 (HSH),	 taking	 into	
account	 swash	 climate,	 sediment	 effects	 and	 life	 history	 traits	 of	 species.	 Supralittoral	
species,	and	crustaceans	in	particular,	seem	to	profit	from	the	narrow	swashes	and	steep	
slopes	 of	 reflective	 beaches	 (which	 make	 a	 more	 stable	 and	 safer	 environment	 for	
supralittoral	 species)	 with	 higher	 abundance	 and	 species	 richness	 (Defeo	 &	McLachlan,	
2011),	 as	 opposed	 to	 intertidal	 species.	 Additional	 advantage	 has	 been	 attributed	 to	
scavenger	 crustaceans,	 such	 as	 several	 talitrid	 amphipods,	 which	 are	 present	 on	 sandy	
beaches	of	all	morphodynamic	types	(Defeo	&	McLachlan,	2011).	
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All	 this	 can	 be	 summarized	 in	 a	 general	 conceptual	 model:	 hypothesis	 of	 macroscale	
physical	control	(Figure	1.4;	Defeo	&	McLachlan,	2011),	where	species	richness	increases	
from	reflective	 towards	dissipative	beaches	and	 tidal	 flats.	On	reflective	beaches,	 species	
richness	 is	 mainly	 controlled	 by	 the	 interaction	 of	 physical	 factors	 such	 as	 sand,	 tides,	
waves	 and	 beach	 face	 slope.	 Towards	 more	 dissipative	 beaches	 and	 at	 finer	 scales,	
biological	 factors	 such	 as	 predation,	 competition	 and	 disturbance	 may	 become	 more	
important	 in	 controlling	 species	 richness	 (McLachlan	 &	 Jaramillo,	 1995;	 Defeo	 &	
McLachlan,	2005;	McLachlan	&	Brown,	2006).	Similar	patterns	are	present	for	abundance	
and	biomass	(Defeo	&	McLachlan,	2005,	2011).	
	
While	for	fauna	the	beach	may	comprise	of	a	variety	of	benign	to	harsh	environments,	to	
vascular	 plants	 the	 beach	 ecosystem	 is	 a	 harsh	 environment	 (compared	 to	 most	 other	
terrestrial	environments).	Hence,	most	vegetation	mainly	occurs	at	the	least	harsh	coastal	
environment,	being	green	beaches.	Still,	only	few	plant	species	occur	at	green	beaches	and	
physical	and	abiotic	 factors	will	play	a	major	role	 in	structuring	vegetation	communities,	
especially	 in	the	pioneer	stages	(Grootjans	et	al.,	1995).	Only	once	substrate	stability	has	
increased	 through	 pioneer	 species	 such	 as	 Elytrigia	 juncea	 subsp.	 boreoatlantica	 (Sand	
Couch),	embryo	dunes	can	form	and	other	plant	species	increase	in	abundance.	By	the	time	
a	beach	has	been	cut	off	from	the	sea,	a	microbial	mat	has	usually	been	developed,	which	is	
supposed	to	have	additional	stabilising	impacts.		
	

BIOTIC	FACTORS	CONTROLLING	SANDY	BEACH	ECOSYSTEMS	

In	 other	 intertidal	 systems,	 such	 as	 rocky	 shores,	 estuaries	 and	 tidal	 flats,	 communities	
structure	by	interacting	within	and	between	species.	However,	sandy	beaches	have	proven	
to	being	structured	mainly	by	habitat	conditions	(McLachlan	&	Brown,	2006;	Schlacher	&	
Thompson,	2013b).	This	is	especially	the	case	on	reflective	beaches,	but	also	on	disturbed	
sites,	 where	 macroinvertebrate	 communities	 are	 mainly	 physically	 controlled	
(environmentally	 dependent	 growth	 and	mortality).	 Intra‐	 and	 interspecific	 competition	
for	 resources	 (i.e.	 food	 or	 (suitable)	 space)	 is	mainly	 expected	 to	 occur	 at	 beaches	with	
high	 macrofauna	 densities	 and	 species	 richness	 and	 with	 a	 relatively	 stable	 substrate,	
hence,	 at	 dissipative	 or	 undisturbed	 sites.	 However,	 research	 on	 this	 topic	 is	 scarce.	
Similarly,	 predation	 is	 expected	 mainly	 to	 occur	 at	 dissipative	 beaches,	 where	 the	
intertidal	 and	 surf	 zone	 function	 as	 a	 more	 open	 food	 chain.	 Dissipative	 beaches	 have	
higher	 primary	 and	 secondary	 production	 when	 compared	 to	 reflective	 beaches,	 which	
merely	 serve	 as	 interfaces	 processing	 organic	 inputs	 from	 the	 sea.	 Three	 groups	 of	
predators	can	be	distinguished:	(1)	birds,	arachnids	and	insects,	(2)	fish	and	(3)	resident	
invertebrates	 such	 as	 crabs,	 gastropods	 and	 polychaetes	 like	Nephtys,	which	 can	 reduce	
abundances	(Defeo	&	McLachlan,	2005;	McLachlan	&	Brown,	2006;	Tomme	et	al.,	2014).		
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Figure	1.4.	Conceptual	model	of	species	richness	response	to	beach	type.	Intertidal	species	richness	
increases	 from	 reflective	 to	 dissipative	 beaches.	 The	 direction	 of	 arrows	 for	 groups	 denotes	
increasing	 patterns	 in	 species	 richness	 in	 response	 to	 beach	 type.	 The	 theoretical	 framework	 for	
sandy	 beach	 ecology	 is	 shown,	 including	 the	 general	 Autecological	 Hypothesis	 and	 more	 specific	
hypotheses	 defined	 for	 sandy	 beach	 intertidal	 and	 supralittoral	 macrofauna:	 the	 Swash	 Exclusion	
Hypothesis,	 the	Habitat	Harshness	Hypothesis	 and	 the	Hypothesis	 of	Habitat	 Safety	 (from	Defeo	&	
McLachlan,	2011).	

	
Although	biological	 interactions	do	occur	on	 sandy	beaches,	 they	 are	 expected	 to	not	be	
highly	 influential	 in	 structuring	 sandy	 beach	 population	 dynamics	 or	 macrofauna	
communities	 (Defeo	 &	 McLachlan,	 2005;	 McLachlan	 &	 Brown,	 2006;	 Schlacher	 &	
Thompson,	2013b).		
For	 vegetation,	 the	 process	 of	 succession	 from	 pioneer	 communities	 towards	 later	
successional	stages	will	cause	the	vegetation	to	change	from	an	open	and	short	structure	
towards	a	more	closed	and	higher	vegetation.	At	 the	same	time,	accumulation	of	organic	
material	 will	 take	 place	 (Grootjans	 et	 al.,	 1995),	 enabling	 the	 uptake	 of	more	 nutrients,	
which	again	promotes	growth.	During	this	process,	biological	factors,	such	as	competition	
for	light,	will	become	more	apparent.		
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ZONATION	

From	the	above	it	can	be	concluded	that	the	combination	of	physical,	abiotic	and	biological	
interactions	will	lead	to	zonation	on	sandy	beaches,	defined	based	on	physical	or	biological	
features.	 Generally,	 three	 macrofaunal	 zones	 are	 distinguished,	 but	 this	 can	 vary,	
depending	 on	 morphodynamic	 state	 and	 variability	 of	 the	 beach.	 A	 single	 supralittoral	
zone	 exists	 on	 reflective	 beaches	with	 coarse	 sand,	while	 three	 distinctive	 zones	 can	 be	
present	on	fine	grained	dissipative	beaches:	i)	a	supralittoral	zone	above	the	high	water	or	
drift	line	with	air‐breathing	crustaceans,	extending	into	the	dunes,	ii)	a	littoral	or	intertidal	
zone	between	the	drift	line	and	the	effluent	line	(but	often	the	intertidal	zone	is	defined	as	
being	 between	 the	 high	 and	 low	water	 line)	with	 typical	 intertidal	 fauna	 (e.g.,	 cirolanid	
isopods,	 amphipods	 and	 spionid	 polychaetes),	 and	 iii)	 a	 sublittoral	 zone	 that	 is	
permanently	 water‐saturated	 and	 run	 over	 by	 surf	 with	 the	 most	 diverse	 species	
composition	 (Defeo	 &	 McLachlan,	 2005;	 McLachlan	 &	 Jaramillo,	 1995;	 Schlacher	 &	
Thompson,	 2013a).	 The	 across	 shore	 position	 of	 species	 populations	 depends	 on	 the	
susceptibility	 of	 each	 species	 or	 population	 component	 (i.e.	 juveniles	 and	 adults)	 to	 the	
physical	features	and	the	variation	therein.	Physiological	tolerances	and	preferences	to	for	
instance	 temperature,	 moisture	 and	 emersion	 time,	 and	 the	 relation	 between	 sediment	
characteristics	and	burrowing	capability	may	determine	across	shore	patterns	of	species.	
The	ability	to	actively	migrate	in	the	water	column	or	in	the	sediment,	together	with	high	
orientation	capabilities,	will	 enable	organisms	 to	keep	 their	position	on	 the	beach,	while	
small	 individuals	 will	 be	 passively	 transported	 by	 the	 swash.	 Interspecific	 interactions	
such	as	feeding	habits	and	predation	by	for	instance	juvenile	flatfish,	that	mainly	occur	in	
the	sublittoral	and	lower	littoral	zones,	can	also	account	for	variations	in	zonation	patterns	
(Defeo	&	McLachlan,	2005;	Tomme	et	al.,	2014).	Together,	these	drivers	lead	to	a	zonation	
of	 macroinvertebrate	 species	 that	 generally	 show	 an	 increasing	 species	 richness,	
abundance	 and	 biomass	 from	 the	 supralittoral	 beach	 towards	 the	 mid	 intertidal,	
decreasing	 towards	the	end	of	 the	 turbulent	surf	zone	and	then	rising	again	 through	the	
sublittoral	zone	(Janssen	&	Mulder,	2005;	McLachlan	&	Brown,	2006).			
	

EFFECTS	OF	HUMAN	ACTIVITIES	ON	SANDY	BEACH	ECOSYSTEMS	

Human	activities	 such	as	beach	nourishments,	 cleaning	and	 recreation	 affect	 the	natural	
beach	environment	in	various	ways	through	the	abiotic	and	biotic	drivers	discussed	in	the	
previous	section.	Effects	on	beach	inhabitants,	such	as	macro	invertebrates	or	vegetation,	
can	thus	be	direct	or	indirect,	via	changes	in	the	beach	environment.		
	

Beach	nourishments	
Beach	 nourishments	 usually	 cause	 a	 pulse	 disturbance,	 covering	 the	macro	 invertebrate	
community	 on	 the	 beach	with	 an	 overburden	 of	 1‐4	meters	 of	 sand	 (Menn	 et	 al.,	 2003;	
Speybroeck	et	al.,	2006;	Manning	et	al.,	2013),	with	a	rate	that	will	exceed	their	capacity	of	
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burrowing	 upwards,	 causing	 suffocation,	 starvation	 and	 crushing	 of	 the	 animals	
(Speybroeck	et	al.,	2006;	Peterson	et	al.,	2006,	2014;	Schlacher	et	al.,	2012;	Manning	et	al.,	
2013).	Beach	nourishment	may	also	alter	the	physical	environment	on	a	beach.	Typically,	
non‐native	 sand	 is	 added,	 potentially	 resulting	 in	 a	 changed	 sediment	 composition	 (e.g.,	
grain	 size,	 sorting)	 and	 a	 different	 beach	morphology	 (e.g.,	 slope).	 These	 changes	 in	 the	
physical	and	abiotic	environment	can	have	 implications	for	the	recovery	of	beaches	with	
macroinvertebrate	fauna	(Speybroeck	et	al.,	2006),	causing	press	disturbances.	Recovery	is	
defined	as	the	combination	of	migration	of	adults	and	juveniles	and	the	recolonization	by	
larvae,	to	the	original	species	composition	and	abundances.	The	former	also	suggests	that	
species	specific	life	history	traits	affect	the	capability	to	recover	after	beach	nourishments	
(Maurer	et	al.,	1982;	Speybroeck	et	al.,	2006).		
Most	widely	 investigated	 is	 the	effect	of	 sediment	grain	size	on	 the	 recovery	after	beach	
nourishment.	 It	 has	 been	 shown	 that	 altered	 grain	 sizes	 can	 change	 the	 species	
composition	(Colioso	et	al.,	2007)	and	mismatches	in	sediment	size	(either	coarse	or	very	
fine)	cause	recovery	to	be	hampered	(Peterson	et	al.,	2006;	Peterson	et	al.,	2014;	Vanden	
Eede	et	al.,	2014),	for	instance	by	reducing	the	burrowing	ability,	increasing	the	risk	to	be	
transported	out	of	the	intertidal	zone,	or	by	suffocating	of	animals	and	clogging	the	gills	of	
filter	feeders	by	very	fine	material	(Manning	et	al.,	2013;	Viola	et	al.,	2014).	A	wide	range	
short‐term	recovery	times	after	beach	nourishment	have	been	found,	ranging	from	a	few	
months	to	two	years	after	nourishment	(Gorzelany	&	Nelson,	1987;	Peterson	et	al.,	2000,	
2006;	Menn	 et	 al.,	 2003;	 Jones	 et	 al.,	 2008;	 Fanini	 et	 al.,	 2009).	 Since	 recovery	does	 not	
always	seem	to	take	place	within	the	investigated	time	frame	(Adriaanse	&	Coosen,	1991;	
Peterson	et	al.,	2006;	Schlacher	et	al.,	2012),	there	is	a	need	for	longer	recovery	periods	to	
be	 investigated,	 as	was	 done	 by	 Peterson	 et	 al.	 (2014).	 In	 that	 study,	 3‐4	 years	 did	 not	
seem	 to	 result	 in	 the	 complete	 recovery	 of	 the	 macroinvertebrate	 community	 after	
nourishment	 with	 coarse	 shelly	 sediments	 (Peterson	 et	 al.,	 2014).	 Besides	 effects	 on	
macroinvertebrates,	the	impacts	of	beach	nourishments	can	propagate	upwards	to	higher	
trophic	levels	such	as	birds	and	fish	(Peterson	et	al.,	2006;	Grippo	et	al.,	2007;	Manning	at	
al.,	2013;	Peterson	et	al.,	2014;	Viola	et	al.,	2014).	
	

Recreation		
Trampling	 is	 often	 used	 as	 an	 explanation	 for	 tourism	 affecting	 beach	 inhabitants	 and	
vegetation.	However,	the	exact	causes	are	hard	to	separate	from	other	confounding	factors	
such	as	urbanisation	or	human	use	in	general,	shore	armouring,	mechanical	beach	cleaning	
and	pollution	(Schlacher	&	Thompson,	2012).	Beaches	with	high	tourism	rates	have	shown	
to	have	 lower	abundances	of	supralittoral	beach	 fauna	(i.e.	sandhoppers	such	as	Talitrus	
saltator,	and	meiofauna)	when	compared	to	earlier	years	(Weslaswki	et	al.,	2000)	or	to	low	
tourism	beaches	(Gheskiere	et	al.,	2005;	Veloso	et	al.,	2008).	Intertidal	macroinvertebrate	
fauna	 also	 show	 negative	 effects	 of	 trampling	 and	 human	 use	 (Schlacher	 &	 Thompson,	
2012;	 Reyez‐Martinez	 et	 al.,	 2015).	 Urbanised	 beaches	 often	 show	 lower	 abundances	 of	
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macroinvertebrate	 fauna	 (e.g.,	Barros,	 2001;	Veloso	et	 al.,	 2006,	 2008,	 2009),	 but	 effects	
often	seem	to	be	dependent	on	the	interactions	with	other	factors	(e.g.,	Scapini	et	al.,	2005;	
Barca‐Bravo	et	al.,	2008;	Veloso	et	al.,	2006,	2009;	Lucrezi	et	al.,	 2009a).	Direct	physical	
effects	 of	 trampling	 have	 been	 experimentally	 shown,	 causing	 severe	 effects	 on	 beach	
fauna	(Moffett	et	al.,	1998;	Ugolini	et	al.,	2008),	but	human	exclusion	on	an	intertidal	beach	
showed	no	effect	on	the	intertidal	macrofauna	(Jaramillo	et	al.,	1996).		
	

Mechanical	beach	cleaning	
High	 levels	 of	 urbanisation	 or	 recreation	 are	 often	 accompanied	 by	 mechanical	 beach	
cleaning,	to	accommodate	visitors	with	a	“spotless”	beach.	This	currently	common	practice	
(Davenport	 &	 Davenport,	 2006)	 does	 not	 only	 remove	 anthropogenic	 debris,	 but	 also	
resources	for	beach	fauna	and	causes	disturbance	of	the	sand	by	raking	or	sucking	and	by	
compression	 of	 the	 sand	 by	 the	 heavy	 beach	 cleaners	 (Llewellyn	 &	 Shackley,	 1996;	
Colombini	&	Chelazzi,	2003;	Defeo	et	al.,	2009).	This	causes	both	direct	and	indirect	effects	
on	beach	fauna	and	vegetation.	Next	to	a	generally	negative	effect	on	species	richness	and	
abundance	of	macroinvertebrate	species	(Llewellyn	&	Shackley,	1996;	Dugan	et	al.,	2003;	
Gilburn,	2012),	previous	studies	showed	a	negative	effect	on	talitrid	abundance	(Llewellyn	
&	 Shackley,	 1996;	 Dugan	 et	 al.,	 2003;	 Fanini	 et	 al.,	 2005).	 Frequency	 and	 geographical	
intensity	 of	 cleaning	 did	 seem	 to	 affect	 the	 results,	 as	 weekly	 to	 twice	 weekly	 cleaned	
beaches	 on	 small	 beach	 sections	 (compared	 to	 daily	 cleaning	 and	 large	 beach	 sections),	
together	with	relocation	of	collected	macro	algae	to	another	section	of	the	beach,	did	not	
affect	beach	fauna	(Morton	et	al.,	2015).	Vegetation	on	the	other	hand,	was	highly	affected	
by	mechanical	beach	cleaning,	resulting	in	larger	dry	zones	and	lower	plant	abundance	and	
richness	on	cleaned	beaches	(Dugan	&	Hubbard,	2010).		
	

RESEARCH	CHALLENGES	

Although	the	number	of	studies	on	sandy	beach	ecology,	and	the	physical	environment	in	
particular,	 is	 increasing	 over	 the	 past	 years	 (Nel	 et	 al.,	 2014),	we	 are	 only	 beginning	 to	
understand	the	way	human	activities	interact	with	biological	and	physical	factors	in	beach	
ecosystems.	 Studies	 on	 effects	 of	 human	 activities	 on	 sandy	 beaches	 are	 still	 relatively	
scarce	 and	 cumulative	 effects	 are	 seldom	 investigated.	 The	 dynamic	 environment	 of	
beaches	can	be	regarded	as	highly	disturbed	and	variable.	Such	environments	have	been	
proposed	to	be	less	complex	and	to	recover	more	quickly	from	a	disturbance	than	a	benign	
and	 less	 variable	 habitat	 (e.g.,	 review	 in	Bolam	&	Rees,	 2003;	Whomersley	 et	 al.,	 2010).	
Therefore,	 recovery	 from	human	activities	 is	 also	expected	 to	be	 relatively	 fast.	Much	of	
the	research	done	so	far	has	been	short	term	and	as	already	has	been	indicated,	there	is	a	
need	 for	 longer	 term	 investigations.	 Such	 investigations	 should	 also	 show	 whether	
recovery	is	indeed	relatively	fast.		
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Moreover,	existing	studies	have	hardly	made	a	link	to	the	biological	mechanisms	involved.	
Understanding	 these	mechanisms	 requires	 knowledge	 of	 the	 affected	 system,	 and	of	 the	
nature	 of	 the	 activity	 (Underwood	 &	 Kennelly,	 1990).	 Human	 activities	 can	 be	 seen	 as	
disturbances,	where	 the	severity	of	 the	 impact	depends	on	 the	scale	and	duration	of	 the	
impact,	whether	it	is	a	periodic	or	an	episodic	event,	the	characteristics	of	the	environment	
and	of	the	initial	community	structure	(Shoeman	et	al.,	2000;	Bengtsson,	2002).	In	relation	
to	the	latter,	we	generally	see	two	strategies	for	dealing	with	disturbance:	avoidance	and/	
or	 easy	 dispersal,	 and	 true	 tolerance.	 The	 first	 is	 a	 characteristic	 of	 r‐strategists	 (i.e.	
relatively	 small	 organisms,	 fast	 growing,	 short	 lived	 species,	 easy	 dispersal	 in	 large	
numbers,	using	their	environment	maximally),	 the	 latter	of	K‐strategists	 (relatively	 large	
organisms,	 slow	 growing,	 relatively	 long	 lived	 species,	 dealing	 optimally	 with	 their	
environment)	(e.g.,	Pianka,	1970).	Since	(exposed)	sandy	beaches	are	generally	considered	
disturbed	 systems	 (Schlacher	 et	 al.,	 2015),	 the	 species	 community	 of	 sandy	 beaches	 is	
likely	 composed	 of	 mainly	 r‐strategists.	 The	 theory	 of	 r‐K	 strategies	 has	 received	 little	
attention	 in	 sandy	 beach	 ecology,	 and	 in	 the	 general	 discussion	we	will	 link	 this	 to	 the	
disturbances	caused	by	human	activities.	
Moreover,	 up	 till	 now,	 community	 attributes	 like	 species	 richness,	 total	 abundance	 and	
biomass	 have	 been	 the	 main	 variables	 that	 were	 investigated	 in	 relation	 to	 human	
activities.	However,	to	be	able	to	truly	understand	and	predict	‐	beyond	description	‐	how	
the	physical	beach	environment	responds	to	human	interventions,	 the	overarching	cause	
and	 effect	 mechanisms	 should	 be	 clarified	 at	 the	 individual	 and	 population	 level	 (e.g.,	
Defeo	&	McLachlan,	2005).	Mechanisms	can	be	direct,	by	directly	affecting	the	autecology	
of	beach	organisms	(Noy‐Meir,	1979),	or	indirectly,	through	the	environmental	conditions	
that	affect	the	recovery	of	populations	after	a	human	activity.	
	

AIMS	AND	QUESTIONS		

To	deal	with	the	above	challenges,	this	thesis	will	focus	on	human	activities	that	alter	the	
original	 beach	 environment	 by	 adding	 or	 disturbing	 sand	 and	 therewith	 changing	 the	
physics	of	a	beach.	This	is	done	by	studying	both	flora	and	fauna	on	the	beach,	in	both	the	
marine	 and	 terrestrial	 system,	 emphasizing	 the	 interconnectivity	 (through	 sand)	 of	 the	
coastal	system	as	a	whole,	and	the	 littoral	active	zone	 in	particular	(Figure	1.5).	To	get	a	
grip	on	the	mechanisms	involved,	both	field	investigations	and	laboratory	experiments	are	
used,	 in	 which	 beach	 changes	 were	 investigated	 through	 beach	 nourishment	 and	
mechanical	beach	cleaning.	
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Figure	1.5.	Sensitivity	curve	for	a	typical	sandy	coastline	(top).	The	areas	(middle)	most	sensitive	to	
human	 activities	 are	 the	 higher	 supralittoral	 and	 foredunes,	 with	 sensitive	 features	 such	 as	 dune	
vegetation,	nesting	turtles	and	birds,	supralittoral	fauna,	the	water	table,	fishery	areas,	rare	species,	
archaeological	 sites,	 dynamic	 and	 fragile	 habitats	 and	 high	 wilderness	 quality	 (adjusted	 after	
McLachlan	&	Brown,	2006).	Bottom:	 the	 arrows	 refer	 to	 the	 chapters	of	 this	 thesis,	where	 specific	
human	activities	were	studied	 in	specific	parts	of	 the	sandy	beach.	Dotted	arrow	refers	 to	possible	
effects	of	nourishments	extending	into	parts	that	were	not	nourished.	LW=	low	water	tide,	HW=	high	
water	tide.	

	
For	 the	 abovementioned	 human	 activities	 and	 physical	 changes	 to	 sandy	 beaches,	 the	
central	 aims	 of	 this	 thesis	 are	 to	 get	 a	 better	 understanding	 on	 whether	 and	 how	
anthropogenic	changes	affect	species	and	communities.	Moreover,	it	is	tried	to	get	a	more	
mechanistic	 grip	 on	 how	 the	 physical	 processes	 underlying	 the	 anthropogenic	 change	
shape	 species	 abundances	 and	 life	history	 stages	 and	 therewith	 revealing	 (part	 of)	 their	
autecology.	Secondly,	a	better	understanding	of	the	functioning	of	Dutch	sandy	beaches	in	
particular	 is	 aimed	 at,	 to	 add	 to	 the	 knowledge	 that	 is	 needed	 for	 optimal	 coastal	
management	 in	times	of	 increasing	human	(cumulative)	activities	and	their	pressures	on	
the	coastal	ecosystem.	
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The	following	research	questions	were	posed,	which	will	be	answered	in	chapters	2	to	5	
(see	Figure	1.5):	
1. What	are	the	long‐term	recovery	times	of	four	intertidal	dominant	macro	invertebrate	

species	after	beach	nourishment,	alone	and	when	considering	the	additional	 impacts	
of	other	environmental	drivers	on	their	abundances?	

2. How	are	talitrid	abundance	and	the	physical	environment	of	low	wrack	sandy	beaches	
affected	 by	 mechanical	 beach	 cleaning	 and	 which	 physical	 factors	 are	 involved	 in	
affecting	the	supralittoral	talitrid	community	after	beach	cleaning?	

3. Does	T.	saltator	also	feed	on	terrestrial	plant	material	or	does	it	only	rely	on	stranded	
algal	 wrack	 as	 its	 food	 source	 (independent	 of	 the	 availability	 of	 stranded	 algal	
wrack)?	

4. Are	physical	impacts	on	the	different	life	history	stages	of	pioneer	species	from	green	
beaches	affected	by	the	presence	of	a	microbial	mat,	compared	to	the	impact	without	a	
microbial	mat?	

	

OUTLINE	OF	THE	THESIS	

The	research	questions	above	were	investigated	in	the	Dutch	coastal	ecosystem,	which	is	
ideal	 for	 investigations	concerning	human	activities,	since	many	parts	of	 the	Dutch	coast	
are	subject	 to	coastal	 squeeze.	Because	of	 that,	activities	such	as	sand	nourishments	and	
mechanical	beach	cleaning	are	widely	implemented.	Moreover,	the	Dutch	coast	provides	a	
variable	morphological	environment	which	is	very	well	monitored.	
	
In	 chapter	 2,	 the	 recovery	 times	 of	 four	 dominant	macro	 invertebrates	 of	 the	 intertidal	
zone	 after	 beach	 nourishments	 is	 presented.	 A	 chronosequence	 approach	 was	 used	 to	
represent	different	years	since	nourishment,	and	relevant	physical	variables	were	related	
to	the	abundances	of	the	four	species,	in	order	to	elucidate	whether	nourishment	alone,	or	
a	 combination	 of	 nourishment	 and	 physical	 environment	 was	 responsible	 for	 macro	
invertebrate	community	responses.	
Chapter	 3	 deals	 with	 the	 effects	 of	 mechanical	 beach	 cleaning	 on	 macro	 invertebrate	
talitrid	amphipods	living	on	the	supralittoral	beach.	In	a	multivariate	approach	the	effects	
of	cleaning	on	both	the	environment	and	on	talitrid	abundance	was	investigated.	This	was	
thereafter	combined	by	 investigating	 the	relationship	between	animal	abundance	and	an	
array	 of	 sediment	 characteristics,	 which	 may	 underlie	 the	 potential	 effects	 caused	 by	
mechanical	beach	cleaning.	
The	role	of	talitrid	amphipods	in	the	sandy	beach	food	web	is	described	in	chapter	4.	Here,	
it	was	 investigated	whether	Talitrus	 saltator	 feeds	 on	 food	 sources	 other	 than	 stranded	
algal	 wrack.	 A	 no‐choice	 feeding	 experiment	was	 employed,	 after	which	 the	 individuals	
were	 analysed	 for	 nitrogen	 and	 carbon	 stable	 isotopes.	 Feeding	 preferences	 were	
validated	with	stable	isotope	analysis	from	individuals	collected	on	cleaned	and	uncleaned	
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beaches,	 to	 elucidate	 the	 role	 of	 terrestrial	 food	 sources	 in	 the	 talitrid’s	 diet,	 in	 the	
presence	and	absence	of	stranded	algal	wrack,	respectively.			
Chapter	 5	 describes	 how	 germination	 and	 growth	 of	 pioneer	 plant	 species	 that	 live	 on	
“green	beaches”	are	affected	by	both	a	microbial	mat	and	the	physical	impacts	of	sand	and	
salt.	 An	 experimental	 setup	 in	 the	 greenhouse	 was	 used	 to	 investigate	 the	 effects	 of	
germination	and	plants	grown	with	and	without	a	microbial	mat	that	were	subjected	to	the	
physical	 impacts	 of	 salt	 spray,	 sand	burial	 and	 sandblasting.	 It	was	discussed	whether	 a	
microbial	mat	alleviates	the	physical	disturbances	for	those	pioneer	plant	species.		
Finally,	in	chapter	6	the	connections	between	the	chapters	are	discussed,	and	the	zonation	
and	function	of	beaches	as	ecological	connection	between	land	and	sea.	Furthermore,	the	
findings	of	this	thesis	are	placed	within	general	ecological	concepts	(including	reflections	
on	 r‐K	 strategies	 and	 disturbance,	 where	 the	 organisms	 in	 the	 separate	 chapters	 have	
served	as	examples)	and	consequences	for	coastal	management	are	discussed.	
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ABSTRACT	

Coastal	 squeeze	 is	 the	 largest	 threat	 for	 sandy	 coastal	 areas.	 To	 mitigate	
seaward	threats,	erosion	and	sea	 level	rise,	sand	nourishment	 is	commonly	
applied.	However,	its	long‐term	consequences	for	macro‐invertebrate	fauna,	
critical	 to	 most	 ecosystem	 services	 of	 sandy	 coasts,	 are	 still	 unknown.	
Seventeen	sandy	beaches	e	nourished	and	controls	e	were	sampled	along	a	
chronosequence	to	investigate	the	abundance	of	four	dominant	macrofauna	
species	 and	 their	 relations	 with	 nourishment	 year	 and	 relevant	 coastal	
environmental	 variables.	 Dean’s	 parameter	 and	 latitude	 significantly	
explained	 the	 abundance	 of	 the	 spionid	 polychaete	 Scolelepis	 squamata,	
Beach	 Index	 (BI),	 sand	 skewness,	 beach	 slope	 and	 latitude	 explained	 the	
abundance	 of	 the	 amphipod	Haustorius	 arenarius	 and	 Relative	 Tide	 Range	
(RTR),	recreation	and	sand	sorting	explained	the	abundance	of	Bathyporeia	
sarsi.	 For	 Eurydice	 pulchra,	 no	 environmental	 variable	 explained	 its	
abundance.	 For	H.	arenarius,	E.	pulchra	 and	B.	 sarsi,	 there	was	 no	 relation	
with	 nourishment	 year,	 indicating	 that	 recovery	 took	 place	 within	 a	 year	
after	 nourishment.	 Scolelepis	 squamata	 initially	 profited	 from	 the	
nourishment	 with	 “over‐recolonisation”.	 This	 confirms	 its	 role	 as	 an	
opportunistic	species,	 thereby	altering	the	 initial	community	structure	on	a	
beach	 after	 nourishment.	 We	 conclude	 that	 the	 responses	 of	 the	 four	
dominant	 invertebrates	 studied	 in	 the	 years	 following	 beach	 nourishment	
are	species	specific.	This	shows	the	importance	of	knowing	the	autecology	of	
the	sandy	beach	macroinvertebrate	fauna	in	order	to	be	able	to	mitigate	the	
effects	of	beach	nourishment	and	other	environmental	impacts.		 	
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INTRODUCTION		

Sandy	beach	ecosystems	encompass	unique	physical	and	ecological	attributes,	and	provide	
a	 range	of	 ecosystem	services	 (Schlacher	 et	 al.,	 2008a;	Defeo	 et	 al.,	 2009).	They	 link	 the	
marine	 and	 terrestrial	 environment.	 The	 sandy	 beach	 from	 intertidal	 to	 the	 dune	 foot	
provides	 habitats	 for	 a	 diversity	 of	 species:	 e.g.,	 interstitial	 organisms,	 intertidal	
macroinvertebrate	fauna	and	supralittoral	crustaceans	and	insects.	Beach	ecosystems	are	
an	 important	 component	 in	 the	 processing	 of	 organic	matter	 and	 nutrients,	 by	 filtering	
water	 through	 the	 porous	 sand	 body,	 and	 the	 mineralisation	 of	 organic	 matter	 and	
recycling	 of	 nutrients	 through	 its	 biota	 (Schlacher	 et	 al.,	 2008a;	 Defeo	 et	 al.,	 2009).	
Intertidal	macro‐invertebrate	fauna	play	a	key	role	in	the	sandy	beach	food	chain,	where	
filter	 feeders	 and	 deposit	 feeders	 turn	 over	 high	 amounts	 of	 particulate	 organic	matter,	
epipsammic	microflora	and	even	meiofauna	(McLachlan	&	Brown,	2006).	In	turn	they	are	
an	 important	 food	 source	 for	 different	 kinds	 of	 predators	 such	 as	 wading	 birds	 (e.g.,	
sanderling	 Calidris	 alba),	 juvenile	 fishes	 (e.g.,	 flatfish	 Pleuronectes	 platessa)	 and	 larger	
crustaceans	(e.g.,	brown	shrimp	Crangon	crangon)	(Thijssen	et	al.,	1974;	Beyst	et	al.,	2001;	
Speybroeck	et	al.,	2008a).		
The	largest	threat	facing	coastal	zones	and	sandy	beaches	is	coastal	squeeze	(Schlacher	et	
al.,	 2006,	 2007b;	Defeo	 et	 al.,	 2009).	 Beaches	 are	 trapped	 between	 rising	 sea	 levels	 and	
erosion	on	the	sea	side	and	increasing	coastal	development	on	the	land	side.	The	resulting	
narrowed	beaches	 leave	no	room	for	 inland	migration	of	sandy	beaches	(Galbraith	et	al.,	
2002;	Dugan	et	 al.,	 2010)	 that	would	occur	as	 a	natural	 process	 following	 sea	 level	 rise.	
Coastal	 squeeze	 amplifies	 the	 consequences	 of	 erosion	 for	 the	 same	 reasons.	 As	 a	
consequence,	sandy	beaches	may	possibly	disappear	(Brown	&	McLachlan,	2002;	Dugan	et	
al.,	2010),	threatening	the	developed	coastal	inland	areas.		
When	erosion	threatens	 the	physical	attributes	of	sandy	beaches,	 it	 is	often	mitigated	by	
beach	nourishment.	Beach	nourishment	is	generally	considered	to	be	an	environmentally	
friendly	 instrument	 to	 combat	 erosion	 (Dankers	 et	 al.,	 1983;	Adriaanse	&	Coosen,	 1991;	
Hamm	et	al.,	2002;	Speybroeck	et	al.,	2006).	However	research	has	shown	that	ecological	
effects	of	beach	nourishment	are	often	negative	(see	review	in	Speybroeck	et	al.,	2006).	It	
is	 generally	 considered	 to	 be	 of	 critical	 importance	 to	 comprehensively	 determine	 how	
beach	 macroinvertebrates	 respond	 to	 these	 engineering	 interventions	 that	 counteract	
shoreline	change	and	beach	erosion	(Schlacher	et	al.,	2007a,	2008a;	Dugan	et	al.,	2010).		
The	most	obvious	and	direct	 effect	of	beach	nourishment	on	macroinvertebrate	 fauna	 is	
related	to	the	thick	layer	of	sand	that	 is	applied	on	the	beach	during	beach	nourishment.	
The	 thickness	 of	 this	 layer	 can	 range	 from	 one	 to	 four	 metres	 (Menn	 et	 al.,	 2003;	
Speybroeck	et	al.,	2006;	Rijkswaterstaat,	pers.	comm.).	Most	species	are	unlikely	to	survive	
an	overburden	of	sand	of	more	than	1	m,	let	alone	the	more	regularly	used	layers	of	3‐4m	
(Maurer	 et	 al.,	 1982;	 Löffler	 and	 Coosen,	 1995;	 Essink,	 1999;	 Leewis	 et	 al.,	 unpublished	
data).	 It	may	thus	be	assumed	that	no	animals	will	survive	the	nourishment	burden.	The	
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extent	 to	which	animals	are	capable	 to	recover	after	beach	nourishment	depends	on	 the	
specific	life	history	traits	of	each	species	(Maurer	et	al.,	1982;	Speybroeck	et	al.,	2006).	In	
this	paper,	recovery	is	defined	as	the	combination	of	migration	of	adults	and	juveniles	and	
the	recolonisation	by	larvae,	to	the	original	abundances.	In	addition,	recovery	will	depend	
on	 the	 abiotic,	 physical	 and	 biological	 suitability	 of	 the	 nourished	 beach	 for	 the	
macroinvertebrate	fauna	(Speybroeck	et	al.,	2006).	A	nourishment	may	alter	the	physical	
environment	 of	 a	 beach	 by	 adding	 non‐native	 sand,	 potentially	 resulting	 in	 a	 changed	
sediment	 composition	 (e.g.,	 grain	 size,	 sorting),	 and	 a	 changed	 beach	 morphology	 (e.g.,	
slope).	 If	 such	 environmental	 changes	 are	 permanent,	 long‐term	 changes	 in	 the	
macroinvertebrate	 community	 may	 occur.	 Previous	 studies	 had	 a	 sampling	 period	 no	
longer	 than	 two	 years	 (i.e.	 short‐term	 recovery)	 and	 found	 a	 wide	 range	 of	 effects	 and	
recovery	 times	 for	 the	 macroinvertebrate	 fauna	 after	 beach	 nourishment	 (Gorzelany	 &	
Nelson,	1987;	Peterson	et	al.,	2000,	2006;	Menn	et	al.,	2003;	Jones	et	al.,	2008;	Fanini	et	al.,	
2009).	Moreover,	recovery	had	not	always	taken	place	within	the	investigated	(short	term)	
time	 frame	 (Adriaanse	&	Coosen,	 1991;	Peterson	et	 al.,	 2006).	This	 implies	 the	need	 for	
investigations	on	long‐term	recovery,	which	have	not	been	done.	There	is	also	a	need	for	
the	 generalisation	 of	 results	 of	 beach	 nourishment	 impact	 studies	 over	 larger	 areas,	 for	
instance	 for	 management	 purposes	 (e.g.,	 timing	 between	 (cumulative)	 nourishment	
events).	 All	 previous	 studies	 have	 been	 done	 only	 on	 single	 impact	 sites.	 Although	 the	
relation	 of	 sandy	 beach	 species	 richness	 and	 abundance	 with	 their	 environment	 is	
relatively	well	known,	both	on	a	global	(McLachlan	&	Dorvlo,	2005)	and	at	regional	scales	
(e.g.,	McLachlan,	1996;	Incera	et	al.,	2006;	Lercari	&	Defeo,	2006;	Rodil	et	al.,	2006;	De	la	
Huz	 &	 Lastra,	 2008),	 no	 study	 until	 now	 has	 looked	 at	 the	 full	 suite	 of	 environmental	
factors	when	 investigating	beach	nourishment	 impacts	 (with	 the	exception	of	 studies	on	
grain	 size	 distribution,	 e.g.,	 Menn	 et	 al.,	 2003;	 Peterson	 et	 al.,	 2006;	 Jones	 et	 al.,	 2008).	
Therefore	 our	 research	 question	 is:	 What	 are	 the	 long‐term	 recovery	 times	 of	 four	
dominant	 macroinvertebrate	 species	 after	 beach	 nourishment,	 alone	 and	 when	
considering	 the	 additional	 impacts	 of	 other	 environmental	 drivers	on	 their	 abundances?	
We	hypothesised	that	after	an	initial	decline,	species	abundance	would	return	to	the	values	
of	control	sites.		
	

METHODS		

RESEARCH	STRATEGY		

Our	 goal	 was	 to	 get	 a	 general,	 large‐scale	measure	 for	 the	 long‐term	 recovery	 times	 of	
dominant	 intertidal	 beach	 fauna.	 To	 study	 this,	 we	 used	 a	 space‐for‐time	 substitution	
method	(chronosequence)	(Walker	et	al.,	2010),	since	long‐term	monitoring	programmes	
of	nourished	beaches	were	not	present.	This	method	allows	collecting	data	on	 long‐term	
temporal	 changes	 in	 a	 short	 period	 of	 time,	 when	 it	 is	 not	 possible	 to	 actually	 observe	
these	changes	in	a	single	site	because	they	were	in	the	past	or	it	will	take	too	long.	Thirteen	
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different	 beaches	were	 sampled	 that	 each	 had	 been	 nourished	 once	 between	 1994	 and	
2007	(Table	2.1)	during	a	sampling	campaign	in	2007.	Control	beaches	were	incorporated	
by	sampling	four	beaches	that	had	never	been	nourished.	Beaches	were	distributed	across	
400	km	(Figure	2.1),	allowing	conclusions	over	larger	scales.		
The	design	was	set	up	to	sample	the	four	most	abundant	macroinvertebrate	species	known	
on	Dutch	sandy	beaches:	the	spionid	polychaete	Scolelepis	squamata,	 the	isopod	Eurydice	
pulchra,	and	the	amphipods	Haustorius	arenarius	and	Bathyporeia	sarsi	(Janssen	&	Mulder,	
2005;	 unpublished	 data).	 The	 sampled	 species	 represent	 species	 from	 different	 feeding	
guilds	 (Speybroeck	 et	 al.,	 2008a,	 b)	 and	 have	 different	 reproduction	 and	 migration	
strategies	 (see	 Supplementary	 material).	 Sampling	 was	 done	 using	 a	 stratified	 random	
design	between	Mean	High	Water	 (MHW)	and	 just	below	Mid	Tidal	Level	 (MTL)	 (Figure	
2.2),	 representing	 the	 zonation	 of	 these	 species.	 Twenty	 macrofauna	 and	 sediment	
samples	were	taken	at	each	beach	and	relevant	environmental	variables	were	measured.		
Time	 since	 last	 nourishment	 (including	 controls)	 was	 assessed	 to	 analyse	 nourishment	
impacts	on	the	abundances	and	recovery	of	each	single	species.	In	addition,	indirect	effects	
of	 nourishment	 were	 tested	 for	 on	 attributes	 of	 the	 beach	 environment.	 Community	
responses	to	the	combined	impacts	of	environment	and	time	since	nourishment	were	then	
assessed	by	a	combination	of	constrained	multivariate	analysis	and	multiple	regression.		
	

CHRONOSEQUENCE	APPROACH	AND	STUDY	AREA		

A	 chronosequence	 approach	 was	 used	 to	 determine	 the	 long‐term	 effects	 of	 beach	
nourishment.	A	chronosequence	is	defined	by	Walker	et	al.	(2010)	as	“a	set	of	sites	formed	
from	the	same	parent	material	or	substrate	that	differs	in	the	time	since	they	were	formed”	
and	is	a	well‐accepted	and	appropriate	method	in	ecology	to	investigate	biotic	responses	
to	 disturbance.	 Typically	 it	 is	 used	 to	 study	 a	 series	 of	 sites	 that	 differ	 in	 age	 since	
disturbance,	 i.e.	 time	 since	 last	 nourishment.	 Our	 study	 meets	 the	 conditions	 of	 a	
predictable	 and	 convergent	 trajectory,	 low	 biodiversity	 and	 a	 once	 only	 disturbance	
impact.	Impact	beaches	had	been	nourished	only	once	in	time	or	alternatively,	a	minimum	
of	 five	 years	 had	 occurred	 between	 nourishments	 (with	 exception	 of	Westenschouwen,	
also	see	Table	2.1),	since	we	assumed	that	that	maximum	recovery	time	was	5	years	(Menn	
et	al.,	2003;	Essink,	2005).	Reported	nourishment	years	are	always	of	the	last	nourishment	
before	 sampling.	 To	 allow	 testing	 against	 pre‐disturbance	 conditions	 and	 therewith	
recovery,	 never	 nourished	 controls	 were	 incorporated.	 Control	 beaches	 were	 evenly	
distributed	 along	 the	 Dutch	 coast,	 which	 has	 a	 length	 of	 432	 km	 (Janssen	 et	 al.,	 2008).	
Thus,	thirteen	nourished	and	four	control	beaches	along	the	Dutch	sandy	coast	(Figure	2.1)	
were	 sampled	 randomly	 throughout	 August	 2007.	 The	 Dutch	 coast	 is	 ideal	 for	 such	
investigation,	 since	due	 to	 coastal	 squeeze,	many	parts	of	 the	Dutch	 coast	 are	 subject	 to	
erosion.	Consequently,	since	1990,	beach	and	foreshore	nourishments	have	been	applied	
to	counteract	the	erosional	effects.	On	average	12	million	m3	sand	is	nourished	every	year.	
Moreover,	 the	 Dutch	 coast	 is	 highly	 variable	 in	 its	 morphological	 characteristics,	 with	
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beaches	ranging	from	reflective	to	dissipative	and	from	wave	dominated	to	tide	modified	
(Table	2.1;	Supplementary	Figure	S1).		
	

 
Figure	2.1.	Location	of	sampled	beaches.	Numbers	refer	to	the	numbers	of	the	beaches	in	Table	2.1.	
Beaches	 2,	 4,	 10	 and	 16	 (indicated	 in	 bold	 italics)	 were	 control	 beaches	 that	 have	 never	 been	
nourished.		

	
Lengths	 of	 the	 nourished	 areas	 varied	 between	 0.5	 and	 7.2	 km.	 Sample	 locations	 were	
chosen	to	be	500	m	north	of	the	southern	border	of	the	nourishment,	to	minimise	possible	
effects	of	differing	nourishment	lengths.		
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Table	2.1.	Characteristics	of	the	sampled	beaches.	Codes	refer	to	sampled	beaches	in	figures;	latitude	
coordinates	 according	 to	 the	Dutch	 “Rijksdriehoek”	 coordinate	 grid,	 recreation	 intensity	on	a	 scale	
from	1	to	5;	RTR	=	relative	tide	range,	BI	=	Beach	index;	bottom	line:	D	=	Dean’s	dataset,	L	=	latitude	
dataset,	D	+	 L	=	present	 in	 both	datasets,	 C	 =	 omitted	due	 to	 collinearity.	 Table	 continues	 on	 next	
page.	
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1	 Ameland	 608,267	 2006	 14	 no	 4	 7.54	 2.59	 2.70	
2	 Vlieland	 586,038	 control*	 none	 yes	 2	 4.95	 2.23	 2.33	
3	 Den	Helder	 545,042	 1996	 none	 yes	 3	 1.74	 2.44	 2.23	
4	 Groote	Keeten	 542,610	 control*	 none	 yes	 2	 3.78	 2.44	 2.83	
5	 Zwanenwater	 535,843	 2000	 5	 yes	 1	 3.20	 1.74	 2.86	
6	 Petten	 533,790	 2002	 7	 yes	 3	 4.29	 1.74	 2.44	
7	 Heemskerk	 504,886	 2005	 none	 no	 2	 5.26	 1.87	 2.30	
8	 Bloemendaal	 492,293	 1994	 none	 no	 4	 2.66	 2.62	 2.40	
9	 Zandvoort	 489,539	 2001	 none	 no	 5	 2.79	 2.62	 2.27	
10	 Noordwijk	 481,703	 control*	 none	 no	 2	 3.60	 2.50	 2.53	
11	 Scheveningen	 458,327	 2004	 8	 yes	 5	 3.93	 1.95	 2.28	
12	 Flaauwe	Werk	Noord	 428,206	 1998	 none	 no	 1	 2.66	 4.67	 2.69	
13	 Flaauwe	Werk	Zuid	 427,630	 2004	 10**	 no	 5	 2.57	 4.67	 2.79	
14	 Goeree	West	 423,958	 2005	 20***	 no	 2	 1.46	 6.15	 2.52	
15	 Westenschouwen	 410,635	 2007	 4	 yes	 4	 2.70	 6.33	 2.60	
16	 Vrouwenpolder	 402,168	 control*	 none	 no	 1	 2.43	 6.33	 2.17	
17	 Westkapelle	 390,600	 2006	 5	 yes	 4	 2.65	 6.11	 2.23	

		 appearance	in	dataset	 L	 		 D	+	L	 		 D	+	L	 D	+	L	 		 D	 D	 D	

	
*In	all	analyses,	nourishment	year	 for	control	beaches	was	set	at	1990,	being	the	year	in	which	structural	
nourishment	activities	started	in	the	Netherlands	and	no	effects	of	nourishment	would	have	been	present	at	
that	time.		
**Nourishment	250	m.	North	of	sample	location,	so	actually	no	nourishment.		
***Nourishment	500	m.	North	of	sample	location,	so	actually	no	nourishment.		
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Table	2.1,	continued.	Sand	sorting	in	mean	standard	deviations	(MSD)	in	phi	units,	sand	skewness	in	
phi	units,	SOM	=	soil	organic	matter,	MSTR	=	mean	spring	tide	range,	Hb	=	breaker	height,	T	=	wave	
period.	
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1	 214	 0.89	 5.837	 67	 16.39	 0.24	 2.89	 46	 18.3	 2.32	 0.90	 4.49	
2	 318	 0.78	 5.990	 80	 14.87	 0.20	 1.22	 48	 18.9	 2.32	 1.04	 4.74	
3	 582	 0.81	 4.515	 53	 14.14	 0.28	 7.24	 46	 19.2	 1.81	 0.74	 4.74	
4	 449	 0.96	 3.450	 67	 14.36	 0.34	 7.24	 46	 19.3	 1.81	 0.74	 4.74	
5	 458	 0.74	 4.985	 44	 13.85	 0.27	 5.58	 46	 18.5	 1.81	 1.04	 4.74	
6	 357	 0.80	 6.070	 75	 13.66	 0.23	 2.24	 46	 19.0	 1.81	 1.04	 4.74	
7	 304	 0.82	 5.625	 49	 14.54	 0.58	 20.28	 46	 18.3	 1.90	 1.02	 4.59	
8	 405	 0.80	 6.163	 48	 12.24	 0.43	 12.23	 43	 20.8	 1.90	 0.73	 4.59	
9	 388	 0.78	 5.003	 33	 14.39	 0.36	 7.44	 44	 20.7	 1.90	 0.73	 4.59	
10	 315	 0.85	 4.820	 38	 6.48	 0.28	 6.02	 44	 20.7	 1.81	 0.73	 4.59	
11	 386	 0.78	 5.020	 40	 14.97	 0.33	 3.16	 41	 18.4	 1.98	 1.02	 4.59	
12	 342	 1.03	 3.100	 110	 16.09	 0.39	 7.36	 42	 18.3	 2.43	 0.52	 4.02	
13	 301	 0.80	 6.168	 110	 14.39	 0.24	 2.89	 29	 19.7	 2.43	 0.52	 4.02	
14	 352	 0.92	 4.545	 33	 14.29	 0.36	 6.78	 43	 22.9	 2.43	 0.39	 4.02	
15	 338	 0.86	 5.775	 47	 15.63	 0.33	 4.24	 50	 20.8	 3.29	 0.52	 4.02	
16	 369	 0.92	 6.158	 76	 10.34	 0.44	 14.23	 48	 18.1	 3.29	 0.52	 4.02	
17	 387	 0.91	 6.390	 35	 13.80	 0.45	 9.98	 48	 16.3	 3.91	 0.64	 4.28	

appearance	in	dataset	 		 L	 L	 D	+	L	 L	 D	+	L	 D	+	L	 C		 D	+	L	 D	+	L	 C	 C	 C	

	

SAMPLING	AND	PHYSICAL	AND	CHEMICAL	ANALYSES		

Scolelepis	squamata	has	been	shown	to	be	most	abundant	around	or	slightly	above	Mean	
Tidal	 Level	 (MTL)	 (Souza	&	Borzone,	 2000;	 Janssen	&	Mulder,	 2005)	 and	 between	MTL	
and	 Mean	 High	Water	 Neap	 (MHWN)	 in	 Belgium,	 except	 for	 Low	 Tide	 Bar/Rip	 (LTBR)	
beaches,	 where	 peak	 abundances	 were	 lower	 on	 the	 beach	 (between	MTL	 and	MLWN)	
(Degraer	et	al.,	1999,	2003;	Speybroeck	et	al.,	2007).	Eurydice	pulchra	is	most	abundant	in	
the	upper	part	of	the	intertidal,	between	MTL	and	MHWN	(Jones,	1970;	Jones	&	Pierpoint,	
1997).	 Zonation	 of	 Haustorius	 arenarius	 seems	 to	 be	 around	 (Degraer	 et	 al.,	 2003)	 or	
(slightly)	above	MTL	(Rodil	et	al.,	2006).	Bathyporeia	sarsi	 is	 found	 in	 the	high	 intertidal	
between	MTL	and	MHWS	(Degraer	et	al.,	2003;	Janssen	&	Mulder,	2005;	Speybroeck	et	al.,	
2008b).	Across	this	zonation,	from	below	MTL	to	MHW,	a	stratified	random	design	(Figure	
2.2)	was	chosen	thus	ensuring	independence	between	samples.		
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Our	sampling	design	resulted	in	a	total	of	20	samples	per	beach.	This	number	was	based	
on	 a	 power	 analysis	 done	 on	 existing	 abundance	 data	 from	 Dutch	 beaches	 for	 the	 four	
species,	 aiming	 for	 a	 within‐beach	 sample	 size	 allowing	 detecting	 a	 difference	 in	
abundance	 of	 50%	 or	 beyond.	 Since	 the	 results	 showed	 that	 mean	 species	 abundances	
varied	 orders	 of	 magnitude	 between	 beaches,	 uncertainties	 in	 beach	 averages	 are	
negligible.		
	

	
Figure	2.2.	Schematic	representation	of	sampling	strategy.	The	sampling	area	was	divided	in	sixteen	
across‐shore	 positions	 (between	 MHW	 and	 just	 below	 MTL),	 representing	 the	 zonation	 of	 the	
invertebrate	species	investigated.	Positions	were	determined	by	a	Digital	GPS	(DGPS),	based	on	the	
known	 tidal	 ‐and	 thus	height	 ‐difference	between	MHW	and	MTL.	 Subsequently,	 a	 grid	of	5	 along‐
shore	cells	(of	5	m	wide)	and	16	across‐shore	cells	was	divided	into	4	equal	strata.	Finally,	5	grid	cells	
per	stratum	were	randomly	selected	and	in	each	grid	cell	one	sample	was	taken	randomly.		

	
Sampling	always	started	at	high	tide,	following	the	retreating	water	level	to	ensure	similar	
sediment	 moisture	 conditions	 at	 each	 sampling	 position.	 Only	 Noordwijk	 and	 Groote	
Keeten	 were	 sampled	 at	 low	 tide,	 after	 having	 sampled	 Zandvoort	 and	 Den	 Helder,	
respectively,	at	the	same	day.		
Macrofauna	samples	were	sieved	in	the	field	over	1	mm	and	preserved	in	10%	formalin.	
Animals	 were	 collected	 by	 elutriation	 and	 stored	 in	 70%	 ethanol.	 Species	 were	
determined,	 individuals	 counted	 and	 juvenile	 Scolelepis	 squamata	 were	 separated	 from	
adults	based	on	their	contrasting	size.		
Sediment	 samples	were	pooled	per	 stratum,	 resulting	 in	 4	 sediment	 samples	 per	 beach.	
Sediment	samples	were	weighed	and	dried	in	a	70°C	oven	and	weighed	again	for	moisture	
content.	Grain	size	(mm),	sorting	(mean	standard	deviation	in	phi	units)	and	skewness	(in	
phi	 units)	 were	 measured	 with	 the	 Fritsch	 Laser	 Particle	 Sizer	 (A22	 XL‐wet),	 after	
treatment	 of	 the	 samples	 with	 H2O2	 and	 HCl	 to	 remove	 organic	 particles	 and	 shell	
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fragments,	respectively.	This	procedure	was	applied	to	allow	comparison	with	earlier	data	
(not	 shown	here).	As	a	proxy	 for	 the	amount	of	 shells,	 the	CaCO3	content	was	measured	
together	with	 the	 organic	matter	 content	 using	 Thermo	 Gravimetric	 Analysis	 (TGA‐601,	
Leco	 Instrumente	 GmBH,	 Moenchengladbach,	 Germany),	 in	 which	 the	 percentage	 dry	
weight	organic	matter	was	calculated	by	loss	on	ignition	from	the	105	to	550°C	and	CaCO3	
from	the	615	 to	1000°C	 trajectory.	Electrical	conductivity	 (EC)	was	measured	directly	 in	
the	sea	water	with	an	EC	meter.		
The	Dutch	coast	is	one	of	the	most	densely	populated	coasts	in	the	world,	resulting	in	high	
pressures	of	 human	activities.	Recreational	 activities	 such	 as	 sunbathing,	 swimming	 and	
other	water	related	activities	 (e.g.,	wind‐and	kite	surfing)	result	 in	 trampling	of	beaches.	
Recreation	 intensity	was	determined	 from	a	survey	 from	2004	 (Jonker	&	 Janssen,	2007)	
and	extended	with	own	observations.	A	combination	of	visitor	number,	own	observations,	
information	from	municipalities	and	accessibility	by	car,	bicycle	or	foot	was	used	to	assess	
the	recreation	 intensity	along	a	scale	 from	1	to	5.	A	 low	visitor	number	and	accessibility	
only	by	 foot	 scored	1;	a	high	visitor	number	and	close	proximity	 to	a	 car	park	scored	5.	
Absence	or	presence	of	groynes	was	recorded.		
Intertidal	 slope	 was	 determined	 from	 the	 annually	 surveyed	 coastal	 profiles	 on	 every	
250m	 coastline	 by	 Rijkswaterstaat	 (the	 executive	 arm	 of	 the	 Dutch	 Ministry	 of	
Infrastructure	 and	 the	 Environment	 and	 responsible	 for	 the	 design,	 construction,	
management	 and	 maintenance	 of	 the	 main	 infrastructure	 facilities	 in	 the	 Netherlands),	
since	the	profiles	measured	with	the	DPGS	only	consisted	of	the	upper	intertidal.	We	used	
the	 coastal	 profiles	 of	 2007,	 except	 for	Westenschouwen	which	was	 nourished	 in	 2007,	
where	we	used	the	profile	of	2008.		
Wave	height	and	wave	period	were	determined	from	five	wave	stations	in	the	North	Sea,	
recording	these	variables	every	10	min.	The	mean	and	standard	deviation	were	calculated	
for	 the	 year	 previous	 to	 the	 sampling.	 For	 each	 beach,	 the	 nearest	 wave	 station	 was	
chosen,	 except	 for	 the	 beaches	 in	 the	 Delta	 area	 (see	 Figure	 2.1).	Wide	 tidal	 shoals	 are	
present	 in	 front	 of	 the	 Delta	 area,	 which	 lower	 the	 waves	 shoreward	 through	 breaking	
and/or	attenuation.	Therefore,	for	the	Delta	area,	two	wave	stations	were	used,	both	lying	
beyond	the	tidal	shoals.		
Since	 the	Dutch	coast	 is	a	system	with	(multi)	 long‐shore	bars,	deep	water	wave	heights	
will	 decrease	 in	 landward	 direction	 (Short,	 1992).	 Therefore,	 breaker	 heights	 were	
calculated	 using	 Aagaard’s	 formula	 Hr	 =	 0.667Hi	 +	 0.048,	 where	 Hr	 is	 reformed	 wave	
height	over	the	first	bar	and	Hi	is	the	initial	wave	height	approaching	a	bar	(Short,	1992).	
Subsequently,	Hr	was	used	 as	Hi	 to	 calculate	 the	 breaker	 height	 over	 the	next	 bar.	 This	
calculation	was	 repeated	 for	 all	 near	 shore	 bars	 that	were	 less	 deep	 than	 the	maximum	
wave	 breaking	 depth,	 since	 only	 those	 bars	 break	waves.	 The	maximum	wave	 breaking	
depth	was	calculated	as	1.5	*	(Hi	+	standard	deviation)	(Andrew	Short,	pers.	comm.).	This	
method	was	 chosen	opposed	 to	measuring	breaker	 height	 during	 sampling,	 because	 the	
latter	 would	 only	 provide	 information	 on	 a	 single	 day,	 depending	 on	 the	 weather	
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conditions	of	that	day.	Wave	period	was	assumed	not	to	change	with	the	presence	of	bars	
(personal	comm.	Andrew	Short).		
The	 physical	 variables	 were	 used	 to	 calculate	 compound	 indices	 that	 describe	 beach	
morphology:	Dean’s	parameter	and	Relative	Tide	Range	(RTR).	Together,	the	two	indices	
form	 a	 conceptual	 beach	 model	 (Short,	 1996)	 (see	 Supplementary	 Figure	 S1a).	
Furthermore,	the	Beach	Index	(BI,	McLachlan	&	Dorvlo,	2005)	was	calculated.		
	

STATISTICAL	ANALYSIS		

Linear	regressions	were	run	to	test	for	the	relation	between	the	abundance	of	 individual	
species	and	time	since	nourishment	(including	controls)	to	evaluate	recolonisation	times.	
In	the	analyses,	controls	were	assigned	the	year	1990,	which	is	the	year	before	structural	
nourishment	activities	started	in	the	Netherlands.	We	assumed	no	effects	of	nourishment	
could	have	been	present	at	 that	 time	 (i.e.	 a	baseline	sampling).	Changing	 this	 (arbitrary)	
year	to	1980	or	1995	did	not	affect	the	results	(not	shown).	Homogeneity	of	variance	was	
checked	before	analysis.	In	all	analyses,	mean	abundances	per	m2	were	used.	The	variance	
of	 Scolelepis	 squamata	 juveniles	 was	 not	 homogeneous,	 so	 the	 analysis	 was	 repeated	
without	 the	 outliers	 that	 caused	 in‐homogeneity	 (Ameland	 (location	 1)	 and	 Petten	
(location	 6);	 see	 Table	 2.1)	 to	 check	 the	 robustness	 of	 the	 analysis.	 Since	 results	 were	
highly	 similar	 (R2=0.044,	 p=0.421	 and	 R2=0.021,	 p=0.661	 for	 original	 data	 and	 data	
without	outliers,	 respectively),	we	continued	with	 the	original	data.	The	original	and	 log	
transformed	data	of	Bathyporeia	sarsi	were	not	homogeneously	distributed	either,	which	
was	probably	due	to	the	large	number	of	zeros	in	the	data.	Since	ANOVAs	tend	to	test	too	
conservatively	when	residuals	deviate	from	homogeneity	assumptions	(Neter	et	al.,	1996),	
we	 decided	 to	 proceed	 with	 the	 testing.	 The	 data	 of	 Haustorius	 arenarius	 were	 log	
transformed	before	testing	because	of	a	strong	deviation	from	a	homogeneous	distribution	
of	variance.		
To	 test	 for	 permanent	morphological	 and	 environmental	 changes	 of	 nourished	 beaches,	
nourished	beaches	were	tested	against	control	beaches	with	t‐tests	for	all	environmental	
variables.	 To	 determine	 the	 combined	 impacts	 of	 nourishment	 and	 environmental	
variables	on	the	recolonisation	of	the	species,	Redundancy	Analysis	(RDA)	was	done	(Leps	
&	Smilauer,	2003).	The	decision	for	 linear	models	 instead	of	a	unimodal	ones,	was	based	
on	the	lengths	of	gradient	(<3)	from	Detrended	Correspondence	Analyses	(DCA).	Scaling	of	
the	data	was	done	based	on	 inter‐sample	distances.	The	data	were	not	 transformed	and	
species	 abundances	 were	 centred	 and	 standardized.	 An	 RDA	 with	 all	 environmental	
variables	 showed	 high	 Variance	 Inflation	 Factors	 (VIF>20)	 and,	 together	 with	 the	
correlated	variables	from	a	correlation	matrix,	this	indicated	strong	collinearity.	This	made	
forward	 selection	 with	 Monte	 Carlo	 Permutation	 tests	 (to	 determine	 the	 variables	 that	
significantly	 contributed	 to	 the	 variation	 in	 the	 species	 data,	 and	 the	 significance	 of	 the	
first	axis	and	the	whole	model)	unreliable.	Replacement	of	individual	variables	with	their	
coinciding	 compound	 indices	 and	 removal	 of	 correlated	 variables	 resulted	 in	 two	
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internally	uncorrelated	datasets:	one	based	on	Dean’s	parameter,	RTR	and	BI	(from	now	
on:	 Dean’s	 dataset)	 and	 one	 based	 on	 latitude	 (latitude	 dataset).	 Table	 2.1	 shows	 the	
distribution	of	variables	in	each	dataset.	RDAs	were	run	for	both	datasets,	with	the	same	
settings	 as	 the	 first	 RDA.	 After	 this,	 multiple	 regressions	 with	 forward	 selections	 were	
done	 to	 determine	 the	 environmental	 variables	 that	 played	 a	 role	 in	 the	 colonization	 of	
each	individual	species.	The	variation	in	species	data	unexplained	by	the	regressions	was	
regressed	against	nourishment	year,	 to	determine	whether	the	nourishment	had	a	direct	
effect	on	any	of	the	individual	species	after	all	other	variation	was	filtered.		
	

RESULTS		

BEACH	CHARACTERISATION		

The	 17	 sampled	 beaches	 ranged	 from	 reflective	 to	 dissipative,	 the	 main	 part	 being	
intermediate	beaches	(Table	2.1;	Supplementary	Figure	S1a	and	b).	A	clear	distinction	was	
present	with	wave‐dominated	beaches	in	the	North	and	tide‐modified	beaches	in	the	Delta	
area	of	the	South.	From	North	to	South,	Dean’s	parameter	generally	decreased,	while	the	
relative	 tide	 range	 increased.	 The	 relation	 between	 latitude	 and	 the	 two	morphological	
indices	was	highly	significant	(linear	multiple	regression;	R2=0.713,	p<0.001).	The	Beach	
index	 (BI)	 was	 variable	 along	 the	 sampled	 beaches	 and	 ranged	 between	 2.17	 and	 2.86,	
indicating	mesotidal	 intermediate	 beaches.	 BI	 showed	 a	 parabolic	 relation	with	 latitude	
(Supplementary	 Figure	 S1b;	 R2=0.425).	 This	 indicates	 that	 the	 beaches	 in	 the	 North	
(Wadden	 Islands)	 and	 South	 (Delta	 area)	were	more	 dissipative	with	 larger	 tide	 ranges	
than	the	beaches	along	the	Dutch	main	coast.		
	

NOURISHMENT	EFFECTS		

Densities	 of	 the	 sampled	 species	 were	 highly	 variable	 among	 beaches,	 with	 Scolelepis	
squamata	occurring	on	all	beaches	and	being	the	overall	most	dominant	species	(adults	8‐
1641	 individuals	 per	 m2,	 juveniles	 5‐990	 ind./m2).	 Haustorius	 arenarius	 and	 Eurydice	
pulchra	were	subdominant	 (2‐134	and	3‐38	 ind./m2	on	14	and	12	beaches,	 respectively)	
and	Bathyporeia	 sarsi	 was	 the	 least	 common	 of	 the	 selected	 species	 (2‐10	 ind./m2	 on	 6	
beaches).		
None	 of	 the	 species	 showed	 a	 saturation	 in	 abundances	 with	 time	 since	 nourishment	
(Figure	 2.3).	 Linear	 regression	 analysis	 also	 indicated	 no	 effect	 (p>0.05)	 of	 the	 year	 of	
beach	nourishment	on	the	mean	abundances	of	any	individual	species.		
There	was	no	permanent	effect	of	nourishment	on	the	beach	environment,	since	t‐tests	of	
control	beaches	against	nourished	beaches	were	insignificant	(p>0.05)	for	all	variables	and	
indices.		
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Figure	2.3.	Linear	regression	models	per	species	relating	mean	abundance	per	m2	and	nourishment	
year.	All	models	were	non‐significant,	so	no	regression	lines	are	shown.	(a)	Adult	Scolelepis	squamata,	
(b)	juvenile	Scolelepis	squamata,	(c)	Haustorius	arenarius,	(d)	Eurydice	pulchra,	(e)	Bathyporeia	sarsi.	
Numbers	refer	to	sampled	beaches	in	Table	2.1.	Control	beaches	are	indicated	in	italics	(numbers	2,	4,	
10	and	16).	 In	our	regression	analysis,	control	sites	were	treated	as	if	the	year	of	nourishment	was	
1990.	This	year	was	taken	as	this	was	the	year	before	structural	nourishment	activities	started	in	the	
Netherlands.	 Note	 that	 replacing	 1990	 by	 1985	 or	 1995	 did	 not	 affect	 any	 of	 the	 results	 of	 the	
regression	analysis.	
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Figure	2.4.	RDA	ordination	triplots	of	(a)	the	Dean’s	dataset,	showing	axes	1	and	2	(explaining	28%	
and	17%	respectively)	and	(b)	the	latitude	dataset,	showing	axes	1	and	2	(explaining	38%	and	19%	
respectively).	Shown	are	species	arrows	(five	in	total,	thin	lines,	text	in	italics),	environmental	arrows	
(thicker	 arrows)	 and	 samples	 (seventeen,	 after	 investigated	 beaches,	 dots	 with	 beach	 codes),	 see	
Table	2.1;	control	beaches	are	 indicated	 in	 italics	(numbers	2,	4,	10	and	16).	Species	codes:	Scolad:	
Scolelepis	 squamata	 adults,	 Scoljuv:	Scolelepis	 squamata	 juveniles,	Haust:	Haustorius	arenarius,	Eur:	
Eurydice	pulchra,	Bsarsi:	Bathyporeia	sarsi.	SOM	=	soil	organic	matter;	RTR	=	relative	tide	range;	BI	=	
Beach	index;	SK	=	sand	skewness;	water	T		=	sea	water	temperature;	EC	=	Electrical	conductivity	sea	
water;	moisture	=	soil	moisture,	GS	=	mean	grain	size;	year	=	nourishment	year	(see	also	the	caption	
of	Figure	2.3	for	an	explanation	on	nourishment	year).	
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COMMUNITY	RESPONSES	TO	NOURISHMENT	AND	THE	ENVIRONMENT		

The	 RDA	 for	 the	 Dean’s	 dataset	 explained	 64.1%	 of	 the	 variance	 in	 species	 abundances	
(Figure	2.4a).	The	variables	that	explained	most	variation	in	the	species	abundances	were	
Dean’s	parameter	(13.0%),	BI	(10.0%)	and	sand	skewness	(9.9%).	Forward	selection	using	
Monte	Carlo	permutation	showed	that	Dean’s	parameter	and	BI	were	significant	(p=0.014	
and	 0.022,	 respectively)	 and	 sand	 skewness	 was	 not	 (p=0.124).	 Nourishment	 year	
explained	only	1.56%	of	the	species	abundances.	Despite	the	large	variance	explained	by	
the	 RDA,	 neither	 the	 first	 axis	 nor	 the	 complete	 model	 were	 significant	 (p=0.668	 resp.	
0.588).		
The	latitude	dataset	explained	79.1%	of	the	variance	in	species	abundances	(Figure	2.4b).	
Latitude,	sand	skewness,	slope	and	grain	size	explained	variance	in	species	abundance	best	
with	24.9%,	8.1%,	10.7%	and	7.4%,	respectively.	Forward	selection	showed	that	latitude,	
sand	skewness	and	slope	were	(nearly)	significant	and	grain	size	was	not	(p=0.002;	0.038;	
0.058;	0.114	respectively).	The	first	RDA	axis	was	significant	(p=0.003),	but	the	model	as	a	
whole	 was	 not	 (p=0.162).	 Nourishment	 year	 only	 explained	 1.74%	 of	 the	 species	
abundances.	 However,	 this	 small	 percentage	 was	 relevant,	 since	 upon	 removal	 of	
nourishment	year	from	the	RDA,	the	first	axis	was	no	longer	significant	(p=0.25).		
	

SPECIES	SPECIFIC	RESPONSES	TO	NOURISHMENT	AND	THE	ENVIRONMENT		

Other	 environmental	 factors	 than	 nourishment	 seemed	 to	 be	 driving	 the	 abundance	 of	
individual	species	(Figure	2.4a	and	b;	Table	2.2).	The	abundance	of	adults	and	juveniles	of	
Scolelepis	squamata	were	positively	affected	by	Dean’s	parameter	(R2=0.345,	p=0.013	and	
R2=0.581,	 p=0.000,	 respectively)	 and	 by	 latitude	 (R2=0.648,	 p=0.000	 and	 R2=0.436,	
p=0.004,	 respectively).	 The	 abundance	 of	 S.	 squamata	 increased	 from	 South	 to	 North.	
Additionally,	the	RDA	indicated	that	soil	moisture	might	have	positive	impacts,	while	soil	
organic	 matter	 and	 RTR	 had	 negative	 impacts	 on	 S.	 squamata	 abundance,	 but	 these	
variables	 were	 non‐significant	 in	 the	 multiple	 regression	 analysis.	 Grain	 size,	 however,	
significantly	(p=0.012)	negatively	added	to	the	explanatory	power	of	the	juveniles	model	
with	latitude	(R2=0.648,	p=0.001).		
The	 abundance	 of	 all	 other	 species	 was	 driven	 by	 other	 environmental	 drivers,	 as	
indicated	 by	 the	 90°	 angle	 for	 their	 respective	 arrows	 in	 the	 RDA.	 The	 Dean’s	 dataset	
showed	that	the	abundance	of	Haustorius	arenarius	was	positively	related	to	BI	and	sand	
skewness	(both	significantly,	according	to	the	multiple	regression	analysis)	and	negatively	
to	 recreation,	 groynes	 and	 soil	 moisture	 (albeit	 it	 not	 significantly	 according	 to	 the	
multiple	 regression	 analysis).	 For	 the	 latitude	 dataset,	 negative	 effects	 of	 beach	 slope	
(p=0.026)	 replaced	 the	 effects	 of	 soil	 moisture	 and	 BI.	Bathyporeia	 sarsi	 was	 positively	
affected	by	RTR	(p=0.003)	and	negatively	by	recreation	(p=0.013).	The	effect	of	RTR	was	
replaced	 by	 a	 significant	 (p=0.005)	 effect	 of	 sand	 sorting	 in	 the	 latitude	 dataset.	
Additionally,	nourishment	year	seemed	to	have	a	negative	effect	on	B.	sarsi	abundance	in		
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the	RDA	of	the	latitude	dataset,	albeit	it	not	significantly.	In	the	RDA	of	the	Dean’s	dataset,	
Eurydice	pulchra	was	positively	related	to	BI	and	negatively	to	sand	skewness,	groynes	and	
recreation.	 E.	 pulchra	 was	 negatively	 related	 to	 sand	 skewness	 and	 beach	 slope	 in	 the	
latitude	 dataset.	 However,	 none	 of	 these	 variables	 were	 significant	 in	 the	 multiple	
regression	analysis.	
	

ISOLATION	OF	NOURISHMENT	EFFECT		

Although	 nourishment	 year	 hardly	 explained	 variance	 in	 species	 abundances,	 it	 was	
correlated	with	critically	important	environmental	variables	in	the	RDAs,	which	may	have	
masked	 its	 importance	 for	 the	 species	 abundances.	 In	 the	 Dean’s	 dataset,	 nourishment	
year	was	negatively	related	to	RTR	and	BI	and	positively	to	recreation,	Dean’s	parameter	
and	groynes.	 In	 the	 latitude	dataset,	nourishment	year	was	positively	 related	 to	 latitude,	
recreation	and	groynes,	and	negatively	to	sorting.	Regressions	between	nourishment	year	
and	 the	 residuals	 of	 the	 regressions	 between	 species	 abundance	 and	 the	 environmental	
variables	 (thus	 isolating	 the	 direct	 effects	 of	 nourishment	 on	 the	 abundance	 of	 the	
individual	 species),	 were	 non‐significant	 for	 each	 of	 the	 species	 in	 the	 Dean’s	 dataset	
(Table	2.2a).	The	latitude	dataset,	however,	showed	a	significant	positive	trend	(p=0.059)	
of	 nourishment	 year	 on	 the	 residuals	 of	 Scolelepis	 squamata	 adults	 and	 juveniles	 abun‐
dances	(Table	2.2b).	This	could	be	an	indication	of	S.	squamata	profiting	from	nourishment	
events.	The	other	species	showed	no	effect	of	nourishment	year	on	their	abundances	in	the	
latitude	dataset.		
	
Table	2.2.	Results	of	multiple	regression	analyses	on	abundances	of	each	species	with	nourishment	
year	and	the	environmental	variables	indicated	in	Table	2.1,	for	both	datasets.	Only	variables	selected	
by	forward	selection	are	shown.	Year	*	residuals	reflect	the	single	regression	analysis	of	nourishment	
year	with	the	residuals	from	the	multiple	regression	per	species.	Significant	results	are	indicated	in	
bold,	near	significant	results	are	underlined.	
	 	 Forward	selection	 	 	 	 Year	*	residuals	

		 		 Variable	 R2	 p	 		 R2	 p	

a)	Dean's	dataset	 	 	 	 	 	 	 	
S.	squamata		 adults	 Dean's	 0.345	 0.013	 	 0.006	 0.771	
S.	squamata		 juveniles	 Dean's	 0.581	 0.000	 	 0.002	 0.863	
H.	arenarius*	 	 BI	+	SK	 0.809	 0.000	 	 0.053	 0.373	
E.	pulchra	 	 	‐	 	‐	 	‐	 	 	‐	 	‐	
B.	sarsi	 		 RTR	+	recreation	 0.605	 0.002	 		 0.013	 0.662	
b)	Latitude	dataset	 	 	 	 	 	 	 	
S.	squamata		 adults	 Latitude	 0.648	 0.000	 	 0.218	 0.059	
S.	squamata		 juveniles	 Latitude	+	grainsize	 0.648	 0.001	 	 0.164	 0.107	
H.	arenarius*	 	 SK	+	slope	+	latitude	 0.833	 0.000	 	 0.009	 0.717	
E.	pulchra	 	 	‐	 	‐	 	‐	 	 	‐	 	‐	
B.	sarsi	 		 Sorting	 0.414	 0.005	 		 0.001	 0.893	

*log	transformed	
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EXPLANATION	OF	LATITUDE	EFFECT		

While	 latitude	was	strongly	 related	 to	Dean’s	parameter	and	RTR,	 the	 latter	 two	did	not	
contribute	to	explaining	the	variance	in	abundance	responses	to	nourishment	year	in	the	
multiple	 regressions	 on	 the	 Dean’s	 dataset	 with	 Scolelepis	 squamata.	 This	 suggests	 an	
additional	factor	in	the	latitudinal	effect,	besides	the	morphological	information	captured	
by	Dean’s	and	RTR.		
To	test	for	this,	the	measured	latitude	was	replaced	by	the	value	for	latitude	as	calculated	
from	 the	 regression	 equation	 of	 latitude	 with	 Dean’s	 and	 RTR	 (LAT=(12.902*Dean’s‐
25.154*RTR)+528.896).	This	new	variable	represents	the	morphological	changes	with	lati‐
tude.	 After	 this,	 the	 multiple	 regressions	 and	 the	 regressions	 of	 the	 residuals	 with	
nourishment	 year	 were	 repeated	 with	 the	 latitude	 dataset	 (where	 latitude	 was	
represented	by	the	new	variable).		
These	new	 regression	models	with	 forward	 selection	 for	Scolelepis	 squamata	 adults	 and	
juveniles	had	considerably	lower	regression	coefficients	(R2=0.324,	p=0.017	and	R2=0.366,	
p=0.010,	 for	 adults	 and	 juveniles,	 respectively)	 than	 the	 regression	 models	 with	 the	
original	 latitude	 values	 (Table	 2.2).	 The	 regressions	 of	 the	 new	 models’	 residuals	 with	
nourishment	 year	 also	 showed	 different	 outcomes.	 Especially	 the	 S.	 squamata	 adults	
became	 nonsignificant	 with	 a	 very	 low	 regression	 coefficient	 (R2=0.027,	 p=0.530).	 The	
juveniles	 showed	 the	same	pattern,	but	 less	 strongly	 (R2=0.115,	p=0.182).	This	 indicates	
that	 there	 is	 extra	 information	 present	 in	 latitude,	 that	 cannot	 be	 explained	 by	 Dean’s	
parameter	and	RTR,	and	that	allows	separating	the	effects	of	nourishment	year	from	other	
factors	affecting	the	abundance	of	S.	squamata.		
	

DISCUSSION		

RECOVERY	AFTER	BEACH	NOURISHMENTS		

Contrary	 to	 our	 hypothesis,	 the	 abundance	 of	 the	 four	 investigated	 macroinvertebrate	
fauna	 species	 showed	 no	 negative	 long‐term	 effects	 to	 beach	 nourishment.	 Recovery	 to	
original	abundances	after	beach	nourishment	seems	to	have	occurred	within	one	year	for	
Haustorius	arenarius,	Eurydice	pulchra	and	Bathyporeia	sarsi.	This	coincides	with	results	of	
previous	 short‐term	 studies	 where	 recovery	 times	 ranged	 from	 no	 nourishment	 effect	
(Peterson	et	al.,	2006)	to	nine	months	for	Scolelepis	squamata	and	E.	pulchra	(Menn	et	al.,	
2003),	 and	 a	 year	 for	Exoediceros	 fossor,	 an	Australian	 intertidal	 amphipod	 (Jones	 et	 al.,	
2008).	 Other	 short‐term	 studies,	 however,	 had	 indicated	 no	 recovery	 for	 haustoriid	
amphipods	 up	 to	 a	 year	 after	 nourishment	 (Peterson	 et	 al.,	 2006)	 and	 1.5	 years	 for	 the	
macrofauna	community	as	a	whole	(Adriaanse	&	Coosen,	1991).	In	our	study,	abundances	
of	S.	squamata	showed	an	“over‐recolonisation”	after	nourishment.	The	results	are	robust	
throughout	the	single	and	multiple	regression	analyses	and	Redundancy	Analyses.	Unlike	
our	present	study,	all	previous	studies	were	short‐term	and	did	not	allow	conclusions	 to	
be	drawn	on	the	long‐term	consequences	of	beach	nourishments.		
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Our	study	is	also	the	first	to	investigate	the	effects	of	beach	nourishment	together	with	the	
full	 suite	 of	 environmental	 variables,	 as	 recommended	 by	 Schlacher	 et	 al.	 (2008a)	 as	 a	
standard	 sampling	 methodology.	 In	 the	 execution	 of	 beach	 nourishment,	 matching	
sediment	grain	size	distribution	and	beach	morphology	to	the	original	beach	is	assumed	to	
be	 very	 important	 for	 a	 successful	 recovery	 of	 the	 beach	 macroinvertebrate	 fauna	
(Peterson	et	al.,	2000,	2006;	Speybroeck	et	al.,	2006;	 Janssen	et	al.,	2011),	because	grain	
size	and	beach	morphodynamics	are	known	to	strongly	affect	the	community	structure	of	
the	 beach	 macro‐invertebrate	 fauna	 (e.g.,	 Jaramillo,	 1994;	 Brazeiro,	 2001;	 Menn,	 2002;	
Rodil	 &	 Lastra,	 2004;	 McLachlan	 &	 Dorvlo,	 2005).	 Our	 investigation	 quantitatively	
supports	 these	 assumptions	 as	 both	 RDA	 and	 multiple	 regression	 show	 that	
morphodynamic	 indices	and	 sand	characteristics	 are	 the	main	variables	 that	 explain	 the	
variation	in	the	abundance	of	the	total	(RDA)	and	individual	(multiple	regression)	species.	
Although	 permanent	 changes	 to	 the	 beach	 environment	 due	 to	 nourishment	 were	 not	
present	 in	 this	 study,	 the	 above	 emphasises	 the	 importance	 of	 creating	 a	 similar	 beach	
environment	 as	 the	 original,	 especially	 in	 repeated	 nourishments	 at	 one	 site,	 since	 the	
effects	 will	 be	 cumulative	 (as	 opposed	 to	 our	 investigation,	 where	 a	 single	 time	
nourishment	was	investigated)	(Peterson	et	al.,	2000).		
Another	important	explanatory	variable	was	latitude.	The	latitude	dataset	explained	more	
than	 the	Dean’s	 dataset	 (79%	vs.	 64%	 respectively)	 and	 the	first	 axis	 (which	 correlated	
very	 strongly	 with	 latitude)	 was	 significant.	 Excluding	 nourishment	 year	 from	 the	 RDA	
with	 latitude	 resulted	 in	 a	 non‐significant	 first	 axis,	 suggesting	 that	 nourishment	 year	
indeed	has	an	effect,	but	that	this	can	only	be	detected	when	distributing	the	variance	in	
species	abundances	across	all	relevant	sources.	A	probable	explanation	for	this	change	in	
significance	when	omitting	year,	is	that	Scolelepis	squamata	showed	a	positive	response	to	
nourishment	year	in	the	RDA	(axes	1	and	3),	hence	profiting	from	a	nourishment	(see	next	
section).		
Several	authors	(e.g.,	Menn	et	al.,	2003;	Peterson	et	al.,	2006;	Speybroeck	et	al.,	2006;	Jones	
et	al.,	2008)	suggested	that	 life	history	traits	such	as	reproduction	strategy	and	dispersal	
capabilities	 are	 important	 in	determining	 species	 recovery	 from	beach	nourishment	 and	
other	 impacts.	 Therefore,	 the	 remaining	 variance	 in	 our	 study	 (21‐36%)	 that	 was	 not	
explained	 by	 the	 environmental	 variables	 may	 be	 better	 understood	 with	 the	 use	 of	
species	 traits.	 The	 study	 of	 species	 traits	 may	 give	 a	 better	 understanding	 of	 the	
mechanisms	 that	 underlie	 not	 only	 the	 effects	 of	 environmental	 impacts,	 but	 also	 the	
general	patterns	that	link	species	to	their	environment.		
	

SPECIES	SPECIFIC	RESPONSES		

Most	 studies	 up	 till	 now	 have	 focussed	 on	 relating	 the	 environment	 to	 total	 species	
richness	or	 abundance	on	 a	beach	 (but	 see	Defeo	&	McLachlan,	 2011).	Our	 study	 shows	
that	 different	 species	 show	 different	 responses	 to	 both	 nourishment	 and	 their	
environment.	Although	morphological	features	were	always	of	importance	for	the	sampled	
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species,	 specific	 variables	 were	 related	 to	 specific	 species.	 This	 agrees	 with	 Brazeiro’s	
“multicausal	 environmental	 severity”	 hypothesis	 (2001),	 which	 poses	 that	 species	 with	
different	characteristics	could	be	controlled	by	different	limiting	factors.		
The	 significant	 relation	 of	 Scolelepis	 squamata	 abundance	 with	 latitude	 can	 be	 partly	
explained	 by	 its	 relation	with	 the	morphological	 factors	Dean’s	 parameter	 and	RTR,	 but	
still	some	additional	factor	seems	to	be	present	in	latitude.	The	Dutch	coast	experiences	a	
net	long‐shore	current	from	the	southwest	to	the	northeast.	This	might	be	the	extra	factor	
that	is	present	in	latitude,	given	that	Peterson	et	al.	(2006)	suggest	that	the	presence	of	a	
high	 rate	 of	 long‐shore	 sediment	 transport	 can	 dilute	 and	 disperse	 the	 non‐matching	
sediments	 (that	 are	 often	 used	 to	 ensure	 a	 long	 lifetime	 of	 a	 nourishment).	 Another	
possible	factor	that	might	partly	explain	the	effects	of	latitude	is	sea	water	salinity.	In	the	
Dutch	 case,	 salinity	 increases	 from	 the	 outflow	of	 the	 river	Rhine	 (Dutch	main	 coast)	 to	
both	 the	north	and	 the	south	 (IDON,	2004).	Lercari	&	Defeo	 (2006),	however,	 suggested	
that	not	salinity	per	se,	but	the	temporal	variation	in	salinity	affected	species	abundances.	
Whether	the	variation	in	salinity	differs	along	the	Dutch	coast	is	currently	unclear.		
Haustorius	arenarius	mainly	 occurs	 on	 the	more	 dissipative	 beaches	 in	 the	 south	 of	 the	
Netherlands,	which	is	shown	by	its	relationships	with	BI	and	latitude.	The	beaches	where	
H.	arenarius	occurs	are	characterized	by	flatter	slopes	and	a	higher	skewness	of	the	grain	
sizes	in	the	sediment	(in	this	case	highly	skewed	to	the	fine	grained	(positive)	side	of	the	
sand	distribution	spectrum).	Positive	skewness	reflects	areas	of	accretion,	while	negative	
skewness	reflects	erosion	(Stephenson,	1970;	Souza‐Santos	et	al.,	2003).	It	thus	seems	that	
H.	 arenarius	 prefers	 the	 deposition	 of	 nourishment	 sands	 and	 a	 remaining	 accreting	
situation	 afterwards	 over	 an	 erosional	 state.	 Skewness	 has	 not	 been	 used	 before	 in	
explaining	macroinvertebrate	fauna	abundance	or	species	richness,	although	Souza‐Santos	
et	 al.	 (2003)	 related	 sand	 skewness	 to	 temporal	 changes	 in	 an	 intertidal	 meiofauna	
community.		
The	higher	abundances	of	Bathyporeia	sarsi	on	beaches	with	high	RTR	 is	 in	concordance	
with	the	high	abundances	of	this	species	on	Belgian	beaches.	At	those	beaches,	RTR	ranges	
from	8.5	 to	 10	 and	are	of	 the	Low	Tide	Bar	Rip	 (LTBR)	 and	Ultra	Dissipative	 (UD)	 type	
(Degraer	 et	 al.,	 2003).	 Beaches	with	 the	 highest	 abundances	 in	 our	 investigation	had	 an	
RTR	between	4.67	and	6.33	and	were	of	the	LTBR	type.	Very	high	abundances	of	B.	sarsi	
mainly	seem	to	occur	at	UD	beaches	(Degraer	et	al.,	2003;	Speybroeck	et	al.,	2008a).	This	
might	 also	explain	 the	 low	abundances	of	B.	 sarsi	 in	our	 investigation,	 since	UD	beaches	
were	not	present	in	our	study.	Abundance	may	be	even	more	diminished	due	to	recreation.	
The	positive	relation	of	B.	sarsi	with	beaches	with	poorly	sorted	sand	is	another	indication	
of	 the	species	preferring	flat	and	sheltered	beaches	 (Janssen	&	Mulder,	2005),	 indicative	
for	(ultra)dissipative	beaches.		
Although	it	has	been	shown	that	Eurydice	pulchra	has	a	preference	for	certain	grain	sizes	
(Jones,	 1970)	 and	 exposure	 rates	 (Jones,	 1970;	 Jones	 &	 Pierpoint,	 1997),	 our	 results	
showed	no	such	relations	of	E.	pulchra	with	its	environment.	It	is	likely	that		
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E.	pulchra	 is	mainly	driven	by	biological	 interactions,	being	a	carnivorous	species	(Jones,	
1968)	and	therefore	dependent	on	the	presence	of	prey	animals	or	carrion	for	its	survival.	
Biological	 factors	 in	 sandy	 beach	 ecology	 have	 yet	 been	 poorly	 investigated,	 but	 are	
considered	to	be	important	in	future	research	(Defeo	&	McLachlan,	2005).		
There	 were	 no	 negative	 effects	 of	 beach	 nourishments	 on	 the	 species	 abundances.	 In	
contrast,	Scolelepis	squamata	abundances	showed	a	remarkable	increase	in	the	first	years	
after	nourishment.	Other	studies	have	shown	that	S.	squamata	showed	no	significant	effect	
to	nourishment	 (Peterson	et	 al.,	 2006),	but	no	evidence	so	 far	 suggests	 that	S.	 squamata	
responds	 to	 nourishment	 with	 elevated	 abundances.	 There	 is	 some	 evidence	 of	 S.	
squamata	 being	positively	 related	 to	 organic	 enrichment	 and	oil	 spills	 in	 South	America	
(Amaral	 et	 al.,	 1998;	 Rizzo	 &	 Amaral,	 2001),	 but	 a	 European	 study	 (Junoy	 et	 al.,	 2005)	
shows	 the	 opposite,	 Scolelepis	 being	 one	 of	 the	most	 affected	 taxa	 after	 the	 Prestige	 oil	
spill.	In	the	latter	case,	this	might	be	mainly	related	to	the	removal	of	sand	as	part	of	the	
cleanup	activities	after	the	oil	spill	rather	than	the	pollution	itself.	Harris	et	al.	(2011),	on	
the	 other	 hand,	 showed	 that	 S.	 squamata	 suddenly	 occurred	 after	 two	 storm	 events	 on	
beaches	where	 it	was	not	 present	 before.	 Together	with	 our	 study,	 this	 confirms	 that	S.	
squamata	is	an	opportunistic	species.		
The	positive	reaction	of	Scolelepis	squamata	abundance	to	nourishment	suggests	that	the	
(measured)	community	deviates	from	the	original	situation	before	the	nourishment,	so	we	
cannot	strictly	speak	of	a	complete	and	full	recovery.	High	abundances	of	S.	squamata	may	
greatly	 affect	 community	 structure,	 since	 it	 ingests	 larvae	 and	 juveniles	 of	 other	 species	
(Dauer,	 1983),	while	 it	may	also	 facilitate	 establishment	of	non‐opportunistic	meiofauna	
species	 (Maria	 et	 al.,	 2011).	 For	 the	 other,	 relatively	 dominant,	 measured	 species	
Haustorius	arenarius,	Eurydice	pulchra	and	Bathyporeia	sarsi	the	effects	are	probably	small,	
since	 they	 have	 recovered	well	 and	 show	 no	 relation	with	 S.	 squamata	 in	 the	 RDA.	 The	
effects	for	less	abundant	and	rare	species	are	not	clear,	because	we	cannot	extrapolate	the	
outcome	of	our	study	to	these	more	rare	species,	since	the	relations	between	beach	species	
and	 their	 environment	 appear	 to	 be	 species	 specific.	 As	 with	 Jones	 et	 al.	 (2008),	 the	
present	 study	 focussed	 on	 numerically	 important	 species	 for	 reasons	 of	 knowledge	 of	
abundance	patterns	and	sampling	effort.	Recovery	studies	of	the	whole	macroinvertebrate	
fauna	 community	 would	 require	 sampling	 across	 the	 whole	 (intertidal)	 beach	 and	
sufficient	samples	(see	Schlacher	et	al.,	2008a)	 to	 include	also	 the	 less	abundant	species,	
which	was	not	feasible	in	this	study.		
	

CONCLUSIONS	AND	MANAGEMENT	IMPLICATIONS		

We	showed	no	negative	long‐term	consequences	of	beach	nourishment	on	the	abundance	
of	 the	 sampled	 species.	 However,	 beach	 nourishment	 can	 alter	 the	 community	
composition,	 as	 became	 clear	 from	 the	 elevated	 abundance	 of	 Scolelepis	 squamata	 after	
nourishment.	This	also	shows	that	S.	squamata	is	an	opportunistic	species	and	may	act	as	a	
potential	ecological	indicator.		
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Morphology	and	wave	characteristics	are	important	to	all	species,	but	every	species	has	its	
own	specific	habitat	demands,	which	should	be	taken	into	account	when	planning	nourish‐
ments.	Moreover,	 beach	 slope	 and	 sediment	 characteristics	 should	 be	matched	with	 the	
original	beach	(Janssen	et	al.,	2011).	Not	only	grain	size	distribution	is	important,	but	also	
sorting	 and	 skewness	 should	 be	 taken	 into	 account,	 since	 we	 found	 these	 to	 be	 of	
importance	 for	 Haustorius	 arenarius	 and	 Bathyporeia	 sarsi.	 Whether	 these	 “new”	
parameters	 are	 truly	 of	 ecological	 significance	 for	 the	 species,	 or	 merely	 indicators	 of	
morphology,	remains	unknown	to	this	point	and	should	be	investigated	experimentally.		
Monitoring	 pre‐and	 post‐nourishment	 remains	 of	 the	 greatest	 importance	 to	 gain	more	
insight	 in	 survival	 and	 recovery	 of	 macroinvertebrate	 fauna	 after	 impacts.	 Further	
extension	of	our	 fundamental	knowledge	on	 species‐specific	 survival,	 recolonisation	and	
settlement	 behaviour,	 and	 habitat	 demands	 will	 ensure	 nourishment	 to	 be	 more	
ecologically	based	in	the	future.		
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SUPPLEMENTARY	MATERIAL		

SPECIES	LIFE	HISTORY	INFORMATION	

S.	 squamata	 mainly	 feeds	 on	 suspended	 particles	 in	 the	 surface	 water,	 consisting	 of	 a	
variety	 of	 sand	 particles,	 small	 invertebrates	 and	 fecal	 pellets	 of	 other	 species	 (Dauer,	
1983).	 The	 species	 is	 a	 broadcast	 spawner	with	 pelagic	 fertilisation	 and	 planktotrophic	
larvae	(Speybroeck	et	al.,	2007).	It	has	been	seen	to	swim	in	flume	experiments,	suggesting	
a	 potential	mechanism	 for	migration	 (Dauer,	 1983).	H.	arenarius,	B.	 sarsi	 and	E.	pulchra	
have	 a	 ventral	 brood	 chamber,	 in	 which	 the	 eggs	 develop	 and	 are	 released	 as	 small	
versions	of	the	adult	animals.	H.	arenarius	filters	microflora	and	microfauna	particles	from	
within	 the	 interstitial	 water	 and	 is	 thought	 to	 never	 leave	 the	 substrate	 voluntarily	
(Watkin,	 1941;	 Vader,	 1969),	 so	 its	 active	 migration	 seems	 limited.	 B.	 sarsi	 feeds	 on	
episammic	 food	 items	 and	 can	 be	 considered	 a	 grazer	 (Speybroeck	 et	 al.,	 2008b).	
Bathyporeia	 species	 are	 known	 for	 leaving	 the	 sediment	 and	 swimming	 in	 the	 water	
column	at	night	(review	in	d’Udekem	d’Acoz,	2004).	However,	 this	does	not	change	their	
zonation	pattern,	suggesting	that	the	time	they	remain	in	the	water	is	only	short	(Watkin,	
1939).	Their	movement	into	the	surface	water	is	semi‐	lunar	and	appears	to	coincide	with	
the	 end	 stages	 of	 embryonic	 development	 (15	 days)	 when	 the	 young	 Bathyporeia	 are	
released	from	the	brood	pouch	(Watkin,	1939;	Fish,	1975).	This	may	give	the	hatchlings	a	
good	opportunity	 for	dispersal	(Watkin,	1939).	E.	pulchra	 is	a	carnivorous	 isopod	(Jones,	
1968)	that	emerges	from	the	sand	as	the	tide	comes	in	and	swims	to	search	for	food.	In	E.	
pulchra,	this	swimming	behaviour	is	both	a	semi	lunar	(Fish	&	Fish,	1972;	Alheit	&	Naylor,	
1976)	 as	 well	 as	 a	 circa	 tidal	 endogenous	 mechanism	 (Jones	 &	 Naylor,	 1970;	 Alheit	 &	
Naylor,	 1976),	 triggered	 by	 the	waves	washing	 the	 animals	 out	 of	 the	 substrate	 (Jones,	
1970;	 Jones	 &	 Naylor,	 1970).	 Juvenile	 Eurydice	 however,	 do	 not	 show	 this	 semi	 lunar	
rhythm.	 Juveniles	are	therefore	able	 to	spend	more	feeding	time	in	 the	water	(Hasting	&	
Naylor,	 1980).	 Adults	 migrate	 to	 the	 subtidal	 during	 winter	 to	 avoid	 extreme	 low	
temperatures	(Jones,	1970).		
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Figure	 S1.	 Morphodynamic	 indices	 of	 sampled	 beaches.	 Dots	 with	 numbers	 represent	 sampled	
beaches,	arranged	from	north	(1)	to	south	(17),	control	beaches	are	indicated	in	italics	(numbers	2,	4,	
10	and	16).	See	Table	2.1	for	further	characterisation.	
a. Deans	parameter	and	Relative	Tide	Range	(adjusted	after	Short,	2001) 
b. Beach	 index	 (BI;	 McLachlan	 &	 Dorvlo,	 2005)	 arranged	 according	 to	 latitude,	 with	 trend	 line	

(R2=0.425;	p=0.021).	
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Effects	 of	 mechanical	 beach	 cleaning	 on	

talitrid	 amphipod	 abundances	 in	 a	 naturally	

low	wrack	environment.	
	
Lies Leewis, Gerard M. Janssen, Jelte Rozema & Peter M. van Bodegom 

	
	
	

ABSTRACT	

Having	a	low	internal	primary	productivity,	supralittoral	sandy	beaches	rely	
on	the	 input	of	spatial	subsidies,	most	of	which	 is	of	marine	origin.	Talitrid	
amphipods,	 e.g.,	 Talitrus	 saltator	 and	 Deshayesorchestia	 deshayesii,	 are	
common	 inhabitants	 of	 supralittoral	 environments,	 and	 have	 marine	 algal	
wrack	and	carrion	as	main	food	source.	In	high	wrack	environments,	wrack	
abundance	has	been	suggested	as	an	important	driver	of	talitrid	occurrences.	
However,	the	environmental	drivers	of	 talitrids	in	 low	wrack	environments	
have	 not	 yet	 been	well	 characterised.	 In	 this	 study	 we	 investigated	 which	
environmental	 drivers	 dominantly	 determine	 talitrid	 abundance	 in	 a	 low	
wrack	 environment,	 and	 how	 mechanical	 beach	 cleaning	 affects	 talitrid	
abundance	and	zonation,	the	latter	representing	their	search	for	alternative	
food	 sources	 on	 beaches	 with	 low	 wrack	 input.	 The	 results	 showed	 that	
beach	mechanical	beach	cleaning	had	only	minor	 impact	on	both	the	beach	
environment	and	wrack	abundances.	Local	sand	characteristics,	rather	than	
wrack	 abundance,	 determined	 talitrid	 occurrences,	 with	 soil	 moisture	 and	
soil	organic	matter	being	generally	important	drivers.	On	the	species	level,	T.	
saltator	 and	 D.	 deshayesii	 showed	 different	 preferences	 to	 environmental	
drivers,	 adding	 proof	 to	 the	 autecological	 hypothesis	 for	 supralittoral	
talitrids.	 Furthermore,	 bands	 of	 organic	 wrack	 did	 not	 harbour	 higher	
abundances	than	bare	sand,	suggesting	that	they	do	not	act	as	shelter,	which	
can	 be	 explained	 by	 the	 investigated	 species	 being	 sand‐hoppers	 (i.e.	
substrate	 modifiers)	 and	 having	 nocturnal	 feeding	 habits.	 Although	
mechanical	 beach	 cleaning	 did	 not	 affect	 wrack	 abundance	 and	 other	
environmental	factors,	it	did	have	a	high	negative	impact	on	adult	T.	saltator	
abundance.	This	impact	was	likely	a	direct	effect	of	the	mechanical	cleaning	
activities.	 This	 pleads	 for	 alternative	 cleaning	 methods	 to	 protect	 sandy	
beach	macroinvertebrate	communities.	

Chapter 

3 
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INTRODUCTION	

Sandy	beaches	have	very	 low	primary	productivity	 (e.g.,	McLachlan	&	Brown,	2006)	and	
consequently,	like	other	low	productive	habitats,	depend	on	spatial	subsidies	(Polis	et	al.,	
1997).	 These	 limitations	 are	 particularly	 strong	 at	 the	 supralittoral	 range	 of	 sandy	
beaches.	 Marine	 allochthonous	 organic	 material,	 such	 as	 detached	 seagrass	 and	
macroalgae	(termed	 ‘wrack’	 from	now	on),	 is	 thus	a	major	resource	 for	 the	 food	web	on	
the	 supralittoral	part	of	 the	 sandy	beach	 (e.g.,	 Colombini	&	Chelazzi,	 2003;	McLachlan	&	
Brown,	2006).	Besides	 its	 important	 role	as	 food	source,	wrack	also	 functions	as	 shelter	
within	 the	 arid	 environment	 of	 the	 dry	 beach,	 by	 providing	 a	 suitable	microhabitat	 for	
different	species	(Colombini	&	Chelazzi,	2003;	Rodil	et	al.,	2008).	
In	 many	 cases,	 the	 fauna	 community	 of	 wrack	 is	 dominated	 by	 talitrid	 amphipods	
(Stenton‐Dozey	 &	 Griffiths,	 1983;	 Colombini	 &	 Chelazzi,	 2003;	 Dugan	 et	 al.,	 2003;	
Colombini	 et	 al.,	 2009;	 Gonçalves	 et	 al.,	 2009).	 They	 play	 an	 important	 role	 in	 the	
processing	of	organic	inputs	by	consuming	large	parts	of	the	more	palatable	macro	algae	
species,	leaving	less	palatable	material	to	accumulate	and	decompose	through	mechanical	
and	 microbial	 pathways	 (Lastra	 et	 al.,	 2008).	 Vice	 versa,	 the	 demographics	 of	 talitrid	
populations	 (and	 concomitantly	 the	 sandy	 beach	 community	 structure	 and	 carbon	
dynamics)	seem	to	be	strongly	affected	by	variation	in	wrack	supply	and	composition.	For	
instance,	 positive	 relationships	 between	 wrack	 availability	 and	 talitrid	 amphipod	
abundance	and	biomass	have	been	found	(Dugan	et	al.,	2003;	Jaramillo	et	al.,	2006).	Other	
studies	 have	 shown	 the	 importance	 of	 food	 quality	 for	 the	 individual	 performance	 of	
amphipods	(Robertson	&	Lucas,	1983;	Kneib	et	al.,	1997;	Taylor	&	Brown,	2006;	Lastra	et	
al.,	 2008).	 Through	 their	 activities,	 talitrid	 amphipods	 have	 major	 influence	 on	 other	
components	 of	 the	wrack	dependent	 sandy	beach	 community	 (e.g.,	 Polis	&	Hurd,	 1996).	
Moreover,	talitrids	are	food	sources	for	predators	such	as	predatory	beetles	(Colombini	et	
al.,	 2000;	 Ince	 et	 al.,	 2007)	 and	 shorebirds	 (e.g.,	 Dugan	 et	 al.,	 2003;	 Hubbard	 &	 Dugan,	
2003),	 suggesting	 that	 their	 disappearance	 from	 the	 supratidal	 sandy	 beach	 may	 have	
implications	for	the	beach	ecosystem	beyond	wrack.	
	
While	highly	appreciated	by	beach	fauna,	human	visitors	of	the	beach	are	often	not	fond	of	
macro	 algae	 and	 other	 beach‐cast	 wrack.	 Therefore,	 heavily	 used	 beaches	 are	 often	
cleaned	to	accommodate	visitors	with	a	“spotless”	beach.	This	currently	common	practice	
(Davenport	 &	 Davenport,	 2006)	 does	 not	 only	 remove	 anthropogenic	 debris,	 but	 also	
macro	algal	wrack.	Moreover,	mechanical	beach	cleaning	does	not	only	remove	unwanted	
material,	which	may	include	macro	fauna,	but	also	disturbs	the	sand	by	raking	or	sucking	it	
up	 and	 by	 compression	 of	 the	 sand	 by	 heavy	 machinery	 (Llewellyn	 &	 Shackley,	 1996;	
Colombini	&	Chelazzi,	2003;	Defeo	et	al.,	2009).	Consequently,	mechanical	beach	cleaning	
is	considered	a	threat	to	sandy	beach	ecosystems	(Brown	&	McLachlan,	2002;	Schlacher	et	
al.,	2007a;	Defeo	et	al.,	2009),	especially	when	heavy	equipment	is	used.		However,	so	far,	
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only	 few	 studies	 have	 determined	 the	 direct	 effects	 of	 beach	 cleaning	 on	 macro	
invertebrate	fauna.	Next	to	a	general	negative	effect	on	species	richness	and	abundance	of	
wrack	 related	 species	 (Llewellyn	 &	 Shackley,	 1996;	 Dugan	 et	 al.,	 2003;	 Gilburn,	 2012),	
these	 studies	 showed	 in	 general	 a	 negative	 effect	 on	 talitrid	 abundance	 (Llewellyn	 &	
Shackley,	1996;	Dugan	et	al.,	2003;	Fanini	et	al.,	2005;	Gilburn,	2012;	but	see	Morton	et	al.,	
2015),	in	line	with	the	general	importance	of	wrack	as	a	food	source	and	shelter	area.		
	
Each	 of	 the	 available	 studies	 (except	 Morton	 et	 al.,	 2015)	 have	 been	 carried	 out	 in	
environments	that	naturally	have	a	high	availability	of	wrack.	However,	many	parts	the	of	
North‐Western	 Europe	 sea	 and	 coastline	 consist	 mainly	 of	 soft	 bottom	 sediment,	 with	
macro	 algae	 being	 bound	 to	 small	 areas	 of	 hard	 substrate	 of	 rocks,	 dykes	 and	 groynes.	
Therefore	the	input	of	macro	algae	wrack	on	these	beaches	is	very	low	compared	to	other	
areas	with	rocky	shores	such	as	the	Atlantic	coast	or	large	kelp	forests	such	as	California.	
Also	within	these	low	wrack	environments,	talitrids	occur	(Veloso	et	al.,	2012;	Morton	et	
al.,	2015).	This	suggests	that	marine	wrack	abundance	may	not	be	so	important	after	all	or	
that	 other	 factors	 may	 determine	 talitrid	 occurrences	 in	 such	 environments,	 like	 the	
presence	of	other	sources	of	food	and	shelter	such	as	terrestrial	plant	material.	If	so,	then	
cleaning	may	also	have	different	impacts	than	in	high	wrack	environments.	For	instance,	if	
shelter	 or	 the	 availability	 of	 alternative	 food	 sources	 plays	 an	 important	 role,	 then	 a	
different	 across‐shore	 distribution	 pattern	 of	 talitrids,	 with	 a	 shift	 towards	 the	 dunes	
(Colombini	et	al.,	2002;	Pavesi	et	al.,	2007),	may	occur	due	to	cleaning.	To	our	knowledge,	
only	 a	 few	 studies	 have	 investigated	 beaches	 with	 low	 wrack	 input	 (Ince	 et	 al.,	 2007;	
Gonçalves	 et	 al.,	 2009;	 Veloso	 et	 al.,	 2012;	 Morton	 et	 al.,	 2015)	 and	 only	 one	 of	 those	
studies	 investigated	 talitrid	 environmental	 drivers	 (Gonçalves	 et	 al.,	 2009).	Many	 of	 the	
questions	 with	 respect	 to	 talitrid	 abundance	 in	 low	 wrack	 environments	 thus	 remain	
unanswered.	
	
In	 this	 study	 we	 investigated,	 by	 employing	 a	 multivariate	 approach	 with	 a	 suite	 of	
sediment	characteristics,	which	environmental	drivers	played	a	role	in	talitrid	abundance	
in	 a	 low	wrack	 environment,	 imposed	upon	 the	 already	 low	wrack	 beaches	 by	 cleaning.	
Secondly,	we	 investigated	how	mechanical	cleaning	 impacted	talitrid	abundance	 in	a	 low	
wrack	 environment,	 by	 comparing	 environmental	 drivers	 and	 the	 abundance	 of	 the	
talitrids	 while	 accounting	 for	 mechanically	 cleaned	 and	 uncleaned	 beaches.	 In	
combination,	we	determined	the	relationship	between	animal	densities	and	several	abiotic	
factors	that	may	underlie	the	potential	effects	caused	by	beach	cleaning.	We	expected	that	
lower	 amounts	 of	 macrophyte	 wrack	 would	 be	 result	 in	 lower	 amphipod	 densities	 on	
cleaned	beaches.	Third,	we	tested	whether	the	removal	of	wrack	by	cleaning	changed	the	
across‐shore	 distributions	 of	 talitrids,	 as	 representing	 their	 search	 for	 alternative	 food	
sources.	
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METHODS	

SAMPLING	

Ten	 sandy	 beaches	 along	 the	Dutch	 coast	 in	 the	 provinces	 of	 North‐	 and	 South	Holland	
were	sampled	in	august	2009.	Five	beaches	were	regularly	mechanically	cleaned	and	five	
beaches	were	 never	 cleaned.	 Beaches	were	 selected	 based	 on	 Jonker	 &	 Janssen	 (2007),	
which	 contains	 a	 survey	 of	 cleaning	 activities	 and	 recreation	 intensity	 on	 all	 Dutch	
beaches.	 This	 survey	 was	 complemented	 with	 direct	 information	 from	 the	 pre‐selected	
beach	municipalities	 for	 confirmation	 of	mechanically	 cleaned	 areas	 and	 periods.	 On	 all	
cleaned	beaches,	beach	cleaning	started	at	the	beginning	of	May.	All	sampled	beaches	were	
chosen	to	have	as	little	recreation	as	possible	(Jonker	&	Janssen,	2007)	to	avoid	effects	of	
trampling	(e.g.,	Weslawski	et	al.,	2000).	All	beaches	were	backed	up	by	dunes,	ensuring	a	
situation	 with	 similar	 geomorphological	 features,	 to	 enable	 talitrids	 to	 show	 similar	
orientation	 behaviour	 between	 beaches	 (e.g.,	 Scapini,	 1997).	 Together,	 this	 created	 a	
situation	as	natural	as	possible,	apart	from	the	beach	cleaning	treatment.	
On	each	beach,	sampling	was	done	from	the	current	drift	line	to	the	dunes,	identifying	five	
beach	levels	from	drift	line	to	dunes	on	three	parallel	transects.	Transects	were	positioned	
at	a	pre‐determined	random	distance	between	1	and	25	m	from	each	other	(A‐B:	4	m;	B‐C:	
8	m).	The	actual	positions	of	beach	levels	were	determined	visually	in	the	field.	Level	1	was	
at	the	drift	 line	(high	water/	swash	limit),	 level	2	was	in	between	level	1	and	3	based	on	
distance,	 level	3	was	the	high	wrack	line	(caused	by	springtides	and	(winter)	storms	and	
consisting	 of	 older	wrack	 than	 present	 on	 the	 drift	 line),	 level	 4	was	 at	 the	 start	 of	 the	
primary	dunes	and	level	5	was	in	the	first	true	dune	vegetation.	For	each	level,	the	distance	
from	the	drift	line	was	measured.		
	
At	each	location,	one	sample	was	taken	by	a	stainless	steel	square	of	35*35	cm	(0.1225	m2)	
that	was	pushed	into	the	sand.	Samples	were	carefully	dug	out	with	a	small	hand	shovel	by	
scraping	 off	 sand	 layers	 to	 a	 depth	 of	 approximately	 10	 cm.	 All	 animals	 that	were	 seen	
during	 scraping	 were	 collected	 by	 hand	 or	 with	 an	 aspirator.	 The	 remaining	 sand	 was	
sieved	over	a	1	mm	mesh	to	isolate	the	remaining	animals.	All	animals	were	stored	in	70%	
ethanol.	Sampling	focussed	on	Talitrus	saltator,	a	common	and	extensively	studied	talitrid	
amphipod	 species	 that	 occurs	 along	European	 and	Mediterranean	 coasts	 (e.g.,	 review	 in	
Scapini,	 2006)	 and	 Deshayesorchestia	 deshayesii	 (Dekker,	 1978)	 (previously	 known	 as	
Talorchestia	deshayesii	(Lowry,	2010)).	Besides	talitrids,	only	three	isopods,	one	fly	larvae	
and	 one	 ant	were	 found	 during	 sampling,	which	were	 not	 taken	 into	 account	 in	 further	
analyses.	This	stresses	the	importance	of	talitrids	on	the	supralittoral	beach.	
	
Wrack	material	that	remained	in	the	sieve	was	collected	in	plastic	zipper	bags	and	stored	
at	4	°C.	Next	to	every	animal	sample,	a	sediment	sample	was	taken	and	also	stored	at	4	°C.	
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Directly	next	 to	every	animal	sample,	soil	 temperature	was	measured	to	a	depth	of	5	cm	
with	a	digital	meat	thermometer	(0.1	°C	accuracy).		
	

LABORATORY	ANALYSES	

Animal	samples	were	processed	by	determining	species	identity	and	counting	the	number	
of	individuals.	Talitrids	with	a	body	length	>	4	mm	were	considered	to	be	adults	(Scapini	et	
al.,	1992)	and	determined	to	species;	smaller	individuals	were	considered	to	be	juveniles,	
which	 could	 not	 be	 attributed	 to	 a	 species.	 The	 different	 talitrid	 species	 (adults)	 and	
juveniles	 are	 referred	 to	 as	 “populations”,	 and	were	 treated	 separately	 in	 the	 statistical	
analyses.		
Sediment	 samples	 were	 weighted	 and	 dried	 in	 a	 70	 °C	 oven	 and	 weighted	 again	 for	
moisture	 content.	 Grain	 size	 (µm),	 sorting	 (mean	 standard	 deviation	 in	 phi	 units)	 and	
skewness	 (in	 phi	 units)	 were	 measured	 with	 a	 Laser	 Diffraction	 Analyzer	 (Helos	 KR,	
Sympatec).	Wrack	material	was	dried	in	a	70	°C	oven	and	processed	by	removing	the	sand	
by	 sieving,	 and	by	handpicking	 all	 non‐palatable	parts	 (shells,	 stones,	wood,	 etc).	Wrack	
was	separated	according	to	marine	or	terrestrial	origin	and	weighted.	Soil	organic	matter	
content	 and	 CaCO3	 were	 measured	 using	 Thermo	 Gravimetric	 Analysis	 (TGA‐601,	 Leco	
Instrumente	 GmBH,	 Moenchengladbach,	 Germany),	 in	 which	 the	 percentage	 dry	 weight	
organic	matter	was	calculated	by	loss	on	ignition	from	the	105‐	550	°C	and	CaCO3	from	the	
615‐	1000	°C	trajectory.	
	

STATISTICAL	ANALYSES	

First,	 a	Principal	Components	Analysis	 (PCA)	was	used	 to	assess	 the	 relation	among	 the	
measured	 environmental	 variables,	 including	 a	 visual	 interpretation	 of	 the	 impacts	 of	
cleaning	thereupon.	The	decision	for	linear	models	instead	of	a	unimodal	ones,	was	based	
on	the	lengths	of	gradient	(<3)	from	Detrended	Correspondence	Analyses	(DCA).	Scaling	of	
the	 data	was	 done	 based	 on	 inter‐sample	 distances.	 The	 environmental	 data	 in	 the	 PCA	
was	not	transformed,	but	the	data	was	centred	and	standardized.		
To	 evaluate	 whether	 environmental	 variables	 indeed	 differed	 with	 cleaning,	 the	
significance	of	the	factors	cleaning,	beach	level	(as	fixed	factors)	and	their	interaction	were	
tested	with	a	PERMANOVA.	 In	addition,	 “beach”	was	 considered	a	 random	effect	 to	 take	
into	account	that	the	observations	on	one	beach	are	not	independent	(Bolker	et	al.,	2009).	
The	interaction	term	cleaning*level	was	used	to	test	whether	the	across‐shore	distribution	
of	environmental	variables	changed	between	cleaned	and	uncleaned	beaches.	
Linear	mixed	models	(LMM)	with	restricted	maximum	likelihood	(REML),	available	in	SPSS	
17.0,	 were	 used	 to	 test	 for	 the	 treatment	 effects	 of	 cleaning	 and	 beach	 level	 on	 animal	
densities.	 Similar	 to	 the	 PERMANOVA,	 cleaning,	 level	 and	 the	 interaction	 cleaning*level	
were	 fixed	effects,	while	beach	was	 a	 random	effect.	With	LMM,	different	models,	 either	
using	 “beach	 level”	 (categorical	 variable)	 or	 “distance	 from	 drift	 line”	 (continuous	
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variable),	 were	 compared	 using	 Akaike´s	 information	 criterion	 (AIC)	 as	 a	 measure	 of	
goodness	of	fit.	For	all	animal	groups,	“level”	generated	a	lower	AIC	value	(Δ	AIC	between	
13	and	33),	hence	we	used	level	as	the	factor	to	describe	across‐shore	distribution	effects.	
As	an	estimate	of	the	explained	variance,		one	minus	the	ratio	of	the	estimated	unexplained	
variance	of	a	particular	model	compared	to	the	estimated	unexplained	variance	of	the	null	
model	(with	only	beach	as	a	random	effect)	was	used.	LMM	assume	normally	distributed	
errors,	therefore	animal	densities	were	log10+1	transformed.		
To	 investigate	 which	 environmental	 variables	 underlie	 the	 effects	 on	 the	 talitrid	
community	that	were	found	in	the	LMM,	a	Redundancy	Analysis	(RDA)	was	done.	Scaling	
of	 the	 data	 was	 done	 based	 on	 inter‐sample	 distances	 and	 no	 post	 transformation	 was	
performed.	The	species	data	 in	 the	RDA	was	 log+1	 transformed	and	species	abundances	
were	centred.	An	RDA	with	all	environmental	variables	showed	a	high	Variance	 Inflation	
Factor	 (VIF)	 for	 the	variable	 skewness	 (VIF=15.1),	which	 indicated	strong	collinearity	of	
this	 variable.	This	 could	make	 forward	 selection	with	Monte	Carlo	Permutation	 tests	 (to	
determine	the	variables	that	significantly	contributed	to	the	variation	in	the	species	data,	
and	 the	 significance	 of	 the	 first	 axis	 and	 the	 whole	 model)	 unreliable.	 However,	 the	
variable	 skewness	 was	 non‐significant	 after	 running	 the	 RDA,	 which	 makes	 the	
interpretation	still	reliable.	To	ensure	that	also	samples	without	talitrid	 individuals	were	
accounted	for	in	the	analysis,	species	abundances	were	given	a	minimum	value	of	0.01	(20	
samples)	before	transformation	of	the	data.	Analyses	where	zeros	were	replaced	with	1	or	
0.1	gave	similar	outcomes,	so	we	continued	with	replacing	zeros	by	0.01.	In	all	statistical	
analyses,	abundances	per	m2	were	used.	
	

RESULTS	

RELATION	MECHANICAL	BEACH	CLEANING	AND	ENVIRONMENT	

The	PCA	(Figure	3.1)	showed	that	the	measured	environmental	variables	did	not	seem	to	
cause	a	clear	separation	between	cleaned	and	uncleaned	samples.	This	was	confirmed	in	
the	PERMANOVA,	where,	although	significant	(p=0.001),	cleaning	explained	only	1.7%	of	
the	 variation	 in	 the	 environmental	 data.	 Level	 explained	 14.9%	 (p=0.001),	 whereas	 the	
interaction	 between	 cleaning	 and	 level	 was	 not	 significant.	 The	 PCA	 showed	 that	 all	
variables	 (except	 for	 total	 wrack,	 marine	 wrack	 and	 soil	 moisture)	 explained	 a	 similar	
amount	 of	 variance	 on	 the	 first	 axis	 and	 all	 seem	 related	 to	 differences	 between	 the	
different	 beaches	 sampled	 (species	 scores	 between	 1.07	 (soil	 temperature)	 and	 1.27	
(sorting),	 and	 ‐1.32	 (skewness)).	 On	 the	 other	 axes,	 total	wrack,	marine	wrack	 and	 soil	
moisture	explained	most,	with	species	scores	of	1.97	and	1.96	for	total	wrack	and	marine	
wrack	on	axis	2	and	‐2.72	for	soil	moisture	on	axis	3.		
The	 PERMANOVA	 results	 provided	 an	 explanation	 for	 the	 importance	 of	wrack	 and	 soil	
moisture	on	 the	2nd	and	3rd	axes.	 In	explaining	 the	significance	of	cleaning,	 soil	moisture	
had	the	highest	PERMANOVA	coefficient	(‐0.28),	followed	by	organic	matter	content		
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(‐0.16)	and	grain	size	(‐0.13).	Marine	wrack	and	total	wrack	had	the	highest	contribution	
to	the	significance	of	beach	level	when	compared	to	the	reference	beach	level	in	the	dunes	
(level	5),	with	relative	wrack	amounts	being	highest	on	level	3	(PERMANOVA	coefficients	
1.22	 and	 0.78	 for	marine	wrack	 and	 total	 wrack,	 respectively).	 Total	 wrack,	 which	 also	
contains	terrestrial	material,	increased	in	importance	towards	the	dunes.	On	the	drift	line	
(level	 1),	 grain	 size,	 soil	 moisture	 and	 organic	 matter	 content	 were	 most	 important	
(PERMANOVA	coefficients	respectively	0.56,	0.51	and	0.45).	
Together,	 these	 results	 suggest	 that	 the	 local	 sand	 characteristics	 of	 the	 beaches	 were	
related	to	the	1st	PCA	axis,	and	that	wrack	(2nd	axis)	and	moisture	(3rd	axis)	were	related	to	
the	beach	levels	and	beach	cleaning,	respectively.		
	

	
Figure	3.1.	PCA	of	measured	environmental	variables.	See	legend	for	symbol	explanation.	Wrack	total	
=	dry	weight	of	all	wrack;	wrack	marine	=	dry	weight	of	marine	wrack;	sorting	=	sand	sorting;	OM	=	
soil	organic	matter	content;	GS	=	mean	grain	size;	soiltemp	=	soil	temperature;	SK	=	sand	skewness.	
Level	1	was	at	the	drift	line,	level	2	was	in	between	level	1	and	3	based	on	distance,	level	3	was	the	
high	wrack	line,	 level	4	was	at	the	start	of	the	primary	dunes	and	level	5	was	in	the	first	true	dune	
vegetation.	
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Figure	3.2.	Back	transformed	mean	densities	and	its	standard	errors	of	the	three	populations,	derived	
from	the	estimated	marginal	means	for	cleaning*level.	Cleaned	beaches	are	in	 light	grey,	uncleaned	
beaches	in	dark	grey.	Beach	levels	are	as	explained	in	Figure	3.1.	
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RELATION	MECHANICAL	BEACH	CLEANING	AND	ANIMAL	ABUNDANCE	

Overall,	 densities	 of	Talitrus	 saltator	 adults	were	 higher	 compared	 to	Deshayesorchestia	
deshayesii	adults	and	juvenile	individuals	(Figure	3.2).	T.	saltator	densities	varied	between	
0	 and	 678	 individuals	 per	 m2,	 D.	 deshayesii	 and	 juvenile	 densities	 respectively	 varied	
between	0	and	57	and	0	and	620	ind/m2.		Significantly	more	individuals	were	present	on	
unclceaned	 compared	 to	 cleaned	 beaches	 for	 T.	 saltator	 adults	 (Figure	 3.2,	 Table	 3.1).	
There	 were	 differences	 in	 density	 between	 beach	 levels	 for	 all	 groups;	 on	 all	 beaches	
abundances	declined	from	the	high	water/	swash	line	to	the	dunes.	However,	zonation	did	
not	differ	with	a	different	cleaning	regime	(no	significant	interaction).		
 

Table	3.1.	LMM	results,	with	beach	as	random	effect	to	control	for	dependence	of	samples	taken	on	
each	beach.	Given	are	F	and	p‐values	 for	 the	main	 factors	cleaning	and	 level,	and	 their	 interaction.	
Significant	outcomes	are	indicated	in	bold.	Percentage	explained	variance	is	calculated	as	the	ratio	of	
the	explained	variance	of	the	full	model	and	the	explained	variance	of	the	null	model.		

cleaning	 level	 cleaning*level	 expl.	var.	(%)	

	
F	 p	 F	 p	 F	 p	

	
Talitrus	saltator	adults	 10.066	 0.013	 24.230	 0.000	 1.925	 0.130	 0.71	

Deshayesorchestia	deshayesii	adults	 2.767	 0.135	 4.149	 0.008	 2.322	 0.078	 0.31	

Juveniles	 2.641	 0.143	 3.859	 0.011	 1.371	 0.266	 0.24	

	
In	 the	 RDA	 (Figure	 3.3),	 the	 environmental	 variables	 explained	 36%	 in	 the	 species	
densities,	of	which	31%	on	the	first	axis	and	5%	on	the	second	axis.	Both	the	first	canonical	
axis	 as	 well	 as	 all	 canonical	 axes	 together	 were	 significant	 (p=0.018	 and	 p=0.014,	
respectively).	 In	 explaining	 the	 whole	 suite	 of	 species	 abundances,	 soil	 moisture	 and	
organic	 matter	 content	 were	 significant	 (p=0.006	 and	 p=0.038	 respectively).	 All	 other	
variables	were	insignificant.		
On	 the	 species	 level,	 abundance	 of	 adult	Talitrus	 saltator	was	negatively	 related	 to	 total	
wrack,	but	positively	related	to	organic	matter,	soil	temperature	and	mean	grain	size,	and	
to	 a	 somewhat	 lesser	 extent	 to	 soil	 moisture	 and	 marine	 wrack.	 Except	 for	 the	 wrack	
components,	most	 of	 these	 variables	 varied	 strongly	 between	 the	 different	 beaches	 and	
were	 also	 partly	 related	 to	 beach	 cleaning	 according	 to	 the	 PERMANOVA.	 The	 opposite	
effects	of	total	wrack	and	marine	wrack	on	T.	saltator	adult	abundance	suggests	different	
roles	for	these	wrack	components.	According	to	the	RDA,	marine	wrack	impacts	are	mostly	
associated	 with	 beach	 levels	 1	 and	 2	 where	 most	 T.	 saltator	 adults	 occurred,	 while	
(negative)	total	wrack	effects	seem	to	be	more	prevalent	in	the	higher	beach	levels	(3‐5).		
Densities	 of	T.	 saltator	were	unrelated	 to	 those	of	D.	deshayesii	 and	 juvenile	 amphipods.	
Instead,	juveniles	and	D.	deshayesii	were	positively	related	to	sand	skewness,	soil	moisture	
and	 marine	 wrack,	 and	 negatively	 to	 CaCO3,	 sand	 sorting	 and	 mean	 grain	 size.	 These	
variables	varied	strongly	between	different	beaches	(sand	skewness,	CaCO3	and	sorting)	as	
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well	as	different	beach	levels	(particularly	marine	wrack	and	soil	moisture)	and	may	partly	
explain	the	effects	of	beach	level	on	the	occurrence	of	D.	deshayesii	and	juvenile	talitrids.	
	

	
Figure	 3.3.	 RDA	 of	 animals	 and	 measured	 environmental	 variables.	 See	 legend	 for	 symbol	
explanation.	Environmental	variables	are	thick	arrows:	wrack	total	=	dry	weight	of	all	wrack;	wrack	
marine=	dry	weight	of	marine	wrack;	sorting	=	sand	sorting;	OM	=	soil	organic	matter	content;	GS	=	
mean	 grain	 size;	 soiltemp	 =	 soil	 temperature;	 SK	 =	 sand	 skewness.	 Species	 populations	 are	 thin	
arrows:	Dd	adults	=	Deshayesorchestia	deshayesii	adults;	Ts	=	Talitrus	saltator	adults.	Beach	levels	are	
as	explained	in	Figure	3.1.	

	

DISCUSSION	

The	 Dutch	 sandy	 beaches	 offered	 us	 an	 excellent	 opportunity	 to	 investigate	 which	
environmental	 drivers	 are	 responsible	 for	 talitrid	 abundances	 in	 a	 low	 wrack	
environment.	The	frequent	practice	of	beach	cleaning	also	allowed	investigating	whether	
cleaning	 in	 these	 low	 wrack	 environments	 still	 would	 act	 through	 effects	 on	 wrack	
availability,	as	hypothesised	for	high	wrack	environments.		Furthermore,	we	separated	the	
marine	parts	of	the	wrack	from	the	other	organic	components,	 to	be	able	to	evaluate	the	
importance	of	wrack	as	a	food	source	and	wrack	as	a	shelter.		
	

DRIVERS	OF	TALITRID	OCCURRENCE	

The	 results	 showed	 the	 environmental	 drivers	 were	 well	 separated,	 and	 that	 sand	
characteristics	 and	 hence	 geomorphological	 differences	 between	 beaches	 (PCA	 axis	 1)	
were	most	 important	 in	explaining	 the	environmental	variation	among	 the	samples.	The	
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PCA	plot	shows	two	distinct	groups	of	samples,	one	on	the	right	side	and	one	on	the	 left	
side	of	the	figure.	This	separation	is	most	probably	related	to	the	geographical	origin	of	the	
sampled	beaches.	The	samples	on	the	left	side	of	the	figure	were	on	the	four	most	Southern	
sampled	 beaches,	 which	 had	 different	 sediment	 characteristics	 than	 the	 other,	 more	
Northern	 beaches.	 Additionally,	 the	 different	 beach	 levels	 and	 beach	 cleaning	 explained	
some	 of	 the	 variation	 in	 environmental	 drivers	 and	 were	 mostly	 related	 to	 wrack	
abundance	(PCA	axis	2)	and	soil	moisture	(PCA	axis	3),	respectively.	However,	since	beach	
cleaning	explained	a	minor	amount	of	variation	(1.7%)	 in	 the	PERMANOVA,	 its	effect	on	
the	beach	environment	is	negligible.	Even	for	wrack	occurrences,	the	analyses	showed	that	
the	beach	levels	(showing	the	various	drift	lines	at	which	wrack	accumulates)	were	more	
important	than	cleaning	in	these	low	wrack	environments.	
Also	 with	 respect	 to	 explaining	 talitrid	 occurrences,	 the	 local	 geomorphological	
characteristics	 as	 reflected	 in	measured	 sand	 characteristics	were	more	 important	 than	
fresh	 marine	 wrack	 abundance.	 This	 contrasts	 to	 findings	 in	 high	 wrack	 environments,	
where	 variation	 in	 wrack	 was	 a	 major	 driver	 of	 talitrid	 occurrences	 (e.g.,	 Dugan	 et	 al.,	
2003;	Jaramillo	et	al.,	2006).	Instead,	our	results	show	that	soil	moisture	and	soil	organic	
matter	 were	 important	 drivers,	 suggesting	 the	 importance	 of	 the	 physical	 sand	
environment	and	potentially	the	importance	of	avoiding	desiccation,	although	still	a	large	
proportion	of	variance	remained	unexplained.	This	contrasts	to	studies	that	did	not	find	a	
relationship	 between	 talitrid	 population	 abundances	 and	 beach	 morphodynamics	 (e.g.,	
Jaramillo	&	McLachlan	1993,	Gómez	&	Defeo	1999,	Contreras	et	al.	2003),	although	these	
studies	 looked	 at	 more	 general	 between	 beach	 characteristics	 such	 as	 beach	 type	 and	
beach	 face	slope	 instead	of	 the	smaller	scale	within	beach	physical	characteristics	of	our	
study.	
When	zooming	into	the	individual	populations	investigated,	it	seems	that	Talitrus	saltator	
on	one	hand,	and	Deshayesorchestia	deshayesii	and	juveniles	abundances	on	the	other	hand	
are	 affected	 by	 different	 environmental	 conditions.	 Deshayesorchestia	 deshayesii	 and	
juveniles	 seemed	 to	 be	 particularly	 affected	 by	 higher	 sand	 skewness	 and	 better	 sand	
sorting	 that	on	 the	Northern	beaches.	Well	 sorted	sand,	which	consists	of	 sand	grains	of	
similar	sizes,	is	likely	to	be	related	to	the	burrowing	capacity	of	animals,	since	it	is	related	
to	the	penetrability	and	porosity	of	the	sand	(Nel	et	al.,	2001).	Juveniles	and	the	generally	
smaller	D.	deshayesii	(9‐13	mm	(Ayari‐Akkari	et	al.,	2014;	Prato	et	al.,	2009))	are	expected	
to	have	lesser	burrowing	capacity	than	adult	T.	saltator	(11‐18	mm	(Marques	et	al.,	2003)),	
which	 may	 explain	 their	 preference	 for	 well‐sorted	 sands.	 The	 ecological	 role	 of	 sand	
skewness	 in	 determining	 species	 abundances	 is	 not	 entirely	 clear,	 since	 all	 skewness	
values	indicate	a	very	fine	skewed	distribution	of	grain	sizes	(Blott	&	Pye,	2001).		
The	 relation	of	T.	 saltator	with	 grain	 size	 seems	 to	be	 related	 to	 their	 occurrence	 at	 the	
lower	beach	levels	and	co‐occurring	larger	grain	sizes	at	those	levels	(1	and	2;	see	Figure	
3.3),	rather	than	to	grain	size	differences	between	beaches.	This	also	goes	for	the	impacts	
of	sediment	moisture	content	on	all	populations.	T.	saltator	also	related	positively	to	soil	
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organic	matter,	which	likely	relates	to	the	stronger	swash	influences	at	lower	beach	levels,	
where	 organic	 input	 from	 the	 sea	 (i.e.	 POM,	 phyto‐	 and	 zooplankton)	 is	more	 abundant	
than	 on	 the	 higher	 beach	 levels.	 The	 non‐existent	 relation	 of	 soil	 organic	 matter	 with	
wrack	abundance	(see	Figure	3.1)	has	also	been	shown	by	others	(Ince	et	al.,	2007).	All	this	
suggests	 that	 local	 environmental	 conditions	 are	 shaping	 talitrid	 populations	 on	
supralittoral	 sandy	 beaches,	 which	 adds	 proof	 to	 the	 hypothesis	 of	 autecology	 for	
supralittoral	talitrids.	
	

ROLE	OF	WRACK	

While	both	adult	talitrid	species	and	juveniles	were	related	to	specific	sand	characteristics,	
adult	 Talitrus	 saltator,	 adult	 Deshayesorchestia	 deshayesii	 and	 juveniles	 were	 all	 also	
affected	by	wrack	occurrences	in	general,	although	in	different	ways.	The	impacts	of	wrack	
were	related	to	the	differences	in	talitrid	occurrences	at	different	beach	levels,	and	not	to	
cleaning	as	such.	Adult	Talitrus	saltator	abundances	related	negatively	to	total	wrack,	and	
positively	 to	marine	wrack	 abundance.	 Since	 total	 wrack	was	 an	 important	 explanatory	
factor	 for	beach	 level,	and	more	abundant	higher	on	the	beach	(levels	3‐5),	 these	results	
indicate	that	T.	saltator	did	not	use	the	higher	wrack	bands	of	older	wrack	material	in	level	
3	 as	 a	means	 for	 shelter,	 which	 is	 corroborated	 by	 personal	 observations.	 Instead,	 they	
were	more	 abundant	 around	 the	drift	 line	 and	 in	 the	bare	 sand	between	 the	 two	wrack	
bands.	This	association	of	talitrids	with	fresh	wrack	(i.e.	around	the	drift	 line),	 instead	of	
dried	macroalgae	has	 also	been	 shown	by	others	 (Marsden,	 1991;	 Jaramillo	 et	 al.,	 2006;	
Lastra	et	al.,	2008;	Veloso	et	al.,	2012;	Ruiz	Delgado	et	al.,	2014).	Moreover,	the	proposition	
of	 the	 existence	 of	 two	 ecological	 categories	 of	 talitrids,	 i.e.	 sand‐hoppers	 (substrate‐
modifiers	burrowing	in	the	sand)	and	beach‐hoppers	(non‐substrate	modifiers,	sheltering	
in	stranded	wrack)	by	Bousfield	(1982;	Fanini	et	al.,	2016),	with	T.	saltator	being	a	sand‐
hopper,	 coincide	with	 their	 burrow	 position	 in	 between	 the	 two	wrack	 bands.	While	 in	
general	 it	 is	 presumed	 that	 talitrids	 use	wrack	 as	 a	means	 of	 shelter	 (e.g.,	 Colombini	 &	
Chelazzi,	2003),	the	combination	of	the	results	above	suggest	that	wrack	is	not	important	
for	providing	shelter	for	Talitrus	saltator,	at	least	not	on	low	wrack	beaches.		
The	 occurrence	 of	 marine	 wrack	 related	 positively	 to	 the	 occurrence	 of	 all	 talitrid	
populations,	albeit	not	to	the	extents	to	which	geomorphological	drivers	were	important.	
Thus,	 while	 food	 supply	 from	 marine	 wrack	 will	 definitely	 play	 a	 role	 in	 talitrid	
distributions,	the	results	also	suggest	that	the	location	of	their	daytime	burrows	does	not	
seem	to	be	highly	dependent	on	marine	wrack	inputs,	since	the	relation	with	marine	wrack	
in	the	RDA	was	not	strong.	This	can	be	explained	by	the	known	nocturnal	feeding	habits	of	
talitrids	(Scapini	et	al.,	1992,	Nardi	et	al.,	2003),	where	they	move	up	and	down	the	beach	
and	 are	 able	 to	 cross	 distances	 up	 to	 200	meter	 parallel	 to	 the	 shoreline	 (Scapini	 et	 al.,	
1992).	Moreover,	this	locomotion	behaviour	may	also	explain	why	cleaning	did	not	affect	
zonation	patterns.		
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The	 sandy	 beach	 community	 on	 the	 sampled	 beaches	 was	 lacking	macro	 invertebrates,	
other	than	talitrids.	This	might	be	because	of	the	low	wrack	abundances	of	these	beaches,	
since	wrack	subsidies	can	increase	insect	species	richness	(Dugan	et	al.,	2003).	
	

EFFECTS	OF	MECHANICAL	BEACH	CLEANING	

Beach	 cleaning	 had	 low	 impacts	 on	 wrack	 abundance	 and	 any	 of	 the	 other	 measured	
environmental	drivers.	This	is	in	accordance	with	several	other	investigations	that	showed	
no	differences	in	environmental	conditions	on	beaches	with	and	without	human	activities	
(e.g.,	 beach	 driving:	 Schlacher	 et	 al.,	 2008b;	 Walker	 &	 Schlacher	 2011;	 tourism	 and	
shoreline	modifications:	Bessa	et	al.,	2014).		
Still,	beach	cleaning	had	a	large	impact	on	adults	of	Talitrus	saltator.	At	very	high	cleaning	
intensities	(daily	cleaning	from	the	drift	 line	to	the	dune	foot	(personal	observation)),	no	
talitrid	 individuals	 were	 present	 anymore,	 as	 was	 also	 shown	 by	 Gilburn,	 2012.	 These	
negative	effects	of	beach	cleaning	on	adults	of	Talitrus	saltator	did	not	seem	to	go	through	
the	 measured	 environmental	 drivers,	 although	 soil	 moisture	 had	 a	 small	 influence.	
Together	with	 the	 large	 amount	 of	 unexplained	 variation	 in	 the	RDA,	 this	 suggests	 that,	
other,	 more	 direct	 effects	 seem	 to	 be	 causing	 the	 negative	 effect	 of	 beach	 cleaning.	
Mechanical	 beach	 cleaning	 is	 largely	 done	with	 large	heavy	 vehicles,	which	 are	 likely	 to	
disturb	 the	beach	 fauna.	Beach	driving	can	cause	direct	mortality	by	crushing	organisms	
(Schlacher	 et	 al.,	 2007b;	 Schlacher	&	 Lucrezi,	 2010),	which	 could	 also	 be	 the	 case	 here.	
Furthermore,	raking	and	sieving	of	the	sand	by	beach	cleaners	could	disturb	and	harm	the	
animals.	 Lastly,	 although	 we	 tried	 to	 choose	 beaches	 that	 were	 similar	 in	 recreation	
intensity,	 we	 cannot	 rule	 out	 completely	 that	 cleaned	 beaches	 experienced	 more	
recreation	 than	 uncleaned	 beaches.	Negative	 effects	 of	 recreation	 on	 talitrids	 have	 been	
shown	by	several	other	studies	(e.g.,	Weslawski	et	al.,	2000;	Fanini	et	al.,	2005;	Veloso	et	
al.,	2008)	and	were	related	to	either	trampling	as	a	direct	physical	damage	to	burrowing	
(talitrid)	 species	 (Moffet	 et	 al.,	 1998;	 Ugolini	 et	 al.,	 2008),	 or	 to	 other	 co‐occurring	
activities	 on	 urbanised	 beaches	 in	 general	 (i.e.	 cleaning,	 driving,	 shore	 armouring	 and	
other	 human	 activities)	 (e.g.,	 Barros,	 2001;	Veloso	 et	 al.,	 2006,	 2009;	 Barca‐Bravo	 et	 al.,	
2008;	Lucrezi	et	al.,	2009a;	Reyez‐Martinez	et	al.,	2015).		
The	results	show	that	beach	cleaning	is	a	threat	to	supralittoral	beach	macro	invertebrates,	
even	 on	 beaches	 with	 low	 wrack	 input.	 The	 direct	 effects	 of	 beach	 cleaning	 seem	 to	
override	 the	 environmental	 relations	 with	 macro	 invertebrates	 that	 normally	 exist	 on	
sandy	beaches	(Schlacher	&	Thompson,	2013b).	To	mitigate	the	effects	of	beach	cleaning,	
other	cleaning	methods,	 like	handpicking,	would	be	less	disturbing.	Moreover,	 it	remains	
of	 crucial	 importance	 to	 alternate	 cleaned	 and	 uncleaned	 areas,	 to	 allow	 animals	 to	
migrate.	The	combination	of	small	cleaned	areas	and	low	cleaning	frequencies	(i.e.	once	or	
twice	 a	 week)	 may	 minimise	 cleaning	 effects	 on	 species	 abundances	 in	 a	 low	 wrack	
environment,	 as	 was	 shown	 by	 Morton	 et	 al.,	 (2015).	 While	 the	 removal	 of	 wrack	 by	
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cleaning	 is	visually	obvious	 in	high	wrack	environments,	our	 results	 suggest	 that	also	 in	
those	environments	direct	physical	effects	of	cleaning	should	not	be	underappreciated.	
	

CONCLUSIONS	

In	low	wrack	beaches,	and	unlike	high	wrack	environments,	talitrid	abundances	and	their	
across‐shore	 distribution	 seem	 to	 be	 hardly	 driven	 by	 variation	 in	 wrack	 abundances.	
Instead,	 local	 sand	 characteristics	 and	 particular	 soil	 moisture	 and	 sediment	 organic	
matter	 seem	 to	drive	 talitrid	 abundances.	Despite	 the	 low	 impacts	 of	wrack,	mechanical	
beach	cleaning	strongly	affected	the	occurrence	of	Talitrus	saltator,	 indicating	 the	strong	
impacts	of	the	physical	disturbance	of	cleaning.	To	protect	sandy	beach	macro	invertebrate	
communities,	alternative	cleaning	methods	will	have	to	be	advocated.		
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stranded	 algal	wrack.	 Evidence	 from	 feeding	

experiments	and	field	isotopic	data.	
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ABSTRACT		

This	 study	was	 to	 test	whether	Talitrus	 saltator	 (Montagu)	 feeds	 on	 other	
food	sources	in	addition	to	deposited	marine	wrack.	Feeding	behaviour	of	T.	
saltator	was	examined	in	a	no‐choice	feeding	experiment	and	was	validated	
at	 field	 conditions	 on	 cleaned	 and	 uncleaned	 sandy	 beaches	 of	 the	
Netherlands.	T.	 saltator	 fed	both	on	 stranded	algal	wrack	 and	on	non‐algal	
food	 sources	 of	 terrestrial	 origin,	 like	 roots	 and	 shoots	 of	Elytrigia	 juncea.	
δ13C	and	δ15N	of	T.	 saltator	 and	 its	 faeces	 suggested	multiple	 simultaneous	
food	sources	and	 the	 involvement	of	dune	plants	more	depleted	 in	 13C	and	
15N	 than	algal	wrack	 in	 its	diet.	δ13C	and	δ15N	were	constant	over	a	14‐day	
period,	suggesting	that	T.	saltator	always	consumes	terrestrial	food	sources	
as	part	of	its	diet.	Therefore,	it	plays	an	important	role	in	processing	inputs	
of	 marine	 and	 terrestrial	 origin	 alike,	 linking	 terrestrial	 and	 littoral	 food	
webs	of	sandy	beaches.		 	
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INTRODUCTION	

Talitrid	 amphipods	 are	 one	 of	 the	 most	 typical	 groups	 of	 arthropod	 inhabitants	 of	
temperate	dry	sandy	beaches	 (Dahl,	1952).	Marine	polychaetes,	 isopods,	amphipods	and	
molluscs	 are	 the	 dominant	 species	 living	 in	 intertidal	 zones,	 while	 semi	 terrestrial	
amphipods	 dominate	 macro	 invertebrate	 abundance	 in	 the	 supra	 tidal	 zones,	 together	
with	isopods	and	insects	like	Coleoptera	and	Diptera	(Mclachlan	&	Jaramillo,	1995;	Dugan	
et	al.,	2003;	Lastra	et	al.,	2006;	Mclachlan	&	Brown,	2006).	Talitrus	saltator	(Montagu)	is	a	
semi	 terrestrial	 amphipod	 that	 inhabits	 sandy	 shores	 of	 the	 Netherlands	 (Bulnheim	 &	
Scholl,	1986;	 Janssen	&	Mulder,	2005)	and	other	parts	of	Europe	and	 the	Mediterranean	
(Williams,	1983;	Bulnheim	&	Scholl,	1986;	McLachlan	&	Jaramillo	1995;	Fallaci	et	al.,	1999;	
Weslawski	et	al.,	2000;	Marques	et	al.,	2003;	Lastra	et	al.,	2006;	Speybroeck	et	al.,	2008a).	
T.	saltator	shelters	in	temporary	burrows	around	the	area	of	previous	nocturnal	high	tides	
(Williams,	 1983;	 Fallaci	 et	 al.,	 2003)	 in	 order	 to	 get	 closer	 to	 available	 food	 sources	 of	
stranded	 algal	 wrack	 species	 (Marsden,	 1991;	 Nardi	 et	 al.,	 2003;	 Pavesi	 et	 al.,	 2007).	
Feeding	on	stranded	wrack,	T.	saltator	plays	an	important	ecological	role	as	decomposer,	
naturally	linking	the	terrestrial	and	littoral	food	web	chains	that	typically	belong	to	coastal	
ecosystems.	The	role	of	semi‐terrestrial	amphipods	as	keystone	species	(Lawton,	1994)	in	
these	 food	webs	 is	 underlined	 by	 studies	 showing	 that	 amphipods	were	 responsible	 for	
turning	over	55%	of	stranded	wrack	within	3	days	and	73%	within	14	days	of	deposition,	
respectively	 (Griffiths	 &	 Stenton‐Dozey,	 1981;	 Lastra	 et	 al.,	 2008).	 With	 assimilation	
efficiencies	of	51%	much	of	the	primary	production	was	returned	to	the	sandy	beaches	as	
faeces	 and	made	 available	 to	 other	 species	 in	 the	 food	 web	 (Griffiths	 &	 Stenton‐Dozey,	
1981).	Without	the	involvement	of	macrofauna,	about	150	days	would	have	been	needed	
to	degrade	a	similar	amount	of	algae	(Rice	&	Tenore,	1981).	
Several	 studies	on	T.	 saltator	 have	 investigated	 its	 feeding	behaviour	 and	 focused	on	 its	
preference	to	various	kinds	of	algal	wrack	and	other	possible	food	sources	(Adin	&	Riera,	
2003;	Lastra	et	al.,	2008;	Colombini	et	al.,	2009;	Olabarria	et	al.,	2009;	Rossi	et	al.,	2010).	
Still,	 its	 overall	 feeding	 behaviour	 is	 not	 well‐understood.	 Talitrid	 amphipods	 are	 also	
present	even	if	stranded	algal	wrack	is	not	abundantly	available,	e.g.,	due	to	the	absence	of	
substrate	for	macroalgae	(Griffiths	&	Stenton‐Dozey,	1981;	Marsden,	1991),	deviating	tidal	
currents	(Behbehani	&	Crocker,	1982;	Ochieng	&	Erftemeijer,	1999;	Colombini	&	Chelazzi,	
2003)	 or	 anthropogenic	 causes	 such	 as	 cleaning	 of	 the	 beaches	 (Dugan	 et	 al.,	 2003).	
Colombini	 et	 al.	 (2002)	 reported	 that	 T.	 saltator	 of	 Tunesian	 sandy	 beaches	 tended	 to	
occupy	the	dune	area	in	October.	In	Italy,	individuals	of	T.	saltator	were	also	caught	in	the	
dunes	 in	 November	 and	 smaller	 quantities	 in	 January	 and	 March	 (Pavesi	 et	 al.,	 2007).	
Although	T.	saltator	may	have	used	the	dunes	only	as	shelter,	the	observations	suggest	that	
T.	saltator	may	have	fed	on	food	sources	from	the	dunes.	
Stable	 isotopes	analyses	on	 terrestrial	 food	source	use	by	 talitrid	amphipods	have	so	 far	
shown	 mixed	 results.	 Adin	 &	 Riera	 (2003)	 and	 Colombini	 et	 al.	 (2009)	 concluded	 that	
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terrestrial	material	was	not	part	of	the	T.	saltator	diet,	while	the	reverse	was	concluded	for	
a	local	amphipod	in	a	study	in	South‐	West	Australia	(Ince	et	al.,	2007).	However,	feeding	
experiments	to	provide	definite	proof	were	not	included	in	any	of	these	studies.	Therefore	
the	 research	 question	 of	 this	 paper	 is:	 Does	 T.	 saltator	 also	 feed	 on	 terrestrial	 plant	
material	or	does	it	only	rely	on	stranded	algal	wrack	as	its	food	source	(independent	of	the	
availability	of	stranded	algal	wrack)?	
We	 hypothesized	 that	 T.	 saltator	 feeds	 also	 on	 other	 food	 sources	 than	 stranded	 algal	
wrack.	 Appreciation	 of	 such	 other	 food	 sources	 could	 have	 important	 ecological	
implications	for	our	understanding	of	coastal	food	webs	and	the	role	of	T.	saltator	therein.	
We	 tested	 this	 hypothesis	 by	 feeding	 T.	 saltator	 with	 various	 potential	 food	 sources	
including	non	algal	materials	found	in	the	sandy	beaches	of	the	Netherlands	in	a	no‐choice	
feeding	experiment.	Stable	isotopes	analysis	has	been	used	in	ecosystems	studies	(Haines,	
1976;	Peterson	&	Fry,	1987;	McArthur	&	Moorhead,	1996;	Schmidt	et	al.,	1999;	Nyssen	et	
al.,	2002;	Potthoff	et	al.,	2003)	including	studies	on	animal	feeding	strategies	(e.g.,	Adin	&	
Riera	2003;	 Ince	et	al.,	2007)	 to	provide	 information	on	 food	sources	and	sinks.	For	 this	
reason,	 we	 validated	 the	 results	 of	 the	 feeding	 experiment	 by	 analyzing	 stable	 isotopes	
signatures	 of	 δ13C	 and	 δ15N	 of	 T.	 saltator,	 its	 faeces	 and	 all	 potential	 food	 sources	 of	
material	collected	from	18	sites	along	the	Dutch	sandy	coast.	These	beaches	were	chosen	
to	represent	a	wide	range	in	algal	wrack	abundance	by	having	half	of	the	beaches	cleaned	
and	 half	 of	 them	 uncleaned.	 Control	 experiments	 were	 carried	 out	 to	 assess	 isotope	
fractionation	 of	 the	 various	 food	 sources	which	were	 examined	 and	 the	 extent	 to	which	
isotopes	 composition	 of	 T.	 saltator	 reflected	 its	 recent	 food	 sources.	 In	 addition,	 a	
starvation	experiment	was	done	 to	better	understand	 the	ability	of	T.	saltator	 to	survive	
without	a	food	source	and	to	facilitate	the	interpretation	of	the	field	validation.	
	

METHODS	

FEEDING	EXPERIMENT	

A	no‐choice	feeding	experiment	was	performed	to	evaluate	the	edibility	of	potential	food	
sources.	About	300	individuals	of	T.	saltator	were	collected	from	three	different	uncleaned	
sandy	beaches	along	 the	Dutch	main	coast.	To	avoid	historical	 food	preferences	 to	affect	
the	experiment,	these	individuals	were	combined,	preconditioned	for	2	weeks	and	fed	only	
on	 filter	paper	as	carbon	source	and	commercial	 fish	 food	as	protein	source	prior	 to	 the	
experiment.		
Based	on	abundance	along	sandy	beaches	in	the	Netherlands,	8	food	sources	were	chosen.	
Fresh	 material	 of	 Fucus	 vesiculosus,	 Sargassum	muticum,	 Enteromorpha	 intestinalis,	 and	
micro‐algae	mats	along	the	shoreline	were	chosen	to	represent	algal	sources,	reported	as	
food	sources	for	T.	saltator.	Liocarcinus	holsatus,	a	crab	species,	aboveground	litter	of	the	
dune	 plant	Elytrigia	 juncea	 subsp.	 boreoatlantica	 (from	 here	 on	 called	Elytrigia	 juncea),	
fresh	 roots	 of	 Elytrigia	 juncea,	 and	 sand	 were	 chosen	 to	 represent	 the	 non‐algal	 food	
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sources.	 Sand	 was	 included	 since	 T.	 saltator	 was	 frequently	 found	 in	 areas	 with	 no	
apparent	 presence	 of	 other	 food	 sources.	 The	 feeding	 experiment	 was	 done	 in	 a	
greenhouse	with	a	constant	temperature	of	15oC.	Natural	daylight	was	applied	during	the	
treatment.	 On	 the	 first	 day	 of	 the	 experiment,	 5	 healthy	 individuals	 of	T.	 saltator	 were	
randomly	selected	and	put	in	an	aquarium	of	13	cm	in	diameter,	6	cm	height	with	0.5	cm	
plaster	 on	 the	 bottom	 to	 keep	 the	 aquarium	moist.	 To	 remove	 remnant	 food	 from	 their	
gastrointestinal	system,	they	were	starved	for	24	hours.	On	the	second	day	thereafter,	100	
mg	of	a	randomly	assigned	food	source	was	put	into	each	aquarium.	Control	food	sources	
were	put	in	the	aquarium	without	T.	saltator	to	correct	for	mass	losses	due	to	other	causes	
than	feeding.	Five	replicate	aquariums	were	prepared	for	each	treatment.	On	the	third	day,	
another	100	mg	food	source	was	added	to	the	aquaria	if	the	particular	food	source	was	run	
out.	The	experiment	was	terminated	48	hours	after	the	first	food	had	been	added.	
Subsequently,	T.	saltator	individuals	were	pooled	for	each	aquarium,	collected	in	a	plastic	
bag	 and	 kept	 alive	 for	 24	 hours	 to	 allow	 excretion	 of	 the	 gut	 contents.	 They	were	 then	
killed	by	freezing	for	10	minutes,	washed	with	de‐mineralized	water,	dried	(60oC)	for	48	
hours	and	ground	to	fine	powder	for	stable	isotopes	analysis.	All	 faeces	produced	during	
the	 experiment	was	 collected,	weighted	 and	 dried	 for	 stable	 isotopes	 analysis.	 Left‐over	
food	 sources	 in	 both	 treatments	 and	 controls	were	 collected,	 dried	 (60oC)	 for	 48	 hours,	
weighed	and	ground	to	a	fine	powder	for	stable	isotopes	analysis.	The	consumption	of	food	
sources	 was	 quantified	 by	 comparing	 the	 final	 dry	 weight	 to	 the	 estimated	 initial	 dry	
weight,	based	on	moisture	contents	of	the	food	source	in	question.	
	

FIELD	VALIDATION	OF	FEEDING	PATTERNS		

Sampling	sites	
Beach	 cleaning	 is	 done	 regularly	 on	 the	 beaches	 of	 21‐out	 of	 a	 total	 of	 27‐	 coastal	
municipalities,	especially	during	summer	season	on	busy	recreational	beaches	(Jonker	and	
Janssen	 2007).	 Nine	 pairs	 of	 cleaned	 and	 un‐cleaned	 sandy	 beaches	 of	 the	Netherlands,	
located	between	Den	Helder	(52o	54’	05.85”	N;	4o	42’	46.79”	E)	in	the	north	and	Kijkduin	
(52o	03’	 55.93”N;	4o	12’	 49.45”E)	 in	 the	 south	were	 selected	 (Figure	4.1)	 to	validate	 the	
pattern	of	T.	saltator’s	feeding	behaviour.	Site	selection	was	based	on	Jonker	and	Janssen	
(2007),	 information	 of	 beach	 cleaning	 activities	 provided	 by	 the	 selected	municipalities	
and	on	direct	 observations	 in	 the	 field.	The	 total	 cover	of	 stranded	wrack	 along	 cleaned	
sandy	beaches	equalled	0.002±0.001	m2	m‐1,	while	the	uncleaned	sandy	beaches	contained	
0.034±0.01	m2	m‐1,	which	is	considerably	lower	than	values	commonly	reported	for	rocky	
shores.	Given	 that	T.	saltator	 can	move	60	 to	200	meters	along	 the	shoreline	within	one	
night	 (Scapini	 et	 al.,	 1992),	 the	 chosen	 distance	within	 a	 pair	 of	 cleaned	 and	 uncleaned	
sampling	sites	was	more	than	500	meters.	
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Figure	4.1.	Distribution	of	9	pairs	of	sampling	sites	along	sandy	beaches	of	the	Netherlands	(figure	by	
Edwin	Verduin).	

	

Sampling	procedure		
Samples	of	T.	saltator	and	all	 its	possible	 food	sources	were	collected	after	 the	period	of	
spring	 tides	of	May	(16,	17,	19,	21,	23)	 	and	 June	 (4,	6)	2007.	The	period	was	chosen	 to	
anticipate	 on	 the	 availability	 of	 stranded	 wrack	 brought	 and	 stranded	 to	 the	 shoreline	
fortnightly	 during	 spring	 tides	 and	 the	 presence	 of	 T.	 saltator	 due	 to	 the	 higher	
temperatures	at	this	time	of	the	year.		
At	least	10	to	15	adults	of	T.	saltator	(body	length	>	4	mm	(Scapini	et	al.,	1992;	Williams,	
1983)	 were	 collected	 from	 within	 an	 area	 of	 10	 meters	 in	 diameter	 (Weslawski	 et	 al.,	
2000)	around	wrack	patches	at	each	site.	They	were	directly	put	into	a	collection	jar	with	a	
moist	plaster	base	and	were	transferred	to	the	laboratory	in	a	cool	ice	box.	They	were	kept	
alive	for	24	hours	without	food	to	allow	evacuation	of	gut	contents	prior	to	stable	isotopes	
analysis	 (DeNiro	 &	 Epstein,	 1978;	 Adin	 &	 Riera,	 2003).	 T.	 saltator	 and	 its	 faeces	 were	
processed	for	stable	isotope	analysis,	as	described	earlier.	
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All	potential	 food	sources	were	also	sampled	from	the	same	area	as	T.	saltator.	Stranded	
algal	 wrack	 was	 collected	 by	 hand.	 Fresh	 shoots,	 fresh	 roots	 and	 aboveground	 litter	 of	
dune	 plants	 were	 collected	 wherever	 dune	 plants	 were	 available	 at	 the	 site.	 Dead	 L.	
holsatus	(a	crab	species)	and	mats	of	micro	algae	were	collected	from	the	surface	of	sand	
adjacent	to	the	burrows	of	T.	saltator.	Three	samples	of	sand	were	also	collected	from	each	
site	 using	 a	 core	 of	 5	 cm	 in	 diameter	 to	 the	 depth	 of	 5‐7	 cm.	 A	 Loss	 on	 Ignition	 (LOI)	
analysis	was	performed	to	determine	the	organic	matter	content	of	this	sand.		
Samples	 of	 all	 potential	 food	 sources	 were	 brought	 to	 the	 laboratory	 for	 species	
identification.	 Around	 20	 gram	 (fresh	 weight)	 of	 each	 sample	 was	 washed	 with	 de‐
mineralized	water,	dried	(60oC)	for	72	hours	and	ground	to	a	fine	powder	with	a	grinding	
mill.	Each	sampled	beach	was	considered	to	represent	a	replicate.	
	
13C	and	15N	analysis		
Around	1‐3	mg	of	fine	powder	of	T.	saltator,	their	faeces	and	all	possible	food	sources	were	
put	into	ultra‐clean	tin	capsules,	except	for	the	sand	samples,	for	which	we	used	about	15	
mg	of	each	sample	for	δ13C	analysis	and	another	15	mg	of	each	sample	for	δ15N	analysis.	
Samples	 were	 combusted	 in	 an	 element	 analyser	 (Carlo	 Erba	 EA1110)	 coupled	 to	 an	
isotope	 ratio	 mass	 spectrometer	 (Thermo	 Finnigan	 Delta‐Plus).	 Isotopic	 ratios	 were	
expressed	in	conventional	delta	(δ)	notation	as	parts	per	thousand.		δX	(‰)	=	(R	sample/	
R	standard	‐	1)	X	1000	‰,	where	X=	13C	or	15N			and	R=	13C/	12C	or	15N/	14N,	respectively.	R	
standard	is	Vienna‐PDB	for	13C	and	atmospheric	dinitrogen	for	15N.				
	

CONTROL	EXPERIMENTS	

Starvation	experiment	of	T.	saltator	in	the	absence	of	food	sources	
To	 determine	 the	 time	 period	 of	 food	 consumption	 reflected	 by	 the	 stable	 isotopes	
signatures	 in	 the	 field	 validation,	 a	 starvation	 experiment	 was	 conducted.	 About	 300	
individuals	 of	T.	 saltator	were	 collected	 from	 the	uncleaned	area	of	 Scheveningen	 sandy	
beach.	We	collected	only	T.	saltator	 that	sheltered	below	 the	stranded	wrack	 in	 the	area	
(stranded	wrack	was	0.04	m2	m‐1	shore	line)	to	ensure	that	they	had	fed	well	on	stranded	
wrack	 for	 the	 last	 24	 hours.	 T.	 saltator	 were	 transferred	 to	 a	 climate	 chamber	 with	 a	
temperature	regime	of	15oC	and	natural	day	light,	put	in	aquaria	of	20cm	x	25cm	x	40cm,	
with	0.5	plaster	in	its	base	and	were	fed	with	F.	vesiculosus	ad	libitum	for	24	hours.	On	the	
following	day,	20	 individuals	of	T.	 saltator	were	randomly	allocated	 to	an	aquarium	that	
was	filled	with	100	ml	sand.	In	total,	9	aquaria	were	prepared	to	which	no	food	source	was	
provided	 and	 another	 4	 control	 aquaria	 were	 prepared	with	 an	 additional	 10	 grams	 of	
fresh	F.	vesiculosus	as	food	source.		
The	 survival	 rate	 of	 T.	 saltator	 in	 each	 aquarium	 was	 monitored	 daily.	 During	 the	
experiment,	1	ml	of	artificial	ocean	water	(Instant	Ocean;	conductivity	of	31.3	mS/cm)	was	
added	daily	 to	 the	plaster	 of	 each	 aquarium	 to	 keep	 the	 sand	moist.	 Sand	moisture	was	
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kept	 around	 5%.	 The	 experiment	 was	 conducted	 for	 15	 days	 to	 mimic	 the	 natural	
maximum	 starvation	 period,	 which	 is	 the	 period	 in	 between	 two	 spring	 tides	 bringing	
stranded	 wrack	 to	 the	 shore	 lines	 (Ochieng	 &	 Erftemeijer,	 1999).	 At	 the	 end	 of	 the	
experiment,	T.	 saltator	 from	each	aquarium,	 their	 faeces	and	 the	 food	 leftovers	 from	 the	
control	group	were	collected	and	were	prepared	for	stable	isotopes	analysis	as	described	
above.		
	

Test	for	fractionation	of	food	sources	
Most	stable	isotopes	studies	on	talitrid	amphipod	feeding	so	far	assumed	that	amphipods	
reflect	 the	 isotope	 ratios	of	 their	diet	with	 a	 slight	but	 constant	 enrichment,	 taken	 to	be	
3.4‰	for	N	and	1‰	for	C	(DeNiro	&	Epstein,	1978,	1981).	However,	Crawley	et	al.	(2007)	
showed	 that	 the	 enrichment	may	 be	 situation	 dependent.	 Therefore,	 we	 quantified	 this	
fractionation	for	T.	saltator	and	its	faeces,	for	the	Dutch	coastal	conditions.		
Fractionation	was	determined	from	i)	T.	saltator	fed	only	with	F.	vesiculosus	for	15	days	in	
the	control	treatment	of	the	starvation	experiment	by	analysing	T.	saltator,	its	faeces	and	F.	
vesiculosus,	and	ii)	T.	saltator	that	had	been	fed	on	filter	paper	and	fish	food	only	for	a	full	
two	weeks	 by	 analysing	 10	 individuals	 of	T.	 saltator,	 the	 filter	 paper,	 the	 fish	 food	 and	
faeces.	To	better	appreciate	potential	 fractionation	 in	 faeces,	we	also	sampled	faeces	and	
the	 various	 potential	 food	 sources	 at	 the	 end	 of	 feeding	 experiment.	 Preparation	 and	
analysis	of	stable	isotopes	signatures	of	food	sources,	T.	saltator	and	their	faeces	was	done	
as	described	earlier.	Fractionation	was	calculated	by	subtracting	δ13C	and	δ15N	of	the	food	
sources	from	the	δ13C	and	δ15N	of	the	whole	body	and	faeces	of	T.	saltator.		
	

STATISTICAL	ANALYSIS	

One‐way	ANOVA	followed	by	a	Tukey’s	post‐hoc	test	was	performed	to	test	the	differences	
in	 edibility	 of	 food	 sources.	 In	 a	 one‐way	ANOVA,	 the	 stable	 isotopes	 signatures	 of	 food	
sources	were	 compared	 to	 the	 stable	 isotopes	 signatures	 of	T.	 saltator	 and	 its	 faeces	 to	
examine	 whether	 food	 sources	 were	 fractionated	 in	 the	 T.	 saltator	 body	 and	 its	 faeces.	
Differences	in	the	stable	isotopes	signatures	of	T.	saltator	between	cleaned	and	uncleaned	
beaches	 and	 between	 those	 collected	 in	 the	 dunes	 and	 those	 from	 the	 beach	were	 also	
tested	in	a	one‐way	ANOVA.	Pair‐wise	student’s	t‐tests	were	done	to	test	for	differences	in	
the	 survival	 rate	 between	 treatment	 and	 control	 groups	 during	 the	 15	 days	 of	 the	
starvation	experiment.		
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Figure	4.2.	(a)	Percentage	consumption	of	potential	food	sources	during	the	feeding	experiment.	(b)	
Number	 of	 faeces	 collected	 at	 the	 end	 of	 the	 feeding	 experiment	 for	 different	 food	 sources.	 n=5	
aquaria,	 with	 5	 Talitrus	 saltator	 individuals	 per	 food	 source.	 Algal	 food	 sources	 included	 Fucus	
vesiculosus,	 Sargassum	muticum,	 Enteromorpha	 sp.	 and	 a	 micro	 algae	mat.	 Non‐algal	 food	 sources	
included	 the	 root	 of	 Elytrichia	 juncea	 (dune	 plant),	 litter	 of	 Elytrichia	 juncea;	 Liocarcinus	 holsatus	
(crab)	 and	 sand.	 Error	 bars	 indicate	 standard	 errors,	 while	 different	 letters	 indicate	 significant	
differences	according	to	a	Tukey’s	post‐hoc	test.	
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RESULTS	

FEEDING	EXPERIMENT	

The	feeding	experiment	showed	that	T.	saltator	 fed	not	only	on	algal	species,	but	also	on	
non‐algal	 food	sources:	Apart	 from	a	preferred	consumption	of	algal	species	(48%	of	the	
given	S.	muticum,	55%	of	F.	vesiculosus	and	58%	of	Enteromorpha	 intestinalis),	T.	saltator	
also	consumed	41.9%	of	the	inside	of	Liocarcinus	holsatus	and	19.2%	of	aboveground	litter	
of	the	terrestrial	fore	dune	plant	species	Elytrichia	juncea	(Figure	4.2a).	
The	 edibility	 of	 non‐algal	 food	 sources	 was	 confirmed	 by	 the	 number	 of	 faecal	 pellets	
collected	at	the	end	of	the	experiment	(Figure	4.2b).	In	general,	patterns	across	treatments	
in	 the	 number	 of	 faeces	 resembled	 those	 of	 food	 consumption	 (r	 =0.789;	 p<0.001).	 An	
exception	to	this	pattern	was	a	low	number	of	faeces	collected	from	the	treatment	with	the	
interior	material	 of	 L.	 holsatus,	 compared	 to	 a	 relatively	 high	 consumption	 of	 this	 food	
source.	All	aquaria	of	this	particular	treatment	showed,	however,	a	high	number	of	faeces	
on	 the	 first	 day	 of	 the	 experiment	 (results	 not	 shown).	 Most	 probably,	 T.	 saltator	 re‐
consumed	their	faeces	in	this	treatment.		
T.	saltator	 fed	 to	a	much	lesser	extent	(p<0.0001;	n=40)	on	the	microalgae	mat	collected	
from	the	surface	of	sandy	beaches	and	on	fresh	roots	of	E.	juncea	collected	from	the	dunes	
than	 on	 the	 food	 sources	 discussed	 above.	 This	 was	 also	 indicated	 by	 the	 significantly	
different	number	of	faeces	found	in	the	aquaria	(p<0.001;	n=40).	We	did	not	find	a	single	
faeces	in	the	treatment	with	sand	as	food	source	alone.		
T.	saltator	survived	very	well	during	the	3	days	of	 the	feeding	experiment.	There	was	no	
significant	difference	(p=0.22;	n=40)	in	the	survival	of	T.	saltator	among	treatments	with	
different	food	sources,	even	when	compared	to	the	group	fed	with	sand	only.		
	

FRACTIONATION	OF	13C	AND	15N	

Feeding	only	on	filter	paper	and	fish	food	(δ13C	=	‐	24.67‰	and	δ15N	=	3.79‰;	Table	4.1)	
for	two	weeks	decreased	the	δ13C	of	T.	saltator	by	2.66‰	and	δ15N	of	T.	saltator	by	3.06‰.	
Similarly,	feeding	only	on	F.	vesiculosus	for	two	weeks	enriched	δ13C	of	T.	saltator	by	0.2‰	
and	 δ15N	 by	 0.6‰.	 In	 both	 cases,	 the	 direction	 of	 the	 changes	 in	 the	 stable	 isotopes	
signatures	were	in	the	direction	of	the	food	supplied,	indicating	a	quick	adaptation	of	the	
stable	isotopes	values	across	the	whole	body	of	T.	saltator.	
Some	fractionation	of	δ13C	and	δ15N	signatures	had	occurred	(p<0.001	both	for	13C	and	for	
15N;	n=24)	in	the	whole	body	of	T.	saltator.	Fractionation	amounted	to	2.24‰	and	5.51‰,	
when	 feeding	 on	 filter	 paper	 and	 fish	 food	 and	 0.84‰	 and	 2.57‰	when	 feeding	 on	 F.	
vesiculosus	for	δ13C	and	δ15N,	respectively.		
At	 the	same	 time,	 the	signatures	of	carbon	 isotopes	and	nitrogen	 isotopes	of	 faeces	of	T.	
saltator	collected	from	the	feeding	experiment	and	the	starvation	experiment	(Table	4.1)	
did	not	differ	 from	 that	of	 the	given	 food	 sources	 (p>0.05;	n=27),	 indicating	 that	 carbon	
and	nitrogen	isotopes	were	not	fractionated	in	the	faeces.	Some	fractionation	seemed	to		
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Table	 4.1.	 Stable	 isotopes	 signatures	 of	 food	 sources,	 T.	 saltator,	 its	 faeces	 (part	 a)	 and	 its	
fractionation	(part	b)	from	the	feeding	experiment	and	the	starvation	experiment.	F.	vesiculosus*	was	
from	the	feeding	experiment	and	F.	vesiculosus**	was	from	starvation	experiment.	Fractionation	was	
not	calculated	for	T.	saltator’s	bodies	during	the	feeding	experiment,	as	two	days	was	considered	too	
short	to	reflect	equilibrium	in	stable	isotopes	signatures	for	the	whole	body.	

 a	 		 Food	sources	 		 Faeces	 		 T.	saltator		

	
δ13C	 δ15N	 δ13C	 δ15N	 δ13C	 δ15N	

(‰)	 (‰)	 (‰)	 (‰)	 (‰)	 (‰)	

F.	vesiculosus*	
18.9±2.4	 10.8±1.5	 	‐18.9±0.2	 10.7±0.6	 	‐21.5±0.5	 10.3±0.4	

(n=5)	 (n=5)	 (n=5)	 (n=5)	 (n=5)	 (n=5)	

S.	muticum	
	‐22.8±2.5	 5.7±2.8	 	‐23.6±1.4	 6.0±1.2	 	‐21.4±0.3	 10.3±0.5	

(n=5)	 (n=5)	 (n=5)	 (n=5)	 (n=5)	 (n=5)	

E.	intestinalis	
	‐17.2±2.1	 8.2±1.6	 	‐17.1±0.7	 7.4±0.2	 	‐21.5±0.3	 10.1±0.4	

(n=5)	 (n=5)	 (n=5)	 (n=5)	 (n=5)	 (n=5)	

Algae	mat	
	‐15.9±2.8	 8.1±0.5	

N.A.	 N.A	
	‐21.5±0.3	 9.9±0.3	

(n=5)	 (n=5)	 (n=5)	 (n=5)	

Root	E.	juncea	
	‐27.9±0.1	 5.4±1.1	 ‐25.8	 6.9	 	‐21.5±0.5	 10.5±0.7	

(n=5)	 (n=5)	 (n=1)	 (n=1)	 (n=5)	 (n=5)	

Litter	E.	juncea	
	‐30.2±1.2	 5.4	±1.4	 	‐30.8±0.3	 5.8±0.5	 	‐21.5±0.3	 10.2±0.5	

(n=5)	 (n=5)	 (n=3)	 (n=3)	 (n=5)	 (n=5)	

L.	holsatus	
	‐16.6±0.3	 11.8±2.9	 ‐21.3	 8.5	 	‐21.4±0.3	 10.3±0.4	

(n=5)	 (n=5)	 (n=1)	 (n=1)	 (n=5)	 (n=5)	

Sand	
	‐7.6±0.8	 7.7±0.8	

N.A	 N.A	
	‐21.5±0.3	 9.9±0.3	

(n=5)	 (n=5)	 (n=5)	 (n=5)	

Filter	paper	and	
fish	food	

	‐24.6±0.2	 3.7±1.4	 	‐24.6±0.1	 3.2±3.0	 	‐22.4±0.6	 9.3±0.7	

(n=6)	 (n=6)	 (n=3)	 (n=3)	 (n=10)	 (n=10)	

F.	vesiculosus**	
	‐18.6±0.2	 9.7±0.5	 	‐18.6±0.5	 10.2±0.5	 	‐19.4±0.2	 12.3±0.2	

		 (n=4)	 (n=4)	 		 (n=4)	 (n=4)	 		 (n=4)	 (n=4)	

	

 b	    Fractionation	of		
T.	saltator’s	faeces	

		 Fractionation	of	
T.saltator’s	body	

	
δ13C	 δ15N	 δ13C	 δ15N	

(‰)	 (‰)	 (‰)	 (‰)	

F.	vesiculosus*	 0	 ‐0.1	 ‐	 ‐	
S.	muticum	 ‐0.8	 0.3	 ‐	 ‐	
E.	intestinalis	 0.1	 ‐0.8	 ‐	 ‐	
Algae	mat	 N.A.	 N.A.	 ‐	 ‐	
Root	E.	juncea	 1.1	 1.5	 ‐	 ‐	
Litter	E.	juncea	 ‐0.6	 0.4	 ‐	 ‐	
L.	holsatus	 ‐4.7	 ‐3.3	 ‐	 ‐	
Sand	 N.A.	 N.A.	 ‐	 ‐	
Filter	paper	and	fish	food	 0	 ‐0.5	 ‐2.2	 5.6	
F.	vesiculosus**	    0	 0.3	 		 ‐0.8	 2.6	
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have	 occurred	 when	 feeding	 on	 L.	 holsatus.	 However,	 in	 that	 particular	 case,	 the	 large	
difference	 in	 the	 signatures	was	 likely	 caused	by	 large	differences	 in	 the	 stable	 isotopes	
signatures	 between	 different	 body	 parts	 of	L.	holsatus,	whereas	 not	 all	 body	 parts	were	
equally	edible.		
	

VALIDATION	OF	FEEDING	PATTERNS	

General	patterns	
The	consumption	of	various	potential	 food	sources	at	 field	conditions	was	 inferred	 from	
stable	isotopes	signatures	of	δ13C	and	δ15N.	T.	saltator	(after	correction	for	fractionation,	as	
discussed	above)	was	depleted	in	13C	and	slightly	depleted	in	15N	compared	to	the	various	
algal	 food	 sources	 encountered	 at	 the	 sandy	 beaches	 (Figure	 4.3a).	 Only	 the	 algae	 S.	
muticum	had	stable	 isotopes	signatures	close	 to	 those	of	T.	saltator,	although	S.	muticum	
showed	a	stronger	depletion	in	15N.	The	signatures	of	materials	of	terrestrial	plant	origin	
were	even	more	depleted	 in	both	 13C	and	 15N.	Organic	matter	 from	sand	had	completely	
different	 δ13C	 and	δ15N	values,	 suggesting	 that	 organic	matter	 from	sand	was	not	 a	 food	
source	for	T.	saltator.		
The	stable	isotopes	signatures	of	T.	saltator’s	faeces	collected	from	the	field	(unaffected	by	
fractionation,	 as	 discussed	 above)	 were	 indistinguishable	 from	 those	 of	 whole	 body	 T.	
saltator.	The	stable	 isotopes	signatures	of	neither	T.	saltator’s	 faeces	nor	 the	whole	body	
values	corrected	 for	 fractionation	matched	a	stable	 isotopes	signature	of	any	single	 food	
source	collected	from	the	field	(Figure	4.3a).	Rather,	the	signatures	indicated	that	multiple	
food	 sources	 had	 been	 consumed	 by	T.	 saltator	 under	 field	 conditions.	 Signatures	were	
intermediate	of	those	for	algal	sources	and	those	of	terrestrial	plant	material.		
Stable	 isotopes	signatures	of	T.	 saltator	were	not	 significantly	different	between	cleaned	
vs.	uncleaned	sandy	beaches	(p=0.16	and	p=0.26	for	δ13C	and	δ15N,	respectively;	n=90).	T.	
saltator	was	not	 only	 found	near	 the	wrack	but	 also	 in	 the	dunes,	more	 than	30	meters	
away	 from	 the	 stranded	 wrack.	 These	 individuals	 (Figure	 4.3b)	 were	 significantly	
(p<0.001;	 n=95)	 depleted	 in	 15N,	 while	 there	 was	 a	 trend	 towards	 depletion	 in	 13C	
(p=0.071;	n=95)	compared	to	those	collected	on	the	beach	according	to	a	one‐way	ANOVA.	
This	 seems	 to	 indicate	 different	 food	 sources	 for	 individuals	 in	 the	 dunes	 compared	 to	
those	 on	 the	 beach.	 The	 δ13C	 and	 δ15N	 values	 of	 the	T.	 saltator	 individuals	 in	 the	 dunes	
were	closer	to	that	of	the	fore	dune	plant	species	E.	juncea.	
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POSSIBLE	INVOLVEMENT	OF	S	.	MUTICUM	IN	T.	SALTATOR	DIET	

To	test	whether	shifts	in	δ13C	and	δ15N	of	T.	saltator	away	from	those	of	the	dominant	algal	
species	were	caused	by	 the	consumption	of	 terrestrial	plant	material	or	by	 feeding	on	S.	
muticum,	 the	 effects	 of	 the	 presence	 and	 absence	 of	 S.	 muticum	 at	 the	 cleaned	 and	
uncleaned	 sandy	 beaches	 on	 the	 stable	 isotopes	 signatures	 of	T.	 saltator	 were	 analysed	
separately	(Figure	4.3b).	The	presence	of	S.	muticum	at	the	uncleaned	sandy	beaches	led	to	
depleted	signatures	of	13C	and	15N	of	T.	saltator	compared	to	those	where	S.	muticum	was	
absent	(Figure	4.3b).	The	presence	of	S.	muticum	depleted	13C	values	of	T.	saltator	 from	‐
20.36‰	 to	 ‐21.44‰	 and	 those	 of	 15N	 from	 9.35‰	 to	 8.74‰.	 On	 the	 other	 hand,	 the	
presence	 or	 absence	 of	 S.	 muticum	 at	 the	 cleaned	 sandy	 beaches	 did	 not	 bring	 any	
difference	 in	 the	stable	 isotopes	signatures	of	T.	saltator	 (Figure	4.3b).	Although	a	minor	
shift	occurred	into	the	direction	of	S.	muticum	signatures,	indicating	the	consumption	of	S.	
muticum	whenever	it	was	available,	the	signatures	of	T.	saltator	were	not	explained	by	the	
combination	 of	 the	 various	 food	 sources	 of	 marine	 origin.	 Instead,	 the	 stable	 isotopes	
signatures	 of	T.	 saltator	 indicated	 that	 food	 sources	more	 depleted	 in	 13C	 and	 15N	must	
have	 been	 combined	 with	 marine	 food	 sources	 in	 T.	 saltator’s	 diet.	 Similar	 conclusions	
could	 be	 drawn	when	 analysing	 the	 patterns	 of	 δ13C	 and	 δ15N	 in	 the	 faeces	 (results	 not	
shown).	
	

T.	SALTATOR	SURVIVAL	IN	THE	ABSENCE	OF	FOOD	SOURCES	

The	starvation	experiment	showed	that	T.	saltator	was	able	to	survive	quite	well	even	after	
being	kept	without	any	single	food	sources	for	15	days.	 	Both	the	treatment	group	(n=9)	
and	the	control	group	(n=4)	showed	similar	survival	and	mortality	rates.	That	implies	that	
no	increased	mortality	occurred	during	the	first	week	due	to	starvation,	while	the	number	
of	surviving	individuals	decreased	linearly	during	the	second	week	of	the	experiment.	The	
absolute	 mortality	 during	 two	 weeks	 of	 treatment	 was	 only	 13%.	 After	 two	 weeks	 of	
treatment	 without	 food	 source	 the	 survival	 rate	 of	 T.	 saltator	 was	 non‐significantly	
different	from	the	control	(r=0.982;	p<0.001).		
	
	
	
	
Figure	4.3	(other	page).	Stable	isotopes	signatures	of	δ13C	and	δ15N	of	T.	saltator	(n=90)	and	its	
potential	food	sources	(n=5	for	each	food	source)	of	sandy	beaches	of	the	Netherlands.	(a)	
Emphasising	(in	bold)	the	relation	between	the	signature	of	T.	saltator	uncorrected	and	corrected	for	
fractionation	(indicated	by	the	arrow),	its	faeces	(n=15)	and	its	food	sources,	including	the	standard	
errors	for	each	of	the	signatures.	(b)	Emphasising	(in	bold)	the	differences	in	signatures	of	T.	saltator,	
corrected	for	fractionation,	at	uncleaned	sites	with	(n=20)	and	without	(n=25)	S.	muticum,	cleaned	
sites	with	(n=25)	and	without	(n=20)	S.	muticum	(almost	fully	coinciding	in	isotopic	signatures	and	
not	separated	in	the	figure),	and	T.	saltator	specimens	collected	in	the	foredunes	(n=5).	
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Organic	matter	 content	of	 the	 sand	used	 in	 the	 starvation	experiment	was	0.49±0.03	%.	
The	organic	matter	content	of	the	sandy	beaches	of	the	Netherlands	was	0.44±0.13	%	and	
0.42±0.13	 %	 for	 uncleaned	 and	 cleaned	 beaches,	 respectively.	 These	 low	 values,	 in	
combination	with	the	strongly	deviating	δ13C	and	δ15N	signatures	of	the	organic	matter	of	
the	 sand	 (‐6.1‰;	 7.6‰)	 compared	 to	 those	 of	 T.	 saltator	 in	 both	 the	 starvation	
experiment	 (‐19.6‰;	 11.7‰)	 and	 in	 the	 field	 (‐19.7‰;	 12.4‰),	 indicate	 that	 it	 was	
unlikely	 that	T.	 saltator	 fed	 on	 the	 organic	matter	 of	 the	 sand	 to	 survive.	 These	 results	
underline	those	of	the	feeding	experiment,	in	which	no	faeces	were	found	in	the	treatment	
with	sand	for	72	hours,	implying	that	they	might	have	eaten	nothing	during	that	treatment	
while	remaining	alive.			
	

DISCUSSION	

POTENTIAL	NON‐ALGAL	FOOD	SOURCES	

This	is	the	first	study	to	combine	feeding	behaviour	experiments	with	field	stable	isotopes	
analyses	 to	provide	evidence	of	T.	 saltator	 feeding	on	 food	sources	 from	both	 terrestrial	
and	 marine	 origin.	 Other	 studies	 only	 used	 the	 indirect	 evidence	 from	 stable	 isotopes	
analyses	to	test	for	terrestrial	food	sources	in	amphipod	diet	(Adin	&	Riera,	2003;	Ince	et	
al.,	2007;	Colombini	et	al.,	2009)	or	did	not	incorporate	alternative	terrestrial	food	sources	
in	the	experimental	setup	(Lastra	et	al.,	2008;	Colombini	et	al.,	2009).	Here,	we	performed	
a	no‐choice	 feeding	experiment	 to	test	 the	edibility	of	all	potential	 food	sources	supplied		
in	the	T.	saltator’s	diet	including	organic	materials	of	marine	and	terrestrial	origins	alike.	A	
no‐choice	 experiment	 was	 carried	 out	 as	 opposed	 to	 a	 choice	 experiment	 to	 test	 the	
edibility	(i.e.,	suitability	for	being	eaten)	instead	of	the	actual	consumption	in	competition	
with	other	food	sources.		
Previous	studies	on	semi‐terrestrial	amphipods	have	put	emphasis	mainly	on	their	strong	
connection	to	the	marine	inputs	of	organic	material,	i.e.,	to	stranded	algal	wrack	(Griffiths	
&	Stenton‐Dozey,	1981;	Marsden,	1991;	Adin	&	Riera,	2003;	Dugan	et	al.,	2003;	Lastra	et	
al.,	2008;	Olabarria	et	al.,	2009;	Rossi	et	al.,	2010).	The	results	of	our	feeding	experiment	
(Figure	4.2a	and	Figure	4.2b)	confirmed	 that	T.	 saltator	 prefers	 feeding	on	algal	 species.	
However,	 and	 more	 importantly,	 our	 feeding	 experiments	 also	 showed	 that	 it	 can	
additionally	 feed	on	 food	 sources	of	 terrestrial	 origin,	 especially	 on	 litter	 of	 dune	plants	
like	Elytrichia	 juncea.	 The	data	presented	by	Adin	&	Riera	 (2003)	 already	 suggested	 the	
possibility	of	a	mixed	sources	diet	including	terrestrial	material,	they	did	not	conclude	this.		
The	potential	of	T.	saltator	to	consume	non	algal	food	sources	(i.e.,	carrion)	and	especially	
food	sources	of	 terrestrial	origin	shows	 that	T.	 saltator	 in	 fact	has	a	wider	range	of	 food	
sources	 in	 its	 diet.	 Scapini	 (personal	 communication)	 mentioned	 that	 T.	 saltator	 may	
behave	as	scavengers	and	performed	better	fed	with	commercial	fish	food	in	an	aquarium	
than	T.	saltator	specimens	fed	on	vegetables	only.	Our	results	agree	with	this	observation	
and	provide	the	first	evidence	on	the	potential	ability	of	T.	saltator	 to	feed	on	other	food	
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than	stranded	algal	wrack.	The	edibility	of	non‐algal	 food	sources	was	obtained	not	only	
from	the	amount	of	consumption	(Figure	4.2a)	but	also	from	the	number	of	faeces	(Figure	
4.2b)	and	reaffirmed	by	the	stable	isotopes	signatures	of	both	the	given	food	sources	and	
faeces	 produced	 during	 the	 experiment	 (Table	 4.1),	 providing	 weight	 to	 these	
observations.		
	

FIELD	VALIDATION	OF	NON‐ALGAL	FOOD	CONSUMPTION	

The	actual	consumption	of	non‐algal	food	sources	was	validated	in	the	field.	The	signatures	
of	δ13C	and	δ15N	of	T.	saltator	 collected	 from	the	 field	 (after	correction	 for	 fractionation)	
were	 similar	 to	 their	 faeces	 (Figure	 4.3a).	 The	 similarity	 of	 these	 two	 independent	
measures	 implies	 that	 the	short	 term	(one	day;	as	reflected	 in	 the	 faeces)	and	 long	 term	
consumption	 patterns	 (as	 reflected	 by	 the	 whole	 body,	 given	 that	 the	 starvation	
experiment	 indicated	 its	 survival	 for	 over	 15	 days	 in	 the	 absence	 of	 food)	 of	T.	 saltator	
were	 similar.	 In	 other	 words,	 the	 stable	 isotopes	 signatures	 of	 T.	 saltator	 in	 the	 field	
reflected	not	 only	 the	 actual	 food	 sources	 of	 that	 specific	 day	 of	 sampling	 but	 also	 their	
long	 term	 diet.	 While	 previous	 studies	 on	 the	 feeding	 behaviour	 of	 T.	 saltator	 did	 not	
determine	 stable	 isotopes	 signatures	 of	 its	 faeces	 (Adin	&	Riera,	 2003;	 Colombini	 et	 al.,	
2009;	Olabarria	et	al.,	2009;	Rossi	et	al.,	2010),	our	study	indicates	the	usefulness	of	 this	
parameter	for	such	studies.		
The	stable	isotopes	signatures	of	T.	saltator	and	its	faeces	were	highly	similar,	but	did	not	
match	any	stable	isotopes	signature	of	a	single	food	source,	not	even	one	of	the	algal	food	
sources.	Thus,	it	seems	likely	that	T.	saltator	of	the	sandy	beaches	of	the	Netherlands	feeds	
on	multiple	food	sources.			
Moreover,	the	stable	isotopes	signatures	of	T.	saltator	were	more	depleted	in	both	13C	and	
15N	 than	 those	 of	 any	 algal	 food	 source,	 except	 for	 those	 of	 S.	 muticum	 (Figure	 4.3).	
However,	 detailed	 analysis	 of	 the	 stable	 isotopes	 signatures	 patterns	 indicated,	 that	 S.	
muticum	played	only	a	minor	role	in	explaining	the	signatures	of	T.	saltator.	Independent	
on	whether	S.	muticum	was	present	or	absent,	the	stable	isotopes	signatures	of	T.	saltator	
were	always	in	between	those	of	algal	food	sources	and	food	sources	of	terrestrial	origin	
(Figure	4.3b).	This	implies	that	T.	saltator	fed	on	both	algal	material	and	on	food	sources	of	
another	origin	more	depleted	in	13C	and	15N.	The	isotopic	signatures	indicate	that	food	of	
terrestrial	origin	must	have	played	an	 important	 role	 in	T.	 saltator’s	diet,	 confirming	 the	
feeding	experiment	results	and	stable	isotopes	results	of	Ince	et	al.	(2007).		
Living	on	sandy	beaches	suggests	 that	T.	saltator	depends	entirely	on	stranded	 inputs	of	
carbon	 and	 organic	 material.	 The	 field	 validation,	 however,	 consisted	 of	 cleaned	 and	
uncleaned	 sandy	 beaches	 that	 differed	 strongly	 in	 the	 abundance	 of	 deposited	 marine	
wrack.	Beach	cleaning	reduced	the	presence	of	stranded	algal	wrack	of,	potentially	forcing	
T.	saltator	 to	use	non‐algal	food	sources.	Surprisingly,	the	stable	isotopes	signatures	of	T.	
saltator	and	their	faeces	collected	from	both	cleaned	and	uncleaned	sandy	beaches	of	the	
Netherlands	were	not	significantly	different.	These	similarities	suggest	that,	although	the	
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abundance	 of	 deposited	 marine	 wrack	 can	 affect	 the	 abundance	 of	 talitrid	 amphipods	
(Dugan	 et	 al.,	 2003;	Marques	 et	 al.,	 2003;	 Ince	 et	 al.,	 2007),	 it	 did	 not	 affect	T.	 saltator	
feeding	behaviour	with	respect	to	the	possible	food	sources	involved	in	their	diet.	Instead,	
it	 consistently	 seemed	 to	 feed	 simultaneously	 on	 organic	 material	 of	 both	 marine	 and	
terrestrial	origin,	independent	of	food	availability.		
The	 comparison	 between	 cleaned	 and	 uncleaned	 beaches	 suggests	 that	 T.	 saltator	
scavenges	 on	 whatever	 organic	 material	 is	 available,	 whether	 it	 is	 derived	 from	 algal	
wrack	that	strands	occasionally	during	high	tides	or	storms	or	from	non‐algal	food	sources	
from	the	dunes	 like	 litter	of	E.	 juncea.	This	 is	 in	coincidence	with	 the	unchanged	 feeding	
patterns	of	T.	saltator	 in	response	to	variation	in	stranded	wrack	across	the	lunar	month	
(as	evidenced	by	the	similarity	of	faeces	and	body	isotopic	signatures).		
	

ECOLOGICAL	IMPLICATIONS	

Other	 studies	 on	 T.	 saltator	 feeding	 behaviour	 failed	 to	 address	 (Lastra	 et	 al.,	 2008;	
Olabarria	 et	 al.,	 2009)	 or	 did	 not	 show	 (Adin	&	Riera	 2003;	 Colombini	 et	 al.,	 2009)	 the	
importance	 of	 terrestrial	 food	 sources	 in	 their	 diet.	 By	 employing	 the	 stable	 isotopes	
signatures	of	T.	saltator,	 their	 faeces	and	all	possible	 food	sources	both	 in	the	 laboratory	
experiments	 and	 its	 field	 validation,	 our	 study	 provided	 several	 independent	 lines	 of	
evidences	on	the	importance	of	these	terrestrial	food	sources	in	T.	saltator’s	diet	on	both	
cleaned	 and	 uncleaned	 exposed	 sandy	 beaches	 of	 the	Netherlands.	 Such	 combination	 of	
lines	of	evidence	did	not	exist	before,	not	even	for	algal	food	sources.		
In	 coincidence	 with	 previous	 studies	 that	 reported	 the	 presence	 and	 burrowing	 of	 T.	
saltator	 in	the	dunes	(Colombini	et	al.,	2002;	Adin	&	Riera,	2003;	Pavesi	et	al.,	2007),	we	
also	 observed	 T.	 saltator	 in	 the	 dunes	 area.	 The	 stable	 isotopes	 signatures	 of	 these	 T.	
saltator	 individuals	 were	 significantly	 depleted	 in	 15N	 compared	 to	 those	 found	 on	 the	
adjacent	beach.	This	suggests	an	even	stronger	involvement	of	terrestrial	food	sources	in	
their	diet.	This	shows	that	T.	saltator	was	not	only	sheltering	and	burrowing	in	the	dunes	
(Colombini	 et	 al.,	 2002;	 Pavesi	 et	 al.,	 2007),	 but	 also	 feeding	 on	 litter	material	 from	 the	
dune	plants.		
Our	sandy	beach	systems	with	low	inputs	of	stranded	wrack	may	have	forced	T.	saltator	to	
feed	 on	 terrestrial	 material.	 This	 terrestrial	 material	 can	 be	 found	 both	 on	 the	 beach,	
stranded	together	with	wrack	and	carrion,	but	also	in	the	dunes.	Since	the	input	of	marine	
wrack	is	relatively	low	on	the	Dutch	beaches,	the	share	of	material	of	terrestrial	origin	in	
the	 drift	 line	might	 be	 relatively	 high.	 This	may	 also	 explain	why	 other	 studies	 (Adin	&	
Riera,	 2003;	 Colombini	 et	 al.,	 2009)	 did	 not	 find	 the	 involvement	 of	 terrestrial	 food	
sources.	 In	our	low	input	coastal	systems,	however,	T.	saltator	explicitly	 links	the	marine	
and	 terrestrial	 food	webs	 that	 characteristically	belong	 to	 coastal	 ecosystems	by	 feeding	
on	material	 from	primary	production	 in	 the	adjacent	dunes	area.	This	 role	as	ecosystem	
engineer	(sensu	Lawton,	1994)	on	the	ecosystem	of	sandy	beaches	has	not	been	recognised	
previously.	 The	 ability	 of	 T.	 saltator	 to	 survive	 the	 harsh	 conditions	 of	 sandy	 beaches	
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emphasizes	 the	 potential	 of	T.	 saltator	 to	 undertake	 this	 important	 ecological	 role	 even	
under	severe	pressure	such	as	regular	beach	cleaning.	It	is	important	not	to	ignore	the	role	
of	organic	inputs	of	terrestrial	origins	to	do	justice	both	to	T.	saltator	and	the	whole	coastal	
ecosystem	alike.		
	

CONCLUSIONS	

We	provided	the	first	independent	lines	of	evidence	to	show	that	T.	saltator	feeds	not	only	
on	stranded	algal	wrack,	but	simultaneously	on	non‐algal	food	sources	of	terrestrial	origin.	
It	does	 this	both	at	 cleaned	and	uncleaned	 sandy	beaches	of	 the	Netherlands.	Moreover,	
the	similarity	in	the	signatures	of	δ13C	and	δ15N	of	T.	saltator	and	its	faeces	implies	that	T.	
saltator	always	consume	terrestrial	food	sources	in	addition	to	the	common	stranded	algal	
wrack.	Through	these	feeding	actions,	T.	saltator	does	not	only	play	a	role	in	the	turnover	
of	material	 from	marine	and	 terrestrial	origin	but	 it	also	 links	 the	 terrestrial	and	 littoral	
food	web	 of	 the	 coastal	 ecosystem.	 In	 this	 respect	 they	 behave	 like	 potential	 ecosystem	
engineers	even	under	the	harsh	conditions	that	may	prevail	in	these	ecosystems.		
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Do	 microbial	 mats	 facilitate	 pioneer	 plant	

species	 of	 green	 beaches	 by	 alleviating	 the	

stress	imposed	by	physical	factors?		
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ABSTRACT	

Vegetation	 on	 sandy	 beaches	 is	 usually	 sparse	 and	 only	 a	 few	 specialized	
species	 can	 withstand	 the	 severe	 abiotic	 and	 physical	 stresses.	 However,	
when	a	beach	is	temporarily	cut	off	from	the	sea,	green	beaches	can	develop.	
In	 these	sheltered	areas,	microbial	mats	 form	on	 the	bare	sand,	and	enable	
the	start	of	vegetation	succession.		A	greenhouse	experiment	was	performed	
to	 test	 whether	 the	 physical	 impacts	 of	 sandblasting,	 sand	 burial	 and	 salt	
spray	 on	 pioneer	 species	 from	 green	 beaches	 have	 less	 impact	 in	 the	
presence	 of	 a	 microbial	 mat,	 compared	 to	 the	 impact	 without	 a	 microbial	
mat.	 It	 was	 shown	 that	 growth	 responses	 of	 seedlings	 and	 adults	 of	 Aster	
tripolium	and	Plantago	coronopus	were	positively	affected	by	the	presence	of	
a	 microbial	 mat.	 However,	 in	 general	 the	 physical	 environment	 did	 not	
influence	 the	 pioneer	 species	 negatively.	 The	 studied	 species	 were	 well	
adapted	 to	 the	 tested	physical	 stresses	 that	 can	 occur	 on	 green	 beaches	 in	
summer.	 Instead,	 indications	 were	 found	 that	 responses	 of	 pioneer	 plant	
species	on	green	beach	ecosystems	are	mainly	nutrient	driven,	with	nitrogen	
being	 the	 limiting	 factor	 which	 is	 alleviated	 in	 the	 presence	 of	 microbial	
mats.	Opposed	to	the	positive	effects	on	plant	growth,	the	microbial	mat	did	
not	 enhance	 germination,	 and	 in	 Plantago	 coronopus	 it	 even	 inhibited	
germination.	 Particularly	 when	 the	 mat	 was	 combined	 with	 a	 salt	 spray	
treatment,	 but	 also	 to	 some	 extents	 with	 sandblasting	 (with	 and	 without	
additional	 salt	 spray),	 lower	 germination	 occurred	 in	 the	 presence	 of	 a	
microbial	mat.	It	is	concluded	that	the	presence	of	a	microbial	mat	is	critical	
for	the	existence	of	a	green	beach,	due	to	its	ability	to	counteract	the	nitrogen	
limitation	 that	 is	 typical	 on	beaches,	while	 the	 physical	 stresses	 from	 sand	
and	salt	that	are	present	on	beaches	have	only	minor	impacts	on	green	beach	
plant	species.		
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INTRODUCTION	

Coastal	sandy	beaches	are	generally	only	sparsely	vegetated,	which	is	attributed	to	severe	
abiotic	stresses,	such	as	instability	of	the	soil,	low	nutrient	levels,	fluctuating	but	high	salt	
spray	levels,	high	surface	temperatures	and	sandblasting	seriously	damaging	plant	tissue	
(Rozema	 et	 al.,	 1985;	 Maun,	 1994).	 Both	 the	 establishment	 and	 survival	 of	 plants	 are	
severely	 hampered,	 and	 only	 given	 to	 a	 few	 specialized	 plant	 species.	 However,	when	 a	
beach	 is	 temporarily	 cut‐off	 from	 eroding	 forces	 of	 the	 sea,	 a	 green	 beach	 can	 develop	
(Bakker	 et	 al.,	 2005;	 Esselink	 et	 al.,	 2009).	 Green	 beaches	 can	 consist	 of	 a	 mosaic	 or	
complex	 of	 dune	 slacks,	 dune	 vegetation	 and	 salt	 marsh	 vegetation.	 Green	 beaches	 are	
known	 to	 occur	 on	 barrier	 islands,	 especially	 on	 island‐heads,	 on	wash	 over‐complexes	
and	 on	 sandy	 beaches	 at	 the	 exposed	 side	 of	 an	 island.	 In	 the	 latter	 case,	 the	 extensive	
areas	of	green	beach	may	disappear	quickly	when	large‐scale	dynamic	conditions	become	
less	favourable	(Esselink	et	al.,	2009).		
	
Green	beaches	can	develop	due	to	sheltering	against	wind	and	waves	by	coastal	sandbanks	
or	 embryo	 dunes	 originating	 either	 from	 natural	 sources	 or	 from	 sand	 nourishments	
(Bakker	et	al.,	2005).	This	allows	the	growth	of	sandbanks	that	eventually	get	attached	to	
the	islands.	The	coastal	sandbanks	provide	shelter	from	waves,	as	well	as	additional	sand	
that	 is	 distributed	 to	 the	 beaches	 and	 dunes,	 giving	 embryo	 dunes	 a	 chance	 to	 grow,	
especially	on	flat	and	wide	beaches.	Depending	on	the	degree,	duration	and	frequency	of	
inundation	with	 rain	and	seawater	and	 the	height	of	 the	area	 (fresh	seepage	water),	 the	
soil	can	be	salty,	brackish	or	fresh.	In	these	sheltered	areas,	microbial	mats	can	form	on	the	
bare	 sand.	 Inter‐	 and	 supratidal	 microbial	 mats	 consist	 mainly	 of	 cyanobacteria	 (blue‐
green	algae)	and	diatoms	(Stal,	2003;	Dijkman	et	al.,	2010).	They	provide	a	stable	substrate	
due	to	the	excretion	of	extracellular	polymeric	substances	(EPS)	(Pluis,	1993;	Grootjans	et	
al.,	 1997),	which	 bind	 the	 sand	 grains	 together.	Moreover,	 cyanobacteria	 are	 capable	 of	
fixing	atmospheric	N2	(Stal	et	al.,	1984;	Stal,	2012),	therewith	providing	a	nitrogen	source	
for	the	microbial‐	and	vegetation	community.	Microbial	mats	are	considered	to	be	the	start	
of	vegetation	succession	in	dune	slacks	and	salt	marshes,	after	which	they	are	colonized	by	
vascular	pioneer	plant	species	(van	Gemerden,	1993;	Grootjans	et	al.,	1997;	Bühring	et	al.,	
2014).	Since	green	beaches	are	comprised	of	dune	(slack)	and	salt	marsh	plant	species,	the	
same	mechanism	can	be	assumed	to	apply	to	both	situations.	
	
The	 colonization	of	 a	 green	beach	by	vascular	pioneer	 plant	 species	occurs	 at	 the	 harsh	
physical	conditions	of	the	coastal	sandy	environment	(Houle,	1997a).	Physical	factors	such	
as	wind,	sand	and	salt	spray	affect	germination	and	growth	of	seedlings	and	adult	plants.	
The	effects	of	the	abiotic	factors	soil	salinity	and	salt	spray	have	widely	been	investigated	
in	 the	coastal	area	 (Rozema	et	al.,	1985).	However,	 the	 importance	of	 sand	 in	negatively	
influencing	 germination	 and	growth	has	hardly	 received	 attention.	Both	 sand	burial	 and	
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sandblasting	 can	be	 limiting	 factors	 for	 vegetation	 (Houle,	 1997a).	 Sand	burial	 has	 been	
shown	 to	 have	 important	 effects	 on	 plant	 survival	 (Owen	 et.	 al.,	 2004)	 and	 zonation	 of	
dune	 species	 (Maun	 &	 Perumal,	 1999;	 Wilson	 &	 Sykes,	 1999;	 Dech	 &	 Maun,	 2005).	
Moreover,	 sandblasting	 in	 combination	 with	 salt	 spray	 has	 been	 shown	 to	 have	
detrimental	effects	on	non‐foredune	species,	most	 likely	due	to	abrasion	of	 leaves,	water	
loss	and	permeation	of	salt	 in	 the	 leaf	 tissue	(Yura	&	Ogura,	2006;	Ogura	&	Yura,	2008).	
This	might	therefore	also	apply	to	species	of	dune	slacks	and	salt	marshes,	and	therewith	
green	beaches,	which	are	not	adapted	to	the	extreme	harshness	of	the	sandy	beach.	
	
Although	 pioneer	 plant	 species	 likely	 have	 traits	 providing	 resistance	 against	 (some	 of)	
these	stress	 factors	 (Rozema	et	al.,	1985;	Maun,	1994),	 it	 is	 currently	unclear	how	 these	
factors	interact	and	what	their	cumulative	effects	are	on	primary	succession.	The	impacts	
of	 sand	 burial	 and	 especially	 sandblasting	 have	 scarcely	 been	 investigated,	 while	 likely	
important	 in	 this	 environment.	 Understanding	 the	 cumulative	 effects	 demands	 an	
understanding	 of	 their	 individual	 relative	 effects	 on	 early	 primary	 succession	 first.	
Moreover,	 the	 impacts	 of	 environmental	 stress	 on	 germination	 and	 seedling	 and	 adult	
plant	 growth	might	 be	modified	 in	 the	 presence	 of	microbial	mats.	Mats	may	 provide	 a	
more	suitable	habitat	for	pioneer	species	under	harsh	circumstances,	by	providing	a	stable	
substrate	 or	 enhanced	 nutrient	 availability.	 However,	 various	 life	 history	 stages	
(germination,	 seedlings	and	adult	plants)	 are	 likely	 to	 respond	differently	 to	a	microbial	
mat	(Adema	et	al.,	2004).	
	
Our	 main	 research	 aim	 is	 to	 analyse	 whether	 microbial	 mats	 facilitate	 pioneer	 plant	
species	of	green	beaches	by	alleviating	the	stress	experienced	by	physical	 factors.	We	do	
this	by	unravelling	the	relative	importance	of	various	physical	stressors	on	green	beaches	
in	 constraining	early	primary	 succession	and	 the	extent	 and	mechanisms	 through	which	
microbial	 mats	 facilitate	 germination	 and	 growth	 of	 pioneer	 vascular	 plant	 species.	We	
hypothesised	 that	 particularly	 sandblasting	 would	 have	 detrimental	 effects	 on	
colonization,	but	that	microbial	mats	would	facilitate	succession	through	nitrogen	fixation,	
increasing	nitrogen	 availability	 and	 therewith	 growth	 in	 the	microbial	mat.	 Thereto,	 the	
following	 questions	 were	 investigated	 in	 an	 experimental	 greenhouse	 setup	 with	 two	
pioneer	plant	species:		
	
Do	the	physical	 impacts	sandblasting,	sand	burial	and	salt	spray	on	pioneer	species	from	
green	beaches	have	less	impact	in	the	presence	of	a	microbial	mat,	compared	to	the	impact	
without	a	microbial	mat?	
 Which	 of	 the	 physical	 factors	 sandblasting,	 sand	 burial	 and	 salt	 spray	 do	 most	

negatively	affect	germination,	seedling	and	adult	plant	growth	of	pioneer	species?	

 Are	 germination,	 seedling	 and	 adult	 plant	 growth	of	 pioneer	 species	 improved	by	 a	
microbial	mat?	
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 Does	 a	 microbial	 mat	 facilitate	 early	 primary	 succession	 by	 providing	 additional	
nutrients?	

	

METHODS	

GENERAL	SETUP	

An	experimental	setup	in	a	climatized	greenhouse	was	made	to	mimic	physical	stresses	to	
pioneer	plant	 species	of	green	beaches.	Green	beaches	are	composed	of	a	mosaic	of	 two	
habitat	 types	 according	 to	 the	 Annex	 I	 European	 Habitat	 Directive,	 habitat	 type	 1310	
“Salicornia	 and	other	 annuals	 colonising	mud	and	 sand”	 and	habitat	 type	1330	 “Atlantic	
Salt	Meadows”.	 	 Two	 species	were	 chosen	 as	 representatives	 for	 the	 pioneer	 species	 as	
part	of	 the	habitat	 types	1310	and	1330,	as	 translated	 to	 the	Dutch	situation	 (Ministerie	
LNV,	2008):	Aster	tripolium	and	Plantago	coronopus.	Three	life	history	stages	of	these	plant	
species	were	investigated:	germination,	seedlings	and	adult	plants.	Both	plant	species	and	
all	 life	history	stages	were	subjected	to	the	 following	physical	stresses:	burial,	salt	spray,	
sandblasting	 and	 a	 combination	 of	 sandblasting	 followed	 by	 salt	 spray.	 A	 fertilization	
treatment	was	added	to	 the	experiment	as	a	control	 for	 the	supposed	 fertilization	effect,	
i.e.,	due	to	atmospheric	nitrogen	fixation,	of	a	microbial	mat.	To	investigate	the	effect	of	the	
presence	of	a	microbial	mat,	 all	 treatments	were	 run	simultaneously	with	and	without	a	
microbial	mat.	Plants	in	the	experiment	were	kept	in	trays	with	artificial	groundwater.		
	

EXPERIMENTAL		SETUP	

The	 climatised	 greenhouse	 had	 controlled	 temperature,	 humidity	 and	 light	 conditions.	
Temperature	was	22°C	during	the	day	and	15°C	at	night,	relative	humidity	was	60%	and	
80%	respectively	and	 light	 intensity	was	300	PAR	(µmol	m‐2	s‐1)	at	plant	 level	during	14	
hours	per	day.		
Seeds	of	Aster	 tripolium	were	collected	 in	 the	year	preceding	 the	experiments,	 from	“the	
Slufter”	 at	 the	Wadden	 island	 of	 Texel.	 Seeds	 of	Plantago	 coronopus	 were	 purchased	 at	
Vreeken´s	 Zaden	 (Dordrecht,	 the	 Netherlands),	 since	 tests	 with	 field	 collected	 seeds	
preceding	the	experiment,	showed	very	low	germination	rates.	
All	 seeds	were	stratified	before	use.	 Stratification	was	done	by	putting	 the	seeds	on	wet	
filter	 paper	 in	 a	 petri	 dish,	 stored	 at	 4	 °C,	 for	 three	 weeks.	 After	 this,	 seeds	 were	
transplanted	to	trays	of	30x50x10cm	with	holes	in	the	bottom,	filled	with	sand	and	left	to	
germinate.	It	was	assumed	that	germinated	seeds	would	be	able	to	penetrate	the	microbial	
mat,	because	germinating	seeds	develop	roots	with	good	penetrating	abilities	(Grootjans	et	
al.,	1997;	Adema	et	al.,	2004).	Plants	representing	the	seedling	stage	were	left	to	grow	for	5	
weeks	and	the	adult	plants	were	grown	for	10	weeks	before	transplantation	into	the	actual	
experiment.	 During	 growth,	 sand	 in	 the	 trays	 was	 kept	 moist	 by	 keeping	 them	
permanently	 in	 larger	 trays	 with	 demi	 water	 and	 a	 standard	 [0.5]	 Hoagland	 nutrient	
solution	was	added	weekly	to	the	larger	trays	with	demi	water.	
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After	 this	 growth	 period,	 3‐5	 seedlings	 and	 adult	 plants	 were	 transplanted	 from	 the	
growing	 trays	 to	 the	experimental	pots	of	15	 cm	ø	and	20	 cm	high.	Plants	had	a	 similar	
fresh	weight	per	pot.	Upon	 transplanting,	15	plants	were	harvested	 for	 fresh	weight	and	
dry	weight	of	roots	and	shoots,	in	order	to	estimate	the	equivalent	dry	weight	of	the	plants	
at	the	start	of	the	experiment.	Seeds	for	the	germination	stage	were	in	seed	bags	pinned	to	
the	 soil	 (50	 seeds	 per	 bag,	 1	 bag	 per	 pot),	 in	 order	 to	 prevent	 loss	 of	 seeds	 due	 to	 the	
physical	treatments	and	to	ensure	recovery	of	the	seeds.	Pots	were	filled	with	desalinized	
sand	with	a	grain	size	of	250	µm.	The	sand	was	either	left	bare,	or	a	microbial	mat	was	put	
on	 top.	 Microbial	 mats	 were	 collected	 on	 the	 green	 beach	 of	 Schiermonnikoog	 (near	 N	
53.476520°,	E	006.132598°).	The	top	1	cm	of	the	soil	was	collected	by	sticking	a	piece	of	
stainless	steel	of	10x25	cm	just	underneath	the	microbial	mat.	The	collected	microbial	mat	
was	put	into	a	plastic	bag	and	stored	cool.	After	collection,	they	were	transported	back	to	
the	 greenhouse	 on	 the	 same	 day.	 After	 that,	 the	 collected	 slices	 of	microbial	mats	were	
thoroughly	mixed	and	spread	out	on	top	of	the	pots	and	were	left	to	settle	for	3	weeks	in	
the	greenhouse.	After	this	period,	a	new	microbial	mat	had	formed	on	top.	
Six	 replicate	 pots	 per	 treatment	 and	 per	 species‐stage	 were	 used,	 where	 each	 physical	
treatment	 (burial	 with	 sand	 (B),	 sandblasting	 (Sd),	 salt	 spray	 (St),	 and	 sandblasting	
followed	by	salt	spray	(Sd+St))	as	well	as	a	control	treatment	and	a	fertilization	treatment	
were	applied	both	with	a	microbial	mat	and	with	a	bare	sand	 surface.	These	 treatments	
resulted	in	a	total	of	72	experimental	units	per	species‐stage	(6*6*2).		
	
The	 experiment	 started	 after	 transplantation	 of	 the	 seeds	 and	 plants	 and	 ran	 for	 8‐12	
weeks,	 depending	 on	 the	 life	 history	 stage	 (see	 Supplementary	 material	 A).	 Trays	 of	
40*60*17	 cm	 contained	 eight	 pots	 each,	 and	 were	 filled	 with	 3	 liters	 of	 artificial	
groundwater,	the	composition	of	which	was	based	on	field	measurements	of	groundwater	
and	soil	moisture	on	the	island	of	Schiermonnikoog	(see	Supplementary	material	B).	Trays	
and	 pots	 were	 completely	 randomized	 every	 3	 weeks,	 except	 for	 the	 fertilization	
treatment,	where	the	pots	were	kept	together	in	the	trays,	and	only	randomized	within	the	
fertilization	 trays.	At	 the	moment	of	 randomization,	 the	pots	were	soaked	 in	demi	water	
for	 5	 minutes,	 to	 prevent	 accumulation	 of	 salts	 and	 nutrients.	 After	 this,	 the	 artificial	
groundwater	was	refreshed.	
	

PHYSICAL	TREATMENTS	

Parameterization	 of	 the	 physical	 treatment	 was	 determined	 prior	 to	 the	 start	 of	 the	
experiment,	 based	 on	 field	measurements	 of	 salt	 spray	 and	 sandblasting	 at	 10	 different	
locations	on	the	island	of	Schiermonnikoog	(see	Supplementary	material	B).		
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Salt	spray	
Salt	 spray	 was	 added	 to	 the	 seeds	 and	 plants	 with	 a	 spray	 bottle.	 Two	 times	 spraying	
(0.243±0.023	mg	NaCl/cm2)	came	closest	to	the	measured	mean	field	exposure.	Salt	spray	
was	applied	once	a	week	(see	Supplementary	material	A).	
	

Sandblasting	
Sandblasting	was	applied	to	the	plants	and	seeds	with	a	self‐made	sand	blaster	(see	Figure	
S2	in	Supplementary	material	C).	It	consisted	of	a	2.5	m	long	PVC	pipe	of	25	cm	ø	with	a	
strong	 fan	 attached	 at	 the	 entrance.	 Slides	were	 inserted	 along	 the	 sides,	 to	 scatter	 the	
sand	and	prevent	 it	 from	coming	out	 only	 along	 the	 sides	of	 the	pipe.	An	 amount	of	 3.5	
liters	sand	(D50~250	µm)	was	inserted	in	the	funnel	at	the	entrance	of	the	pipe.	The	sand	
went	 through	 the	pipe	 in	1.5	min,	at	a	 “wind	speed”	of	9	m	s‐1.	This	amount	of	sand	and	
wind	speed	was	determined	with	the	same	transparent	sheets	that	were	used	in	the	field	
reference,	which	had	an	average	Mean	Grey	Value	of	56±3.	Plants	were	blasted	from	one	
side,	 leading	 to	a	 total	 sandblasting	 intensity	 from	four	directions	of	56+30+30+30=146,	
where	30	refers	to	the	Mean	Grey	Value	of	an	unblasted	sheet.	This	 intensity	of	146	was	
almost	 equivalent	 to	 the	 average	 Mean	 Grey	 Values	 in	 the	 field	 situation	 (138±32).	
Sandblasting	was	 applied	 once	 to	 the	 germinating	 seeds	 and	 seedlings,	 and	 twice	 to	 the	
adult	plants	(see	Supplementary	material	A).	
	

Burial	
Seeds	and	seedlings	were	buried	with	1	cm	of	sand;	adults	were	buried	with	2	cm	of	sand	
(see	Supplementary	material	A).	This	 is	 in	accordance	with	Yura	&	Ogura	(2006),	where	
sand	accumulation	at	a	sandy	foredune	site	(~100	m.	from	the	waterline)	was	between	0	
and	 2	 cm	 during	 the	 summer	 season.	Moreover,	 these	 amounts	made	 sure	 that	 not	 the	
entire	plant	was	buried,	 and	 that	 the	 top	of	 the	 leaves	would	 still	 be	 sticking	out.	 Seeds	
were	buried	completely.		
	

Fertilization	
Fertilization	was	done	according	to	field	measurements	of	available	inorganic	nitrogen	of	
soil	 samples	 under	 a	 microbial	 mat.	 This	 led	 to	 a	 solution	 of	 22	 mM	 NH4NO3	 (see	
Supplementary	material	B).	We	assumed	a	mean	 turnover	 time	of	14	days,	 so	every	pot	
was	 given	 10	 ml	 fertilizer	 every	 2	 weeks	 (see	 Supplementary	 material	 A),	 which	 is	
equivalent	to	~8.8	g	N2	m‐2year‐1.	This	amount	is	well	within	the	ranges	of	estimations	of	
annual	rates	of	N2	fixation	in	marine	microbial	mats	(Stal,	2003).	
	

HARVEST		

At	harvest,	seeds	were	taken	out	of	the	seed	bags	and	the	number	of	germinated	seeds	was	
counted.	Plants	were	carefully	taken	out	of	the	soil	by	taking	the	whole	soil	column	out	of	
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the	pot	into	a	tray.	Shoots	and	roots	were	carefully	washed	and	blotted	dry.	Roots,	shoots,	
dead	 leaves	 and	 flowers	 (Plantago	 coronopus	 only)	 were	 separated	 and	 leaf	 area	 was	
measured.	For	Plantago	coronopus,	this	was	done	with	a	LI‐COR	3100	(Li	Cor	Inc,	Lincoln,	
Nebraska,	USA)	 leaf	area	meter.	The	 leaves	of	Aster	 tripolium	were	photographed	with	a	
digital	 camera	 while	 lying	 on	 graph	 paper.	 Leaf	 area	 was	 recorded	 by	 analyzing	 the	
photographs	with	ImageJ	image	processing	software	(Rasband,	2014).	Plant	material	was	
then	oven	dried	at	70	°C	for	48	hours.	Dried	plant	material	was	ground	to	a	fine	powder	
using	a	ball	mill	 (Retsch‐MM200,	Haan,	Germany).	Total	C	and	N	concentrations	of	dried	
plant	material	were	 then	analyzed	by	dry	combustion	with	an	elemental	analyzer	 (Carlo	
Erba	NA1500,	Rodana,	Italy).		
	

RELATIVE	GROWTH	RATE	AND	RELATED	PARAMETERS	

For	the	seedlings	and	adults,	the	Relative	Growth	Rate	(RGR,	g	growth	g	plant‐1	day‐1)	was	
used	 to	 evaluate	 the	 performance	 under	 the	 different	 treatments.	 RGR	 is	 composed	 of	
several	 growth	 components	 (SLA:	 specific	 leaf	 area,	 m2	 leaf	 g‐1	 leaf;	 LWF:	 leaf	 weight	
fraction,	g	leaf	g‐1	plant;	LAR:	leaf	area	ratio,	m2	leaf	g‐1	plant;	ULR:	unit	leaf	rate,	biomass	
plant	increment	m‐2	leaf	day‐1),	which	were	estimated	according	to	Hunt	et	al.	(2002):	
	
RGR=	SLA*LWF*ULR=	(lnW1	–	lnW0)/(t1‐t0)		 	 	 	 (1)		
	
with	
	
SLA=	LA/LDW	 	 	 	 	 	 	 	 (2)	
	
LWF=	LDW/W	 	 	 	 	 	 	 	 (3)	
	
LAR=	LA/W	=	SLA*LWF	 	 	 	 	 	 	 (4)	
	
ULR=	((W1‐W0)*(lnLA1‐lnLA0))/	((LA1‐LA0)*(t1‐t0))	 	 	 	 (5)	
	
where	 t	 is	 the	 duration	 of	 the	 experiment	 in	 days,	W	 is	 the	 whole	 plant	 dry	 weight	 in	
grams,	LDW	is	total	leaf	dry	weight	in	grams	and	LA	is	total	leaf	area	in	cm2;	0	and	1	refer	to	
start	and	harvest	of	the	experiment,	respectively.	
In	addition,	given	the	presumed	 importance	of	nitrogen	availability,	we	determined	total	
plant	nitrogen	content	and	shoot	nitrogen	concentrations	as	measures	related	to	nitrogen	
limitation.	Total	plant	nitrogen	(N)	content	(in	µg)	was	calculated	from	the	N	percentages	
for	shoot,	root	and	flowers	and	their	corresponding	dry	weights.	
	
All	 calculations	 were	 done	 per	 plant,	 to	 avoid	 interpretation	 errors	 due	 to	 a	 different	
number	of	plants	at	t=0	and	t=1,	caused	by	death	of	plants.	
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STATISTICAL	ANALYSES	

Full	 factorial	 ANOVAs	were	 done	 on	 all	 performance	 variables,	with	 species,	 life	 history	
stage	 (seedlings	 and	 adults),	 mat	 presence	 and	 physical	 treatment	 as	 factors,	 including	
their	 interactions.	 In	 addition,	 to	 interpret	 interaction	 terms,	 two‐way	 factorial	 ANOVAs	
were	done,	with	mat	presence	and	physical	 treatment	and	their	 interaction	as	 factors,	 to	
break	 down	 the	 effects	 on	 the	 specific	 species	 and	 stages.	 To	 better	 understand	 the	
individual	effects	by	the	different	treatments	(in	interaction	with	microbial	mats),	we	ran	
additional	 one	 way	 ANOVAs	 with	 Tukey	 HSD	 post‐hoc	 tests,	 with	 each	 of	 the	
treatment*microbial	mat	combinations	as	levels,	resulting	in	12	levels.	It	should	be	noted	
that	 small	 inconsistencies	 can	 occur	 in	 these	 results	 when	 compared	 to	 the	 two‐way	
factorial	ANOVAs,	because	of	different	degrees	of	freedom.	
The	 results	 of	 the	 germination	 stage	 on	 the	number	 of	 seedlings	 germinated,	 lacked	 the	
“stage”	factor	and	were	analyzed	by	two‐way	and	one‐way	ANOVAs	in	an	otherwise	similar	
way	to	the	performance	variables	of	seedlings	and	adults.		
Data	were	checked	for	homogeneity	of	variances,	and	consequently,	values	of	germination	
number	and	total	N	were	log10	transformed.	
To	evaluate	the	impacts	of	the	fertilization	treatment	as	a	control,	we	reviewed	the	results	
of	the	one	way	ANOVAs	for	the	control	with	mat	versus	the	fertilization	treatment	without	
mat.	They	were	not	significantly	different	for	any	species,	stage	and	variable	combination,	
which	 means	 that	 the	 fertilization	 treatment	 mimicked	 the	 nitrogen	 release	 in	 the	
microbial	mat	well.	
	

RESULTS	

GERMINATION	

The	 full	 factorial	 ANOVA	 on	 all	 factors	 simultaneously	 showed	 that	 all	 main	 effects	
(presence	of	microbial	mats,	 species	and	 treatment)	were	highly	 significant	and	so	were	
most	of	the	interactions.	The	 interaction	terms	show	that	germination	of	the	two	species	
responded	differently	to	the	microbial	mat	and	physical	treatments	(Table	5.1).		
Germination	 of	Aster	 tripolium	was	 not	 affected	 by	 any	 of	 the	 factors	 (Table	 5.2,	 Figure	
5.1).	 Germination	 of	 Plantago	 coronopus,	 however,	 did	 show	 distinct	 effects	 of	 the	
microbial	mat	(lower	in	the	presence	of	mats),	the	physical	treatments	(lowest	upon	burial	
and	on	average	highest	in	the	fertilization	treatment)	and	their	interaction	(Table	5.2).	The	
interaction	 seems	 to	 be	 caused	 by	 a	 different	 germination	 response	 to	 the	 burial	 and	
fertilisation	treatment	depending	on	mat	presence	(Figure	5.1).	While	the	germination	at	
other	 treatments	 (C,	 Sd,	 St,	 SS)	 are	 all	 reduced	 in	 the	 presence	 of	 a	 microbial	 mat,	
germination	 in	 the	 burial	 (B)	 and	 fertilisation	 (Fert)	 treatments	 did	 not	 respond	 to	
microbial	 mat	 presence.	 These	 impacts	 are	 subtle	 though,	 as	 only	 the	 salt	 spray	 (St)	
treatment	 showed	 a	 significantly	 lower	 germination	 in	 the	 presence	 of	 a	microbial	mat	
compared	to	germination	on	bare	sand.		
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Figure	5.1.	Effect	of	physical	 impacts	sandblasting,	sand	burial	and	salt	spray	on	the	germination	of	
Aster	tripolium	(ATG)	and	Plantago	coronopus	(PCG)	without	and	with	a	microbial	mat.	C=	control,	B=	
burial,	 Sd=	sandblasting,	 St=	 salt	 spray,	 Sd+St=	 sandblasting+salt	 spray,	Fert=	 fertilisation.	Average	
values	 with	 standard	 error	 of	 the	 mean.	 The	 same	 letter	 above	 bars	 indicates	 no	 significant	
differences	(p>0.05)	for	the	physical	impacts	and	the	presence	of	a	mat.	
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Table	 5.1.	 Results	 of	 the	 full	 factorial	 ANOVA,	 for	 the	 germination	 of	Aster	 tripolium	 and	Plantago	
coronopus	seeds.	with	species,	mat	and	treatment	as	factors,	including	their	interactions.	Germination	
is	the	absolute	number	of	germinated	seeds	out	of	50	seeds	per	pot.	Significant	effects	are	in	bold.	
		 Germination	(log10+1	transformed)	

Mat	 0.000	
mat	*	treatment	 0.025	
species	 0.008	
species	*	mat	 0.035	
species	*	mat	*	treatment	 0.315	
species	*	treatment	 0.001	
treatment	 0.000	

	
Table	5.2.	Results	of	the	two	way	factorial	ANOVA	for	the	germination	of	Aster	tripolium	and	Plantago	
coronopus	 seeds.	Microbial	mat	 presence	 and	 physical	 treatment	were	 tested	 as	 factors,	 including	
their	 interaction.	Germination	 is	 the	absolute	number	of	germinated	seeds	out	of	50	seeds	per	pot.	
Significant	effects	are	in	bold.	
		 		 Germination	(log10+1	transformed	)	

Aster	tripolium	 mat	 0.059	
treatment	 0.081	
mat*treatment	 0.574	

Plantago	coronopus	
mat	 0.000	
treatment	 0.000	

		 mat*treatment	 0.039	

	

RGR	PATTERNS	ACROSS	SPECIES	AND	STAGES		

The	full	factorial	ANOVA	on	all	factors	simultaneously,	showed	that	many	significant	main‐	
and	 interaction	 effects	were	 significant	 for	 the	different	 factors	 involved	 (Table	 5.3).	 All	
main	effects	of	species	and	stages	were	(highly)	significant.	Adults	grew	more	slowly	than	
the	seedlings,	and	on	average,	Aster	tripolium	grew	more	slowly	than	Plantago	coronopus.	
Our	 experimental	 treatments	 strongly	 affected	 the	 growth	 performance	 of	 the	 plant	
species	 as	 well	 as	 of	 the	 underlying	 growth	 components,	 as	 evidenced	 by	 the	 strongly	
significant	 main	 effects	 of	 mat	 and	 treatment.	 However,	 also	 in	 this	 case,	 many	 of	 the	
interactions	 and	 higher	 order	 interactions	 involving	 mat	 or	 treatment	 were	 significant,	
showing	that	the	experimental	treatments	affected	the	species	in	unique	ways.	
		
The	interaction	of	species*mat	was	significant,	reflecting	a	more	positive	growth	response	
of	Aster	 tripolium	 to	 the	 presence	 of	 a	microbial	 mat,	 compared	 to	Plantago	 coronopus.	
Species*treatment	 however,	was	 not	 significant,	 indicating	 a	 similar	 growth	 response	 of	
both	species	to	the	physical	treatments.	On	the	other	hand,	stage*treatment	was	significant	
for	 all	 variables.	 Despite	 the	 fact	 that	 treatment	 was	 also	 significant	 for	 each	 stage	
separately	 (Table	 5.4),	 this	 suggests	 that	 different	 treatments	 affected	 the	 stages	
differently.		
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Table	5.3.	Results	of	 the	 factorial	ANOVA	for	the	growth	and	growth	components	of	Aster	tripolium	
and	Plantago	coronopus,	with	 species,	 stage,	mat	 and	physical	 treatment	 as	 factors,	 including	 their	
interactions.	RGR=	relative	growth	rate,	g	growth	g	plant‐1	day‐1;	SLA=	specific	leaf	area,	cm2	leaf	g‐1	

leaf;	LAR=	leaf	area	ratio,	cm2	leaf	g‐1	plant;	LWF=	leaf	weight	fraction,	g	leaf	g‐1	plant;	ULR=	unit	leaf	
rate,	 g	 biomass	 plant	 increment	 cm‐2	 leaf	 day‐1;	 shoot	 [N]=	%	nitrogen	 in	 the	 shoot;	 total	N=	 total	
nitrogen	in	µg	plant‐1.	Significant	effects	are	in	bold.	
		 RGR	 SLA	 LAR	 LWF	 ULR	 shoot	[N]	 total	N*	

Mat	 0.000	 0.198	 0.000	 0.000	 0.000	 0.000	 0.000	
mat	*	treatment	 0.000	 0.128	 0.004	 0.001	 0.073	 0.000	 0.000	
Species	 0.000	 0.000	 0.000	 0.000	 0.000	 0.034	 0.270	
species	*	mat	 0.013	 0.030	 0.960	 0.000	 0.621	 0.014	 0.025	
species	*	mat	*	treatment	 0.052	 0.033	 0.024	 0.056	 0.611	 0.032	 0.023	
species	*	stage	 0.000	 0.000	 0.000	 0.000	 0.092	 0.000	 0.000	
species	*	stage	*	mat	 0.007	 0.072	 0.022	 0.195	 0.001	 0.000	 0.023	
species	*	stage	*	mat	*	treatment	 0.077	 0.043	 0.078	 0.032	 0.466	 0.535	 0.032	
species	*	stage	*	treatment	 0.392	 0.017	 0.025	 0.747	 0.153	 0.000	 0.705	
species	*	treatment	 0.114	 0.020	 0.007	 0.011	 0.909	 0.497	 0.077	
Stage	 0.000	 0.000	 0.000	 0.000	 0.000	 0.003	 0.000	
stage	*	mat	 0.000	 0.428	 0.232	 0.478	 0.197	 0.298	 0.000	
stage	*	mat	*	treatment	 0.005	 0.011	 0.112	 0.034	 0.904	 0.087	 0.009	
stage	*	treatment	 0.001	 0.016	 0.000	 0.000	 0.001	 0.023	 0.026	
Treatment	 0.000	 0.181	 0.000	 0.000	 0.000	 0.000	 0.000	

*log	transformed	 	 	 	 	 	 	 	

	
The	significant	stage*mat	effect	for	RGR	shows	how	growth	in	response	to	microbial	mat	
presence	depends	on	life	history.	This	interaction	for	RGR	was	probably	driven	by	the	low	
growth	response	of	adults	of	Aster	tripolium	(ATA)	to	the	presence	of	a	mat	(Figure	5.2),	
therewith	 causing	 an	 overall	 low	 effect	 of	 the	 adult	 stage,	 compared	 to	 a	 higher	 RGR	
response	of	the	seedling	stages.		
Also	mat*treatment	was	significant	for	RGR	(Table	5.3),	and	so	was	this	interaction	effect	
for	most	other	growth	components,	 indicating	that	the	different	treatments	had	different	
impacts	in	the	presence	or	absence	of	a	microbial	mat.	Also	when	analysed	for	the	different	
species	and	life	history	stages	separately	(Table	5.4),	this	interaction	still	held,	except	for	
Aster	 tripolium	 adults,	 where	 no	 interaction	 was	 present.	 This	 explains	 that	 the	
species*mat*treatment	 and	 the	 stage*mat*treatment	 interactions	 (Table	 5.3)	 were	 also	
significant	for	RGR,	and	for	many	of	the	other	variables.	
	

DECIPHERING	RGR	IMPACTS	

To	understand	this	multitude	of	chemical	and	physical	impacts	on	growth	of	these	coastal	
pioneer	species,	the	responses	of	the	individual	components	of	RGR	were	analysed	in	more	
detail	 (Table	 5.4).	 RGR	 consists	 of	 a	 photosynthesis	 component	 (ULR),	 which	 is	 likely	
related	 to	 shoot	 N	 concentrations,	 and	 an	 allocation	 component	 (LAR),	 which	 is	 the	
product	of	LWF	and	SLA	(see	equations	(1)‐(5)).	
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Table	5.4.	Results	of	the	two	way	factorial	ANOVA	for	the	growth	and	growth	components	of	 	Aster	
tripolium	adults	and	 juveniles	and	Plantago	coronopus	adults	and	 juveniles.	Microbial	mat	presence	
and	physical	treatment	were	tested	as	factors,	including	their	interaction.	RGR=	relative	growth	rate,	
g	 growth	 g	 plant‐1	 day‐1;	 SLA=	 specific	 leaf	 area,	 cm2	 leaf	 g‐1	 leaf;	 LAR=	 leaf	 area	 ratio,	 cm2	 leaf	 g‐1	
plant;	LWF=	 leaf	weight	 fraction,	g	 leaf	g‐1	plant;	ULR=	unit	 leaf	rate,	biomass	plant	 increment	cm‐2	
leaf	day‐1;	shoot	[N]=	%	nitrogen	in	the	shoot;	total	N=	total	nitrogen	in	µg	plant‐1.	
		 		 		 RGR	 LAR	 LWF	 SLA	 ULR	 shoot	[N]	 total	N*	

Aster	
tripolium	

Adults	 Mat	 0.000	 0.000	 0.000	 0.930	 0.001	 0.000	 0.000	
Treatment	 0.003	 0.000	 0.000	 0.002	 0.176	 0.000	 0.000	
mat*treatment	 0.460	 0.241	 0.008	 0.082	 0.918	 0.010	 0.000	

Seedl.	 Mat	 0.000	 0.005	 0.000	 0.542	 0.000	 0.000	 0.000	
Treatment	 0.000	 0.000	 0.002	 0.047	 0.002	 0.022	 0.000	

		 		 mat*treatment	 0.002	 0.001	 0.014	 0.016	 0.611	 0.000	 0.000	

Plantago	
coronopus	

Adults	 Mat	 0.000	 0.007	 0.013	 0.567	 0.000	 0.000	 0.000	
Treatment	 0.000	 0.000	 0.000	 0.121	 0.139	 0.000	 0.000	
mat*treatment	 0.032	 0.865	 0.172	 0.140	 0.054	 0.168	 0.015	

Seedl.	 Mat	 0.000	 0.000	 0.001	 0.000	 0.000	 0.000	 0.000	
Treatment	 0.000	 0.030	 0.000	 0.114	 0.000	 0.000	 0.000	

		 		 mat*treatment	 0.034	 0.415	 0.016	 0.908	 0.727	 0.000	 0.005	

*log	transformed	

	

Aster	tripolium	Adults	(ATA)	(Figure	5.2)	
The	presence	of	a	microbial	mat	had	a	significant	 impact	on	the	measured	variables	 that	
relate	 to	 biomass	 allocation,	 LAR	 and	LWF,	 but	 not	 in	 SLA.	 LWF	was	 significantly	 lower	
without	a	mat.	The	treatment	effect	on	LAR	was,	however,	caused	both	by	SLA	and	LWF.	
SLA	was	significantly	higher	in	the	fertilized	treatments	compared	to	all	other	treatments,	
except	 for	 the	salt	spray	 treatment	and	the	control.	The	treatment	effect	on	LWF,	on	 the	
other	 hand,	 was	 entirely	 due	 to	 the	 fertilization	 treatment.	 Subsequently,	 also	 the	
treatment	effect	for	LAR	was	entirely	due	to	the	fertilization	treatment.			
The	photosynthesis	related	variable	ULR	was	lower	in	the	absence	of	a	mat,	which	is	also	
reflected	 in	 a	 significantly	 lower	 shoot	 N	 concentration	 without	mats.	 This	 N‐limitation	
effect	was	entirely	removed	by	the	presence	of	a	mat	(as	reflected	in	the	N‐total	patterns).	
However,	 even	 in	 the	 presence	 of	 a	mat	 (i.e.	without	 direct	N‐limitation),	 the	 treatment	
effect	remained	significant	for	shoot‐N.	This	indicates	that	all	physically	related	treatments	
(expect	 for	 burial)	 had	 additional	 negative	 impacts	 on	 shoot	 N	 concentrations.	 These	
effects	of	treatment	on	shoot	N	did	not	translate	into	effects	on	ULR.		
RGR	was	 significantly	 affected	 by	mat	 presence	 and	 treatment,	 of	 which	 the	 effect	 of	 a	
microbial	mat	is	explained	by	LAR	(as	affected	by	LWF)	and	ULR.	Altogether,	this	implies	
that	 RGR	 patterns	 of	 ATA	 are	 entirely	 explained	 by	 fertilization	 effects,	 either	 by	 mat	
presence	or	through	fertilization	directly.	
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Figure	 5.2.	 Effect	 of	 physical	 impacts	 sandblasting,	 sand	 burial	 and	 salt	 spray	 on	 Aster	 tripolium	
Adults	 (ATA)	without	 (open	bars)	and	with	 (closed	bars)	microbial	mat.	C=	control,	B=	burial,	 Sd=	
sandblasting,	St=	salt	spray,	Sd+St=	sandblasting	+	salt	spray,	Fert=	fertilisation.	Average	values	with	
standard	error	of	the	mean.	The	same	letter	above	bars	indicates	no	significant	differences	(p>0.05)	
for	the	physical	impacts	and	the	presence	of	a	mat.	
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Aster	tripolium	Seedlings	(ATS)	(Figure	5.3)	
Mat,	 treatment	 and	 interaction	 effects	 all	 significantly	 affected	 biomass	 allocation,	 as	
reflected	by	LAR	and	LWF.	Since	SLA	was	not	significant	for	mat,	LWF	was	the	only	driver	
for	 LAR	 concerning	 mat	 effects.	 This	 implies	 that	 the	 mat	 treatment	 affected	 mass	
allocation	without	affecting	leaf	morphology.	The	main	effects	of	treatment	were	explained	
by	a	much	 lower	LAR	and	LWF	 for	 the	sandblasting+salt	 spray	 treatment.	This	decrease	
was	even	stronger	without	mat	and	explains	the	interaction	for	these	components.	In	LWF,	
the	 interaction	was	 additionally	 caused	 by	 a	 lower	 LWF	 in	 the	 control	 treatment	 in	 the	
absence	of	a	microbial	mat.	None	of	the	other	physical	treatments	showed	any	response	in	
LAR,	LWF	or	SLA.		
With	respect	to	the	leaf	photosynthesis	equipment,	both	main	effects	were	significant	for	
ULR,	shoot	N	concentration	and	total	N.	All	three	variables	were	significantly	higher	in	the	
presence	 of	 a	microbial	mat.	 For	 ULR,	 the	 treatment	 effect	 seemed	 to	 be	 caused	 by	 the	
higher	treatment	means	of	ULR	in	the	fertilization,	salt	spray	and	sandblasting+salt	spray	
treatments.	For	 total	N,	 the	 treatment	effect	as	well	as	 the	 interaction	effect	seems	 to	be	
mainly	due	to	 the	 fertilisation	treatment,	and	 for	shoot	N	concentration	this	seems	to	be	
more	subtle	and	mainly	driven	by	the	interaction	effect.	In	the	sand	and	sandblasting+salt	
spray	 treatments	 without	 a	mat,	 the	much	 lower	 total	 N	 assimilation	 (compared	 to	 the	
fertilization	treatments)	 is	partly	compensated	by	a	 larger	allocation	of	nitrogen	towards	
the	 leaves.	Hence,	 the	decline	 in	 shoot	N	 concentrations	 in	 the	 absence	 of	mats	 is	much	
stronger	 for	 plants	 in	 the	 control,	 burial	 and	 salt	 spray	 treatments	 than	 for	 the	 sand	 or	
sandblasting+salt	spray	treatments.	These	interactions	of	shoot	N	concentration	and	total	
N	do	not	translate	into	ULR.		
Both	effects	of	mat	and	 treatment	were	significant	 for	RGR.	The	 treatment	effect	 in	RGR	
was	only	due	to	the	fertilisation	treatment,	which	is	consistent	with	the	same	effect	in	ULR	
and	 total	 N,	 except	 that	 ULR	 was	 additionally	 driven	 by	 the	 sandblasting+salt	 spray	
treatment.	The	 interaction	effect	 in	RGR	also	seems	driven	by	 the	 fertilization	 treatment	
(where	 by	 increasing	 nitrogen	 availability,	 no	 beneficial	 impacts	 by	 mat	 remain).	 In	
addition,	a	complex	of	responses	seems	to	play	some	additional	minor	role.	An	allocation	
effect	 (through	 LWF)	 occurs	 for	 the	 sandblasting+salt	 spray	 treatment,	 while	 also	
photosynthesis	 seemed	 affected,	mainly	 on	 the	 control	 and	 burial	 treatments,	 and	 again	
the	sandblasting+salt	spray	treatment	(as	suggested	by	the	patterns	 in	ULR,	shoot	N	and	
total	N).	So,	consistent	with	the	adults	of	Aster	tripolium,	growth	effects	are	mainly	driven	
by	nitrogen	availability,	either	through	the	microbial	mat	or	the	fertilisation	treatment.		
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Figure	 5.3.	 Effect	 of	 physical	 impacts	 sandblasting,	 sand	 burial	 and	 salt	 spray	 on	 Aster	 tripolium	
Seedlings	(ATS)	without	(open	bars)	and	with	(closed	bars)	microbial	mat.	C=	control,	B=	burial,	Sd=	
sandblasting,	St=	salt	spray,	Sd+St=	sandblasting	+	salt	spray,	Fert=	fertilisation.	Average	values	with	
standard	error	of	the	mean.	The	same	letter	above	bars	indicates	no	significant	differences	(p>0.05)	
for	the	physical	impacts	and	the	presence	of	a	mat.	
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Plantago	coronopus	Adults	(PCA)	(Figure	5.4)	
Biomass	 allocation	 in	 adults	 of	 Plantago	 coronopus	 was	 primarily	 driven	 by	 LAR	 and	
therewith	 by	 LWF,	 since	 SLA	 was	 not	 significantly	 affected	 by	 either	 mat	 or	 treatment	
effects.	LAR	and	LWF	were	 lower	 in	plants	grown	without	a	mat.	The	treatment	effect	 in	
LAR	 was	 mainly	 driven	 by	 the	 fertilization	 treatment,	 which	 had	 significantly	 higher	
treatment	 means	 than	 the	 physical	 treatments,	 except	 for	 burial.	 LWF	 also	 had	 a	 high	
treatment	mean	for	fertilization	and	burial	of	plants,	but	this	was	only	different	from	the	
control	 treatment	 for	 both	 fertilization	 and	 burial,	 and	 different	 from	 the	 salt	 spray	
treatment	for	fertilization.	This	implies	that	the	physical	treatments,	except	for	the	burial	
treatment,	did	not	seem	to	have	much	effect.		
Mat	effects	were	significant	 for	ULR,	shoot	N	concentration	and	 total	N,	where	all	plants	
grown	in	microbial	mats	performed	better	than	without.	Shoot	N	concentration	and	total	N	
both	were	significant	for	treatment,	which	was	not	reflected	in	ULR.	This	suggests	that	the	
plants	compensated	the	lower	investment	of	nitrogen	in	the	leaves	compared	to	fertilized	
conditions	 (either	 by	mat	 or	 fertilization	 treatment)	 by	 allocating	 relatively	more	 of	 the	
leaf	nitrogen	to	photosynthesis.		
Both	 main	 effects	 were	 significant	 for	 RGR,	 with	 microbial	 mat	 presence	 allowing	 for	
higher	 relative	growth	rates.	The	effect	of	 the	mat	 is	 caused	both	by	a	different	biomass	
allocation	 and	 by	 photosynthetic	 processes.	 Biomass	 allocation	 is	 the	 sole	 driver	 of	 the	
treatment	effect,	since	ULR	showed	no	response.	On	top	of	that,	RGR	showed	an	interaction	
effect,	 in	which	the	sand,	sandblasting+salt	spray	and	the	fertilization	treatments	did	not	
differ	significantly	with	and	without	mats,	whereas	the	other	treatments	do.	In	fact,	we	see	
exactly	the	same	pattern	in	ULR	and	shoot	N	concentration	(albeit	not	significantly	in	the	
latter	case).	Hence,	it	seems	that	nitrogen	limitation,	in	the	absence	of	microbial	mats,	does	
not	strongly	impact	plant	performance	in	the	sand	and	sandblasting+salt	spray	treatments.		
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Figure	 5.4.	 Effect	 of	 physical	 impacts	 sandblasting,	 sand	 burial	 and	 salt	 spray	Plantago	 coronopus	
Adults	 (PCA)	without	 (open	bars)	 and	with	 (closed	bars)	microbial	mat.	 C=	control,	B=	burial,	 Sd=	
sandblasting,	St=	salt	spray,	Sd+St=	sandblasting	+	salt	spray,	Fert=	fertilisation.	Average	values	with	
standard	error	of	the	mean.	The	same	letter	above	bars	indicates	no	significant	differences	(p>0.05)	
for	the	physical	impacts	and	the	presence	of	a	mat.	
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Plantago	coronopus	Seedlings	(PCS)	(Figure	5.5)	
All	measured	 variables	 that	 determine	 biomass	 allocation	 showed	 a	 better	 performance	
when	plants	were	grown	in	a	microbial	mat.	In	addition,	treatment	influenced	LAR	en	LWF	
significantly,	where	 burial	 and	 fertilization	 had	 higher	means	 than	 the	 other	 treatments	
particularly	 when	 compared	 to	 the	 sandblasting+salt	 spray	 treatment.	 In	 addition,	 LWF	
has	a	significant	 interaction,	which	 is	caused	by	a	significantly	better	performance	of	 the	
control	and	burial	treatments	when	a	mat	was	present,	whereas	the	other	treatments	did	
not	respond	to	the	mat.					
The	 variables	 that	 relate	 to	 photosynthesis	 all	 responded	 significantly	 positively	 to	 the	
presence	of	a	microbial	mat.	The	effects	of	the	physical	treatments	were	also	significant	for	
these	 variables.	 For	 total	 N,	 fertilization	 had	 the	 highest	 mean,	 being	 different	 from	 all	
other	 treatments.	 This	 could	 be	 caused	 by	 larger	 plants	 that	 can	 accommodate	 more	
nitrogen.	 This	 pattern	 translates	 largely	 into	 shoot	 N	 contents,	 ,	 although	 much	 less	
pronounced.	For	ULR	that	pattern	is	even	more	subtle,	where	particularly	the	absence	of	a	
burial	effect	stands	out,	when	compared	to	burial	effects	on	total	N	and	shoot	N	contents.		
All	abovementioned	patterns	contribute	 to	RGR,	being	significant	 for	mat,	 treatment	and	
their	 interaction.	The	 effect	 of	 treatment	 is	 largely	 caused	by	 the	 fertilisation	 treatment,	
but	also	 the	salt	 spray	and	sandblasting+salt	 spray	 treatments	have	on	average	a	higher	
RGR	than	the	other	treatments.	Biomass	allocation	related	to	the	effect	of	the	fertilization	
treatment,	while	photosynthesis	was	related	to	both	fertilization	and	salt	spray	effects	on	
RGR.	 In	 RGR,	 the	 significant	 interaction	 is	 caused	 by	 the	 fertilised	 plants	 being	 not	
significantly	different	when	grown	with	or	without	a	microbial	mat.	However,	 this	 is	not	
related	to	one	of	the	specific	 individual	components	of	RGR,	since	they	all	show	a	similar	
pattern.	This	re‐emphasizes	that	both	biomass	allocation	and	photosynthesis	contributed	
to	patterns	in	RGR.	
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Figure	 5.5.	 Effect	 of	 physical	 impacts	 sandblasting,	 sand	 burial	 and	 salt	 spray	Plantago	 coronopus	
Seedlings	(PCS)	without	(open	bars)	and	with	(closed	bars)	microbial	mat.	C=	control,	B=	burial,	Sd=	
sandblasting,	St=	salt	spray,	Sd+St=	sandblasting	+	salt	spray,	Fert=	fertilisation.	Average	values	with	
standard	error	of	the	mean.	The	same	letter	above	bars	indicates	no	significant	differences	(p>0.05)	
for	the	physical	impacts	and	the	presence	of	a	mat.	
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DISCUSSION	

NUTRIENT	SUPPLY	DRIVING	SEEDLING	AND	ADULT	GROWTH	RESPONSES	

As	we	hypothesized,	the	presence	of	a	microbial	mat	promoted	growth	of	the	seedling	and	
adult	 stages	of	Aster	 tripolium	 and	Plantago	coronopus	 for	nearly	all	physical	 treatments	
when	 compared	 to	 plants	 grown	 without	 a	 mat.	 Also	 Adema	 et	 al.	 (2004)	 showed	 that	
growth	of	early	and	intermediate	successional	species	was	favoured	by	the	presence	of	a	
microbial	 mat.	 However,	 Adema	 et	 al.	 (2004)	 did	 not	 analyse	 the	 underlying	
ecophysiological	mechanisms	or	the	additional	impacts	of	physical	factors.	
Interestingly,	 and	 opposed	 to	what	we	 expected,	 the	 physical	 factors	 sandblasting,	 sand	
burial	and	salt	spray	that	we	tested	did	not	have	much	negative	 influence	on	the	RGR	of	
any	species	or	stage,	suggesting	that	the	responses	were	not	necessarily	stress	related,	as	
they	 affected	 plant	 growth	 and	 the	 related	 components	 in	 mainly	 positive	 ways	 when	
compared	 to	 the	control	 treatments.	The	 individual	components	of	RGR	were	affected	 in	
several	cases,	explaining	the	RGR	results.	For	instance,	the	application	of	sandblasting	(Sd),	
and	 sandblasting	 followed	 by	 salt	 spray	 (sandblasting+salt	 spray)	 on	 adults	 of	Plantago	
coronopus	 resulted	 in	 a	 significantly	 higher	 relative	 growth	 rate	 (RGR)	 in	 the	 plants	
without	 a	 mat,	 when	 compared	 to	 the	 control	 without	 a	 mat.	 The	 positive	 growth	
responses	 was	 related	 to	 an	 increased	 ULR	 and	 LWF	 (although	 not	 significant),	 which	
reflect	increased	photosynthetic	activity	and	biomass	allocation	to	the	leaves,	respectively.		
We	 cannot	 reasonably	 explain	 this	 positive	 effect	 (Figure	 5.4).	 Likewise,	 growth	 of	
seedlings	 of	 Plantago	 coronopus	 in	 a	 microbial	 mat	 was	 not	 negatively	 affected	 by	 the	
sandblasting+salt	spray	treatment	and	compensated	a	lower	LWF	by	an	increased	SLA	and	
ULR.	 Similar	 patterns	 are	 present	 for	 these	 species‐stages	when	nitrogen	 limitation	was	
removed	by	the	presence	of	a	microbial	mat.		
The	results	show	that	several	compensatory	mechanisms	are	used	by	the	plants	to	reach	
optimal	 growth.	 Strategies	 in	 dealing	with	 (physical)	 stress	 or	 disturbance	 in	 plants	 can	
consist	 of	 the	 allocation	 of	 biomass	 from	 the	 root	 system	 to	 maximize	 nutrient	 uptake	
and/or	 to	 locate	 their	 meristems	 near	 the	 soil	 surface	 to	 protect	 against	 aboveground	
biomass	losses,	as	is	the	case	in	graminoids	(e.g.,	Diaz	et	al.,	2007).	A	second	strategy	is	to	
compensate	losses	in	leaf	surface	by	reallocating	nitrogen	to	the	leaves	in	order	to	increase	
photosynthetic	 capacity	 (Herms	 &	 Mattson,	 1992).	 A	 third	 way	 of	 dealing	 with	 stress	
consists	 of	 an	 internal	 re‐allocation	 of	 leaf	 nitrogen	 to	 photosynthesis‐related	 enzymes	
(such	as	Rubisco)	to	increase	photosynthetic	efficiency	and	thus	to	invest	less	in	other	leaf	
organs	(such	as	cell	walls)	(Harrison	et	al.,	2009;	Hikosaka	et	al.,	2009).	These	mechanisms	
are	 not	 always	 at	 work	 simultaneously,	 as	 can	 be	 seen	 in	 seedlings	 of	 Aster	 tripolium,	
where	 the	RGR	 is	very	 low	 in	 the	sandblasting+salt	 spray	 treatment	without	a	microbial	
mat.	 On	 the	 other	 hand,	 overcompensation	 took	 place	 in	 the	 burial	 treatment	 in	 most	
species‐stages	(except	for	seedlings	of	Aster	tripolium).	This	was	shown	in	increased	LWF,	
shoot	 N	 concentrations	 and	 total	 N	 in	 especially	 for	 plants	 grown	 on	 a	 mat,	 indicating	
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larger	leaves.	However,	again	this	was	not	reflected	into	a	higher	RGR	(or	ULR),	indicating	
that	 the	 higher	 relative	 amounts	 of	 shoot	 nitrogen	 were	 not	 used	 to	 increase	
photosynthesis	capacity,	but	merely	to	overcome	the	partial	burial.	 Indeed,	after	harvest,	
the	leaves	showed	elongated	growth,	a	mechanism	that	was	also	described	in	Maun	(1994)	
in	partially	buried	plants.		
Overall,	 the	 results	 show	 that	 the	 selected	 species	 were	 well	 adapted	 to	 the	 various	
physical	stresses	 that	can	occur	on	green	beaches	 in	summer.	This	 is	 in	accordance	with	
other	studies	on	the	combined	effect	of	sandblasting	and	salt	spray	(Yura	&	Ogura,	2006;	
Ogura	 &	 Yura,	 2008),	 which	 show	 that	 foredune	 species	 were	 not	 affected	 by	 this	
combined	treatment,	whereas	inland	plant	species	were.		
The	 general	 stress	 tolerator	 strategy	 of	 these	 plant	 species	 should,	 however,	 not	 be	
misinterpreted	as	being	unresponsive	to	nutrient	additions.	The	proposed	idea	that	states	
that	plant	species	growing	in	severe	environmental	conditions	do	not	change	productivity	
in	 reaction	 to	 fertilization	 (e.g.,	 Houle,	 1997b),	 does	 clearly	 not	 hold	here.	 Instead,	most	
measured	plant	responses	indicate	that	the	(hypothesized)	alleviation	of	physical	stress	by	
a	microbial	mat	is	mainly	caused	by	an	increased	nutrient	availability.	Nutrient	availability	
in	the	presence	of	a	mat	coincided	with	that	of	the	fertilization	treatment	in	the	absence	of	
a	 mat,	 which	 together	 strongly	 steered	 a	 major	 part	 of	 the	 treatment	 and	 interaction	
effects.	This	indicates	that	responses	of	pioneer	plant	species	on	green	beach	ecosystems	
are	mainly	nutrient	driven,	with	nitrogen	being	the	limiting	factor.	This	is	supported	by	the	
idea	 that	 sandy	 beaches	 are	 generally	 low	 in	 nutrients.	 Moreover,	 several	 studies	 on	
nutrient	limitation	in	dune	slacks	(e.g.,	Lammerts	&	Grootjans,	1997;	Grootjans	et	al.,	1998)	
and	 salt	marshes	 (e.g.,	 Kiehl	 et	 al.,	 1996;	 Leendertse	 et	 al.,	 1997;	 van	Wijnen	&	Bakker,	
1999)	 show	 that	 these	 ecosystems	 –which	 are	 combined	 in	 green	 beaches‐	 are	 usually	
nitrogen	limited,	especially	in	early	successional	stages.		
	

GERMINATION	IS	HAMPERED	BY	MICROBIAL	MATS	

Opposed	 to	 the	 positive	 effects	 on	 plant	 growth,	 the	 microbial	 mat	 did	 not	 enhance	
germination,	 and	 in	 Plantago	 coronopus	 it	 even	 inhibited	 the	 germination.	 Particularly	
when	the	mat	was	combined	with	salt	spray	but	also	to	some	extents	with	sandblasting	or	
sandblasting	 and	 salt	 spray,	 lower	 germination	 occurred	 in	 the	 presence	 of	 a	microbial	
mat.	 Also	 Adema	 et	 al.	 (2004)	 found	 that	 most	 species	 germinated	 better	 without	 a	
microbial	mat	and	Zaady	et	al.	(1997)	found	that	germination	of	P.	coronopus	specifically	is	
inhibited	by	an	intact	desert	microbial	mat,	while	germination	was	better	in	a	crushed	mat.	
Similar	effects	were	found	by	Beyschlach	et	al.	(2008)	for	germination	of	Lepidium	sativum	
on	a	microbial	mat.	These	results	suggest	that	the	absence	of	sufficient	moisture	on	top	of	
the	 undisturbed	 microbial	 mat	 is	 responsible	 for	 this	 effect	 (Beyschlach	 et	 al.,	 2008).		
Conductivity	of	 soil	moisture	 through	 the	microbial	mat	will	have	been	reduced,	causing	
reduced	moisture	availability	on	top	of	the	microbial	mat,	desiccating	the	seeds.	This	effect	
may	explain	 the	relatively	high	germination	 in	 the	 fertilization	 treatment	 independent	of	
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the	presence	of	a	mat,	where	by	adding	fertilizer	solution	on	top	of	the	mat,	also	moisture	
was	 added	 on	 top	 of	 the	 mat.	 This	 seems	 more	 likely	 than	 a	 direct	 positive	 effect	 of	
nitrogen,	 because	 in	 that	 case	 all	 treatments	with	 a	microbial	mats	 (and	 thus	 enhanced	
nitrogen	availability)	should	have	had	higher	germination.	Besides	moisture	content,	 the	
type	of	cyanobacteria	 in	the	microbial	mat	(Zaady	et	al.,	1997;	Adema	et	al.,	2004)	might	
have	been	of	influence	on	the	lowered	germination	of	P.	coronopus	on	a	microbial	mat.	
Also	 burial	 negatively	 affected	 germination,	 again	 especially	 in	Plantago	 coronopus.	 This	
effect	 could	 be	 assigned	 to	 the	 fact	 that	 the	 seeds	 were	 buried	 with	 sand,	 therewith	
affecting	 temperature,	moisture	 content	 of	 the	 soil	 and	 light	 reaching	 the	 seeds	 (Maun,	
1994),	 P.	 coronopus	 being	 a	 species	 where	 light	 enhances	 germination	 (Guttermann	 &	
Shem‐Tov,	 1996;	 Zaady	 et	 al.,	 1997).	 In	 addition,	 in	 a	 real	 field	 situation,	 an	 increased	
physical	resistance	may	further	reduce	germination	and	establishment	in	the	presence	of	
an	intact	microbial	mat.	
	

IMPLICATIONS	FOR	FUNCTIONING	OF	GREEN	BEACHES		

Our	 choice	 of	 treatments,	 chosen	 to	 directly	 represent	 field	 observations	 allows	making	
extrapolations	 to	 field	situations.	The	results	of	our	experiment	show	that,	generally,	 the	
physical	 environment	 will	 not	 influence	 the	 pioneer	 species	 negatively.	 Being	 pioneer	
species,	the	plant	species	of	green	beaches	seem	to	be	well	adapted	to	the	physical	stresses	
that	occur	on	green	beaches,	which	is	confirmed	by	the	fact	the	physics	of	sand	and	salt	did	
hardly	impact	plants	grown	on	bare	sand	as	well.	The	lower	growth	rates	of	Aster	tripolium	
compared	 to	Plantago	coronopus	might	be	explained	by	 it	being	 less	 adapted	 to	a	 sandy	
environment,	since	it	is	principally	a	salt	marsh	species.	P.	coronopus	on	the	other	hand	is	
also	often	seen	in	dunes	and	deserts,	being	more	adapted	to	loose	sand	and	sandblasting	
environments.	Moreover,	P.	coronopus	has	a	 low,	 rosette‐like	growth	 form	 that	probably	
enables	it	to	avoid	part	of	the	physical	stress,	especially	sandblasting.	
Moreover,	our	experiment	has	also	shown	that	growing	on	a	microbial	mat	will	stimulate	
plant	 growth	 and	 suggested	 that	 the	 green	 beach	 ecosystem	 is	 nitrogen	 limited.	
Extrapolating	this	to	a	field	situation,	this	suggests	that	the	development	of	green	beaches	
cannot	 occur	without	microbial	mats,	 since	mats	will	 neutralize	 the	 nitrogen	 limitation.	
This	allows	growth	of	species	of	dune	slacks	and	salt	marshes,	which	would	otherwise	not	
occur	on	a	“bare”	beach.	When	succession	can	take	its	natural	course,	plants	growing	on	a	
green	 beach	 will	 catch	 in	 sand,	 leading	 to	 secondary	 dune	 formation,	 with	 its	 typical	
vegetation.	However,	the	continued	existence	of	a	green	beach	is	largely	dependent	on	the	
protecting	presence	of	primary	dunes	and	coastal	sandbanks.	In	the	dynamic	nature	of	the	
coastal	zone,	extreme	storm	events	may	destroy	 them,	 leading	 to	 the	complete	exposure	
and	 destruction	 of	 the	 green	 beach	 (Bakker	 et	 al.,	 2005;	 Esselink	 et	 al.,	 2009).	 In	 less	
extreme	 events,	 a	 microbial	 mat	 might	 be	 overblown	 with	 sand,	 leading	 to	 the	
disappearance	of	the	mat	and	the	plants	depending	on	it.	In	both	cases,	the	cycle	of	green	
beach	 formation	will	 start	over,	 beginning	with	 the	growth	of	 a	microbial	mat	when	 the	
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circumstances	are	right.	Some	plant	species	however	seem	to	be	adapted	to	their	dynamic	
environment,	by	having	short	life	spans	and	fast	reproduction,	as	we	have	seen	in	Plantago	
coronopus.	 This	 species	 had	 formed	 multiple	 flower	 dispositions	 in	 nearly	 all	 of	 the	
seedlings	and	adult	plants	growing	on	a	microbial	mat	(results	not	shown).		
Considering	 our	main	 research	 aim	 to	 analyse	 if	 microbial	mats	 facilitate	 pioneer	 plant	
species	of	green	beaches	by	alleviating	the	stress	experienced	by	physical	factors,	we	can	
conclude	that	the	presence	of	a	microbial	mat	is	critical	for	the	existence	of	a	green	beach,	
due	 to	 its	 ability	 to	 counteract	 the	 nitrogen	 limitation	 that	 is	 typical	 of	 beaches.	 The	
physical	stresses	from	sand	and	salt	that	are	present	on	beaches	have	only	minor	impacts	
on	green	beach	plant	species.			
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SUPPLEMENTARY	MATERIAL		

A.	EXPERIMENT	AND	TREATMENT	TIME	FRAMES.		

Table	S1.	A	settlement	period	of	3	weeks	for	the	germination	stage	and	5	weeks	for	the	seedling	and	
adult	 stages	 was	 applied	 before	 physical	 treatments.	 Germ.=	 germination	 stage;	 seedl.=	 seedling	
stage.	Days=	mean	number	of	days	between	start	and	harvest;	fertilisation	and	physical	treatments:	
application	of	treatment	in	week	number	after	start	of	experiment.		

	 	 	 	 	 physical	treatments	

	species	 	stage	 period	 days	(wks)	 fertilisation	 burial	
sand‐	
blasting	 salt	spray	

Aster	
tripolium	

germ.	 Sept‐Oct	‘08	 56	(8)	 2,	4,	6	 3	 5	 4,5,6	

seedl.	 Aug‐Oct	‘08	 65	(9)	 2,	4,	6,	8	 5	 7	 6,7,8	

adults	 Jul‐Sept	‘09	 84	(12)	 2,	4,	6,	8,	10,	12	 5	 7,	11	 6,7,8,9,10,11,12	

Plantago	
coronopus	
		

germ.	 Sept‐Oct	‘08	 56	(8)	 2,	4,	6	 3	 5	 4,5,6	

seedl.	 Nov‐Jan	‘09	 64	(9)	 2,	4,	6,	8	 5	 7	 6,7,8	

adults	 Aug‐Nov	‘08	 85	(12)	 2,	4,	6,	8,	10,	12	 5	 7,	11	 6,7,8,9,10,11,12	

	

B.	FIELD	REFERENCE	OF	THE	TREATMENTS	

Salt	spray	and	sandblasting	measurements	
At	 10	 different	 locations	 on	 the	 beach	 of	 Schiermonnikoog,	 salt	 spray	 and	 sandblasting	
meters	were	placed,	to	measure	the	amount	of	salt	spray	and	sandblasting	(Figure	S1).	At	
each	location,	three	meters	were	placed.	The	salt	and	sand	meters	were	left	in	the	field	for	
2x2	weeks.	
	
The	sandblasting	meters	consisted	of	plastic	transparent	overhead	sheets	that	were	taped	
to	 a	 square	 pot.	 Each	 side	 of	 the	 pot	 was	 directed	 at	 one	 of	 the	 four	 wind	 directions.	
Abrasion	 by	 sand	 particles	would	 cause	 the	 sheet	 to	 change	 colour	 from	 transparent	 to	
white	(based	on	Yura	&	Ogura,	2006).		
The	salt	spray	meter	(based	on	de	Vos,	2011)	consisted	of	a	“sock”	made	of	polypropylene	
filter	gauze,	pulled	over	a	piece	of	pvc	pipe.	This	whole	construction	was	put	into	a	plastic	
jar,	meant	to	contain	runoff	water	from	the	sock	in	case	of	rain.	In	this	way,	the	captured	
salt	spray	could	not	get	lost	or	diluted	due	to	rain.		
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Figure	 S1:	 Salt	 spray	 and	 sandblasting	meter.	 The	 sandblasting	meter	was	 placed	 at	 soil	 level	 and	
pinned	to	the	ground	with	2	bamboo	sticks	and	the	salt	spray	meter	was	mounted	directly	on	top.	

	
At	collection,	the	sock	was	pulled	off	the	pvc	pipe	of	the	salt	spray	meter	and	stored	in	the	
jar	for	transport	to	the	laboratory	in	Amsterdam.	At	the	lab,	the	jar	was	filled	up	to	100	ml	
with	 demi	 water	 together	 with	 the	 sock	 and	 was	 shaken	 thoroughly.	 After	 this,	 the	
electrical	 conductivity	 of	 the	 solution	was	measured.	 By	means	 of	 a	 calibration	 line,	 the	
concentration	 of	 NaCl	 was	 determined.	 The	 exposed	 area	 of	 the	 sock	was	 228	 cm2	 and	
captured	salt	spray	was	expressed	as	mg	NaCl/cm2.	The	mean	salt	spray	was	0.56	±	0.33	
mg	NaCl/cm2	over	a	period	of	2	weeks	(0.28	mg	NaCl/cm2	per	week).		
The	sandblasting	meters	were	 taken	back	 to	 the	 lab	 in	Amsterdam	 in	 its	entirety.	There,	
the	 plastic	 sheets	were	 taken	 off,	 scanned	 and	 saved	 as	 images.	With	 the	 image	 editing	
software	 Adobe	 Photoshop	 (CS4),	 the	 mean	 Grey	 Value	 was	 used	 as	 the	 measure	 for	
abrasion	of	the	sheets.	To	calculate	the	field	level	of	sandblasting	intensity,	the	mean	Gray	
Values	 of	 the	 four	wind	 directions	were	 summarised	 for	 the	 6	 sandblasting	meters	 that	
were	 located	 on	 the	 green	 beach	 (sandy	 beach	 locations	were	 excluded).	 After	 this,	 the	
mean	over	the	different	sandblasting	meters	was	calculated	(138±32	per	two	weeks).		
	

Groundwater	composition	
In	order	 to	measure	 the	composition	of	 the	groundwater,	 groundwater	and	soil	 samples	
were	taken	for	analysis	on	cations,	anions	and	nutrients.	At	3	green	beach	locations	on	the	
island	 of	 Schiermonnikoog,	 groundwater	 samples	were	 taken.	 To	 do	 so,	 holes	were	 dug	
until	the	groundwater	was	reached	and	water	samples	were	taken.		
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At	 4	 additional	 locations,	 soil	 samples	 to	 a	 depth	 of	 10	 cm	were	 taken,	 stored	 cold	 and	
taken	back	to	the	lab.	There	demi	water	(as	a	representative	for	rain	water)	was	added	to	
the	fresh	soil,	until	saturation.	The	samples	were	then	covered	to	prevent	evaporation	and	
left	overnight	to	drain	on	a	filter.		
All	samples	were	analyzed	on	nutrients	and	anions	(NH4+,	Cl‐,	NO2‐,	PO43‐,	SO42‐,	NO3‐),	and	
soil	 moisture	 was	 also	 analyzed	 on	 cations	 (Al3+,	 Ca2+,	 Fe2+,	 K+,	 Mg2+,	 Mn2+,	 Na2+,	 Si4+).	
Nutrients	and	anions	were	analyzed	with	an	Aquakem	discrete	analyzer	according	to	ISO	
15923‐1.	 Cations	 were	 analyzed	 by	 inductively	 coupled	 plasma	 optical	 emission	
spectroscopy	(ICP‐OES),	according	to	ISO	11885.	
A	combination	of	groundwater	(NH4+,	NO2‐	and	NO3‐)	and	soil	moisture	values	resulted	in	a	
balanced	 cation‐anion	 ratio	 (1.3%	 deviance)	 and	 were	 used	 as	 a	 basis	 to	 compose	 the	
artificial	 groundwater.	 Some	 elements	 were	 excluded	 due	 to	 very	 low	 values	 or	 bad	
solubility	(Al3+,	Mn2+,	Si4+	and	NO2‐).	This	resulted	in	the	following	composition:	174.91	mM	
NaCl,	3.65	mM	Na(HCO3),	11.34	mM	Mg(SO4),	5.28	mM	CaCl2,	4.92	mM	KCl,	8.20	mM	MgCl2,	
95	µM	NH4Cl,	15	µM	KNO3,	2.1	µM	NH4H2PO4	and	0.2	µM	Fe(Na)‐EDTA.	
	

Fertilization	
At	 six	 locations,	 soil	 samples	 were	 taken	 to	 determine	 the	 amount	 of	 nitrogen	 that	 is	
available	under	a	microbial	mat.	The	samples	were	taken	in	the	beginning	of	July	2008	on	
the	 green	 beach	 of	 Schiermonnikoog	 (N	 53.500370°,	 E	 6.215819),	 to	 a	 depth	 of	 10	 cm.	
Available	nitrogen	(NH4	and	NO3)	in	the	soil	was	measured	(2.97	±	1.06	mg	N/kg	DW)	and	
reversed	to	the	amount	of	available	NH4NO3	in	FW	soil	per	pot	in	the	experiment.	This	was	
then	 converted	 into	 a	 concentration	 of	 NH4NO3	 of	 22	 mM	 (1742	 mg/l	 NH4NO3)	 stock	
solution	of	which	10	ml	was	added	to	each	pot.	
	

C.	SAND	BLASTER	DESIGN	

The	 sand	 blaster	 consisted	 of	 of	 a	 2.5	 m	 long	 PVC	 pipe	 of	 25	 cm	 ø	 with	 a	 strong	 fan	
attached	 at	 the	 entrance.	 Slides	 were	 inserted	 along	 the	 sides,	 to	 scatter	 the	 sand	 and	
prevent	it	from	coming	out	only	along	the	sides	of	the	pipe	(Figure	S2).	

	
Figure	S2:	Sandblaster	design	
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GENERAL	FINDINGS	

In	this	thesis,	the	aim	was	to	get	a	better	understanding	on	whether	and	how	
human	 activities	 affect	 species	 and	 species	 communities	 living	 on	 sandy	
beaches	 and	 how	physical	 processes	 that	 are	 changed	 by	 human	 activities	
are	 involved	 in	 shaping	 species	 abundances.	 This	 has	 given	 insight	 in	 the	
autecology	of	the	investigated	species.	To	accomplish	this,	an	approach	was	
used	 that	 combined	 existing	 human	 activities	 on	 beaches	 –	 beach	
nourishments	and	mechanical	beach	cleaning	–	with	detailed	descriptions	of	
the	 physical	 and	 geomorphological	 characteristics	 of	 the	 investigated	
beaches.	 Furthermore,	 field	 investigations	 were	 combined	 with	
experimental	setups	in	the	laboratory.	The	main	research	questions	and	key	
findings	are	presented	in	Table	6.1.	

Chapter 

6 
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Table	6.1.	Main	research	questions	and	key	findings	
Research	question	 Key	findings	
What	are	the	long‐term	recovery	times	of	four	
intertidal	 dominant	 macro	 invertebrate	
species	 after	 beach	 nourishment,	 alone	 and	
when	 considering	 the	 additional	 impacts	 of	
other	 environmental	 drivers	 on	 their	
abundances?	

The	 investigated	 species	 all	 recovered	within	
one	 year	 after	 nourishment,	 with	 Scolelepis	
squamata	 showing	 “over‐recolonisation”,	
confirming	 the	 species	 being	 an	 opportunist.	
Responses	 to	 environmental	 drivers	 were	
species	 specific,	 showing	 the	 importance	 of	
knowing	the	autecology.	

How	 are	 talitrid	 abundance	 and	 the	 physical	
environment	 of	 low	 wrack	 sandy	 beaches	
affected	 by	 mechanical	 beach	 cleaning	 and	
which	 physical	 factors	 are	 involved	 in	
affecting	 the	 supralittoral	 talitrid	 community	
after	beach	cleaning?	

Local	 sand	 characteristics	 rather	 than	 wrack	
abundance	 determined	 talitrid	 abundances.	
Talitrus	 saltator	 was	 negatively	 affected	 by	
beach	 cleaning.	 However,	 these	 effects	 were	
not	 through	the	removal	and	absence	of	 food	
or	 changes	 in	 the	 beach	 environment	
(indicating	 behavioral	 adaptations),	 but	
through	 direct	 physical	 disturbance	 impacts.	
Responses	 to	 the	 physical	 environment	were	
species	specific.	

Does	Talitrus	 saltator	 also	 feed	 on	 terrestrial	
plant	material	or	does	it	only	rely	on	stranded	
algal	wrack	as	its	food	source	(independent	of	
the	availability	of	stranded	algal	wrack)?	

Talitrus	 saltator	 fed	 both	 on	 stranded	 algal	
wrack	 and	 on	 non‐algal	 food	 sources	 of	
terrestrial	 origin,	 like	 roots	 and	 shoots	 of	
Elytrigia	 juncea.	 Results	 suggested	 multiple	
simultaneous	 food	 sources	 and	 a	 stable	 diet	
composition	 over	 time,	 next	 to	 the	 ability	 to	
survive	 14	 days	 without	 food	 and	 a	 similar	
response	on	cleaned	and	uncleaned	beaches.	

Are	 physical	 impacts	 on	 the	 different	 life	
history	 stages	 of	 pioneer	 species	 from	 green	
beaches	 affected	 by	 the	 presence	 of	 a	
microbial	 mat,	 compared	 to	 the	 impact	
without	a	microbial	mat?	

Pioneer	coastal	species	species	Aster	tripolium	
and	 Plantago	 coronopus	 appeared	 to	 be	 well	
adapted	to	the	physical	impacts	of	burial,	sand	
blasting	and	salt	spray,	both	with	and	without	
a	 microbial	 mat.	 However,	 germination	 was	
hampered	by	the	presence	of	a	microbial	mat.	
Under	 all	 circumstances,	 a	 microbial	 mat	
facilitated	 plant	 growth,	 indicating	 that	 plant	
responses	 on	 green	 beaches	 are	 nutrient	
driven.	

	
In	 the	 following	 sections	 is	 shown	 how	 the	 different	 chapters	 are	 connected.	 First,	 the	
focus	will	be	on	how	sand	can	act	as	a	physical	disturbance,	as	described	in	chapters	2	and	
5.	 Secondly,	 attention	 will	 be	 paid	 to	 the	 role	 of	 wrack	 subsidies	 for	 talitrids	 on	 the	
supralittoral	beach,	as	described	in	chapters	3	and	4.	Then,	the	findings	of	disturbance	on	
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sandy	beach	organisms	will	be	placed	in	a	context	of	more	general	ecological	principles	of	
dynamic	 ecosystems.	 Finally,	 the	 general	 implications	 of	 human	 activities	 on	 sandy	
beaches	 are	 reflected	 upon,	 with	 special	 focus	 on	 the	 Dutch	 coastal	 ecosystem	 and	 its	
management.	
	

SAND	AS	A	DISTURBANCE	

Sandy	 beaches	 have	 variable	 environmental	 conditions,	 an	 instable	 substrate	 matrix	
through	tides	and	wind,	and	irregular	flows	of	energy.	It	is	often	assumed	that	because	of	
this	dynamic	environment,	sandy	beach	organisms	are	resistant	to	disturbances,	including	
those	 inflicted	by	sand.	Although	sand	is	an	obvious	factor	 in	steering	the	behaviour	and	
performance	 of	 individuals,	 populations,	 species	 and	 communities	 in	 the	 sandy	 beach	
environment,	 there	 is	 no	 agreed	 scientific	 evidence	 on	 the	 severity	 of	 the	 disturbance	
experienced	from	sand.	Therefore	in	chapters	2	and	5,	we	investigated	whether	sand	was	
acting	as	a	disturbance	in	two	different	zones	of	the	beach:	macro	invertebrate	fauna	in	the	
intertidal	 zone	 and	 vascular	 plants	 on	 the	 green	 beach,	 in	 the	 supralittoral	 zone.	 Both	
zones	 are	 affected	 by	 sand,	 through	 beach	 nourishments	 and	 sand	 blasting,	 with	 sand	
originating	from	either	natural	sources	(i.e.	erosion)	or	from	sand	nourishments.	Recovery	
and	growth	were	examined	respectively.	
Beach	nourishments	did	not	seem	to	have	a	large	influence	on	the	four	investigated	macro	
invertebrate	 species,	 as	 recovery	 was	 established	 within	 a	 year	 after	 nourishment.	
However,	 the	 polychaete	 Scolelepis	 squamata	 acted	 as	 an	 opportunist,	 by	 increasing	 in	
abundance	 after	 nourishments.	 These	 results	 show	 that,	 although	 instant	 death	 sets	 in	
after	 nourishment,	 the	 most	 dominant	 species	 are	 well	 capable	 to	 recover	 after	
nourishment	and	 that	community	 responses	are	 fast,	most	 likely	by	means	of	 their	good	
dispersal	 capabilities.	 However,	 the	 fact	 that	 S.	 squamata	 showed	 increased	 abundances	
for	years	after	the	nourishment	event	indicates	that	the	community	has	not	recovered	to	
its	 original	 abundances.	 This	 study	 showed	 that	 S.	 squamata	 is	 not	 just	 an	 opportunist	
species,	confirming	studies	(Amaral	et	al.,	1998;	Rizzo	&	Amaral,	2001;	Harris	et	al.,	2011),	
but	that	these	higher	abundances	persisted	on	the	longer	term.	How	this	might	affect	other	
species	in	the	(original)	community	and	community	responses	in	general	is	not	clear,	and	
deserves	further	investigation.		
In	 our	 experimental	 setup	 investigating	 physical	 impacts	 of	 sand	 and	 salt	 on	 green	
beaches,	 we	 showed	 that	 these	 impacts	 did	 not	 negatively	 affect	 the	 two	 investigated	
coastal	plant	species.	Both	species	were	well	capable	to	use	compensatory	mechanisms	to	
overcome	possible	effects,	for	instance	by	allocating	more	biomass	to	the	leaves	in	order	to	
keep	 up	 with	 sand	 burial,	 maintaining	 photosynthesis.	 Instead,	 nitrogen	 availability	
seemed	 to	 have	 been	 the	 limiting	 factor.	 Moreover,	 we	 showed	 that	 the	 presence	 of	 a	
microbial	mat	 is	 critical	 for	 the	 existence	 of	 a	 green	 beach,	 since	 it	 lifts	 up	 the	 nitrogen	
limitation	 that	 exists	 on	 sandy	 beaches.	 Overall,	 we	 showed	 that	 microbial	 mats	 are	 of	
great	 importance	 for	 nitrogen	 availability,	 even	 more	 than	 the	 physical	 disturbance	 by	
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sand	and	salt.	 In	order	 to	 facilitate	 the	growth	and	persistence	of	microbial	mats,	 it	 is	of	
importance	 to	 let	 the	 sandy	 beach	 ecosystem	 take	 its	 own	 course	 and	 to	 allow	 a	 free	
distribution	 of	 sand.	 Additionally,	 human	 activities	 such	 as	 mechanical	 beach	 cleaning	
(Dugan	&	Hubbard,	2010),	beach	driving	and	other	intensive	activities	should	be	avoided,	
in	 order	 to	 allow	 the	 formation	 of	 other	 coastal	 habitats	 like	 embryo	 dunes	 and	 the	
stabilisation	of	substrate	behind	them.	
	
Overall,	 sand	 does	 not	 seem	 to	 be	 an	 important	 constraint	 in	 the	 establishment	 and	
functioning	of	 the	entities	 investigated	 in	both	sandy	beach	zones.	This	 indicates	 that,	as	
often	claimed	(Schlacher	et	al.,	2015)	and	empirically	shown	by	some	(e.g.,	Schoeman	et	al.,	
2000;	 Lucrezi	 et	 al.,	 2009b,	 2010)	 that	 both	 animal	 and	 plant	 species	 inhabiting	 sandy	
beaches	 are	 well	 adapted	 to	 the	 dynamic	 environment.	 Thus,	 sand	 was	 not	 acting	 as	 a	
disturbance	 in	 these	 sandy	 beach	 environments.	 However,	 extreme	 events,	 such	 as	
cumulative	 nourishments	 or	 (repeated)	 heavy	 storms	 (sandblasting)	 were	 not	
incorporated	 in	 our	 investigations.	 This	 means	 that	 the	 generalisations	 we	 make	 here	
should	not	be	thoughtlessly	extrapolated	to	these	situations.	
	

WRACK	AVAILABILITY;	FINDINGS	FROM	THE	SUPRALITTORAL	

Beach	 cleaning	 is	 a	 common	 practice	 on	 urbanised	 beaches	 (Davenport	 &	 Davenport,	
2006).	With	mechanical	beach	cleaning,	usually	all	material	on	the	beach,	including	organic	
material	and	human	litter,	 is	removed.	This	could	act	as	a	threat	by	removing	a	potential	
source	of	food	and	shelter	for	supralittoral	macro	invertebrates	(e.g.,	Colombini	&	Chelazzi,	
2003;	McLachlan	&	Brown,	 2006).	 In	 chapters	 3	 and	4	we	 studied	 the	 role	of	wrack	 for	
talitrid	 amphipods	 (Talitus	 saltator	 and	Deshayesorchestia	deshayesii)	 in	 an	 environment	
that	 is	 low	 in	wrack	 abundance.	We	 found	 that	 the	 removal	 of	wrack	by	beach	 cleaning	
machinery	does	not	affect	the	talitrids	negatively	through	the	absence	of	food,	but	that	the	
animals	had	decreased	abundances	on	cleaned	beaches,	probably	through	direct	physical	
disturbance	 (or	 death)	 due	 to	 the	 beach	 cleaners.	 Moreover,	 talitrid	 abundances	 and	
zonation	seemed	to	be	hardly	driven	by	variation	in	wrack	abundances.	Instead,	local	sand	
characteristics	 and	 in	 particular	 soil	 moisture	 and	 sediment	 organic	 matter	 seemed	 to	
drive	talitrid	abundances.	
Additionally,	we	showed	in	chapter	4	that	T.	saltator	was	not	solely	dependent	on	wrack	of	
marine	origin	 for	 food,	but	used	multiple	 food	sources,	 including	terrestrial	material	and	
carrion.	 The	 use	 of	 these	 food	 sources	 was	 not	 different	 on	 cleaned	 versus	 uncleaned	
beaches,	 which	 indicates	 that	 T.	 saltator	 always	 uses	 additional	 food	 sources,	 including	
food	of	 terrestrial	origin,	despite	 the	availability	of	marine	sources.	This	 is	 in	 line	with	a	
study	 by	 Veloso	 et	 al.	 (2012),	 which	 indicated	 that	 the	 talitrid	 Atlantorchestoidea	
brasiliensis	 had	 different	 feeding	 strategies	 according	 to	 the	 type	 of	 organic	 material	
deposited	on	the	beach.	While	most	studies	suggest	that	talitrid	amphipods	rely	on	marine	
algal	wrack	for	food	(e.g.,	Lastra	et	al.,	2008;	Duarte	et	al.,	2009;	Olabarria	et	al.,	2009),	we	
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have	 shown	 otherwise.	 Not	 only	 algal	 wrack,	 but	 also	 carrion	 was	 a	 preferential	 food	
source	 in	 the	 feeding	 experiment	 of	 chapter	 4.	 Moreover,	 we	 have	 also	 shown	 that	
terrestrial	plant	litter	is	part	of	the	Talitrus	saltator	diet.	This	capability	of	beach	talitrids,	
and	T.	 saltator	 in	particular,	 to	 vary	 in	 food	 sources	may	explain	why	 talitrids	were	not	
sensitive	to	the	removal	of	one	potential	food	source.	
Additionally,	we	have	shown	that	they	can	survive	without	any	food	for	at	least	two	weeks.	
Together,	 these	 results	 imply	 that	 in	 a	 low	 wrack	 sandy	 beach	 ecosystem,	 wrack	
availability	does	not	seem	to	be	a	major	constraint	on	 the	 talitrid	community,	since	 they	
are	 able	 to	 switch	 to	 other	 food	 sources.	 This	 supports	 the	 suggestion	 that	 T.	 saltator	
behaves	as	a	scavenger	(Scapini,	pers.	comm;	Ruiz‐Delgado	et	al.,	2014)	and	as	such,	can	be	
regarded	as	an	opportunistic	 feeder.	The	ability	 to	have	 flexible	 foraging	strategies	 is	an	
indication	 of	 behavioural	 plasticity,	 which	 Brown	 (1996)	 suggested	 to	 be	 an	 important	
trait	to	population	survival	on	sandy	beaches.	Moreover,	the	nocturnal	feeding	habits	of	T.	
saltator	where	 they	 emerge	 from	 their	 burrows	 and	move	 across	 shore	 to	 forage	 (e.g.,	
Scapini	et	al.,	1997;	Fallaci	et	al.,	1999;	Scapini,	2006;	Lastra	et	al.,	2010)	and	their	good	
locomotion	 add	 to	 the	 suggestion	 that	 wrack	 availability	 does	 not	 seem	 to	 be	 very	
important	in	low	wrack	beaches,	since	they	are	able	to	move	reasonable	distances	(up	to	
200	m	along	shore;	Scapini	et	al.,	1992)	in	search	for	food.	This	may	also	explain	why	we	
did	 not	 find	 an	 altered	 spatial	 distribution	 pattern	 across	 shore,	 since	 their	 daytime	
burrows	do	not	necessarily	coincide	with	where	they	feed.		
Summarising,	 wrack	 availability	 does	 not	 seem	 to	 determine	 general	 population	
abundances	 (either	 between	 or	 across	 beaches)	 on	 low	 wrack	 beaches,	 while	 human	
activities	such	as	mechanical	beach	cleaning	seem	to	be	more	important.		
	
Our	 studies	 show	 that	 the	different	macro	 invertebrate	 species	 responded	differently	 to	
sand	characteristics	and	beach	morphological	features,	and	that	the	different	plant	species	
responded	differently	to	the	different	experimental	(sand)	treatments.	This	tells	us	that,	to	
be	 able	 to	 predict	 effects	 of	 human	 activities	 or	 natural	 (extreme)	 (climate)	 events	 on	
sandy	beach	ecosystem	communities,	it	remains	important	to	know	the	autecology	of	the	
inhabiting	species	(sensu	McLachlan,	1990).	
	

DISTURBANCE	ON	SANDY	BEACHES	

Compared	to	other	ecosystems	and	even	within	coastal	ecosystems	as	such,	sandy	beach	
ecology	 has	 been	 relatively	 little	 investigated	 (Nel	 et	 al.,	 2014).	 Moreover,	 general	
ecological	 concepts	have	not	been	 tested	on	 sandy	beaches	and,	 vice	versa,	 sandy	beach	
ecologists	generally	tend	not	to	transfer	those	concepts	to	sandy	beaches	(Schlacher	et	al.,	
2015).	The	sandy	beach	ecosystem,	with	its	harsh	and	dynamic	environment,	is	frequently	
perturbed	 by	 natural	 causes.	 The	 frequency	 and	 intensity	 of	 perturbations	 shape	 the	
dynamics	 of	 habitats	 in	 general.	 These	perturbations	 are	 often	 recognized	 as	 a	 selective	
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force	of	diversity	(e.g.,	Connell,	1978;	Dornelas,	2010).		In	addition,	human	impacts	can	be	
identified	as	an	additional	disturbance,	challenging	ecological	thresholds.		
	

STRATEGIES	TO	COPE	WITH	DISTURBANCE		

Organisms	 that	 live	 in	 a	 dynamic	 environment,	 with	 frequent	 natural	 disturbances,	 are	
generally	assumed	 to	be	adapted	 to	 this	environment	 (Bengtsson,	2002;	Schlacher	et	al.,	
2015),	 for	 instance	by	having	 adopted	 either	 an	 r‐	 or	 a	K‐strategy.	The	prevalence	of	K‐
strategists	in	stressful	environments	has	for	instance	been	shown	in	plants	by	MacGillivray	
&	Grime	(1995)	and	in	bacteria	by	Fierer	et	al.	(2007).	They	showed	that	species	adapted	
to	 nutrient	 stress	 initially	 did	 well	 under	 other	 environmental	 disturbances,	 although	
recovery	 was	 negatively	 related	 with	 nutrient	 stress	 tolerance.	 In	 other	 –particularly	
dynamic‐	 conditions,	 r‐strategies	 that	 allow	 for	 a	 short	 life	 cycle	 and	 high	 dispersal	
capacities	may	be	a	viable	strategy.	Also	in	the	dynamic	habitat	of	sandy	beaches,	specific	
behaviour	is	adopted	by	its	inhabitants	to	deal	with	the	environmental	variations	that	are	
typical	 for	 this	 habitat.	 Invertebrate	 organisms	 of	 sandy	 beaches	 employ	 a	 range	 of	
behaviours,	escape	responses	and	feeding	strategies	to	overcome	variations	 in	time	(e.g.,	
seasons,	 days)	 and	 space	 (e.g.,	 tides)	 (Scapini,	 2014),	 which	 seem	 to	 be	 examples	 of	
avoidance	strategies,	hence	belonging	to	the	r‐strategy	domain.		
In	chapter	5,	the	experimentally	tested	plants	Plantago	coronopus	and	Aster	tripolium	are	
both	in	the	CR	range	of	the	CSR	spectrum	(Competitor‐	Stress	tolerator‐	Ruderal)	triangle	
(sensu	Grime,	1977),	with	a	relatively	 large	part	being	R	for	both	species	(cf	Pierce	et	al.,	
2013).	The	CSR‐classification	for	plants	links	to	the	more	general	r‐K	classification,	where	
R	 relates	 to	 r‐strategists	 and	S	 to	K‐strategists.	Our	 results	 confirm	 this	 strategy	as	both	
species	did	well	under	the	physical	disturbance	of	sand	blasting,	salt	spray	and	sand	burial,	
where	performance	at	high	disturbance	is	associated	with	ruderal	strategies.	Moreover,	P.	
coronopus	 showed	 a	 high	 level	 of	 seed	production	 under	 circumstances	 of	 high	nutrient	
levels	when	grown	on	microbial	mat	or	when	 fertilized.	On	 the	other	hand,	both	species	
had	 increased	growth	under	 increased	nutrient	 levels	and	showed	different	strategies	 to	
allocate	nutrient	resources	in	the	plant,	which	are	both	indicators	of	the	competitive	plant	
strategy.	Nevertheless,	 both	 species	 also	 survived	 the	physical	 disturbances	 of	 sand	 and	
salt	 in	 a	 nutrient	 poor	 situation	 (the	 latter	 being	 referred	 to	 as	 stress,	which	 is	 a	more	
permanent	 or	 continuous	 situation	 that	 limits	 production,	 as	 opposed	 to	 disturbance,	
which	is	more	temporary	and	associated	with	partial	or	total	destruction	of	biomass	(e.g.,	
Grime,	 1977;	 Borics	 et	 al.,	 2003),	which	 is	 normally	 considered	 to	 be	 a	 component	 of	 a	
stress‐tolerator	(or	K)	strategy.	
Also	mobile	macrofauna	of	beaches	seem	to	be	closer	 to	an	 r‐strategy	 than	a	K‐strategy.	
Macrofauna	 of	 beaches	 deal	 with	 periodic	 or	 predictable	 changes	 in	 the	 sandy	 beach	
environment	 by	 a	 suite	 of	 possible	 orientation	 responses,	 such	 as	 solar	 orientation,	
circadian	 and	 tidal	 rhythms	 and	 tactic	 movements.	 Brown	 (1996)	 termed	 this	 type	
response	 to	 periodic	 changes	 “long	 term	 plasticity”.	 Besides	 that,	 “short‐term	 plasticity”	
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enables	beach	organisms	to	overcome	unpredictable,	or	episodic	environmental	changes,	
such	as	storms,	by	‐	temporarily	‐	abandoning	their	common	life	style	and	responding	to	a	
crisis	 in	 an	 appropriate	 way,	 by	 having	 the	 flexibility	 to	 learn	 to	 modify	 the	 chosen	
responses	depending	on	the	circumstances	(Brown,	1996;	Scapini,	2014).	Human	impacts	
can	 also	 be	 seen	 as	 episodic	 changes,	 although	 in	 some	 cases,	 the	 changes	 induced	 by	
human	will	be	more	periodic	(or	permanent),	such	as	beach	cleaning	(or	beach	pollution).	
Especially	 talitrid	 amphipods	 are	 well	 known	 to	 show	 plastic	 behaviour	 (Fallaci	 et	 al.,	
1999;	 Scapini,	 2006).	 Scapini	 (2014)	 proposes	 that	 “the	 capacity	 for	 flexible	 learned	
behaviour	 has	 evolved	 in	 relation	 to	 high	 temporal	 and	 spatial	 variability	 of	 beach	
systems”	 (i.e.,	 short‐term	 plasticity),	 in	 contrast	 to	 “heritable,	 adaptive	 patterns	 of	
behaviour	that	have	evolved	against	a	background	of	relative	environmental	stability	and	
repeatability”	(i.e.,	long‐term	plasticity).		
When	we	place	our	findings	in	the	context	of	these	concepts,	we	see	for	instance	that	beach	
cleaning	did	not	act	through	the	removal	of	wrack	as	food,	which	shows	the	adaptation	of	
talitrid	 amphipods	 to	 frequent	 perturbations	 by	 adopting	 suitable	 (learned)	 behaviour.	
Such	behaviour	includes	moving	away	from	the	disturbance,	altering	the	metabolism	(i.e.,	
the	ability	to	be	without	food	for	at	 least	14	days)	or	changing	to	a	different	food	source	
(i.e.,	 terrestrial	 instead	 of	marine	 sources).	 In	 a	 similar	way,	 our	 vegetation	 experiment	
also	 showed	 that	 the	 plant	 species	 were	 not	 affected	 by	 the	 physical	 disturbance	 of	
sandblasting	and	salt	spray,	hence	showing	the	physical	and	morphological	adaptations	to	
their	dynamic	environment.	
The	 fast	 recovery	 of	 the	 investigated	 faunal	 species	 after	 beach	 nourishment	 is	 another	
example	of	adaptation	after	a	(human)	disturbance	event.	In	this	case	however,	the	means	
of	dispersal	determined	the	rate	of	recovery.	While	all	investigated	species	recovered	fast,	
Scolelepis	 squamata	 responded	 to	 the	 beach	 nourishments	 with	 enhanced	 abundances,	
suggesting	 it	 to	be	an	opportunist	species.	This	species	has	planktonic	 larval,	opposed	to	
the	other	three	investigated	species	(i.e.,	amphipods	and	isopod),	which	have	lecitotrophic	
development	 (i.e.,	 “feeding	 on	 yolk”).	 Species	with	 planktonic	 larvae	 are	 usually	 smaller	
but	 larger	 in	 number	 and	 spend	 a	 long	 time	 in	 the	 larval	 stage,	 whereas	 lecitotrophic	
species	 are	 larger	 in	 size	 but	 smaller	 in	 number,	 and	 spend	 a	 short	 period	 in	 the	 larval	
stage,	 before	 developing	 into	 the	 adult	 form.	 The	 planktonic	 larval	 stage	 of	 S.	 squamata	
enables	their	fast	recovery	in	large	numbers.	These	findings	are	supported	by	others	that	
found	 that	 disturbed	 and	 polluted	 benthic	 macrofaunal	 communities	 (by	 oil,	 dredge	
material	 relocation	 and	 sewage	 sludge	 disposal)	 showed	 increased	 dominance	 of	
opportunistic,	tolerant	and/or	short	lived	species	(reviewed	in	Whomersly	et	al.,	2010).		
While	 the	 different	 species	 show	 different	 aspects	 of	 the	 r/K	 continuum,	 the	 above	
indicates	 that	 beach	 organisms	 seem	 to	 be	 mainly	 within	 the	 domain	 of	 r‐strategists,	
suggesting	that	the	high	dynamics	in	the	system	may	be	a	more	important	driver	than	the	
(continuous)	stressful	conditions	in	the	beach	ecosystem	which	would	have	selected	for	a	
prevalence	of	K‐strategists.		
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HUMAN	ACTIVITIES	AS	DISTURBANCE	

The	 observed	 fast	 recovery	 rates	 fit	within	 general	 theoretical	 concepts,	 in	which	 it	 has	
been	proposed	and	shown	(review	in	Bolam	&	Rees,	2003;	Whomersley	et	al.,	2010)	that	
highly	 stressed	 and	 physically	 variable	 (marine)	 environments	 are	 less	 complex,	 but	
recover	 more	 quickly	 from	 a	 disturbance	 than	 a	 benign	 and	 less	 variable	 habitat.	 This	
makes	 them	“ecologically	resilient”	systems,	which	can	be	explained	as	 the	magnitude	of	
disturbance	 that	 can	 be	 absorbed	 by	 a	 system	 before	 its	 structure	 and	 the	 processes	
controlling	 its	behaviour	change,	and	 it	moves	 into	another	 stability	domain	 (Bengtsson,	
2002).	
Additionally,	we	propose	here	that	organisms	from	dynamic	ecosystems,	because	of	their	
adaptations	‐as	discussed	above‐	have	also	a	high	tolerance	to	human	disturbance	events,	
when	 the	 disturbance	 acts	 through	 changes	 in	 their	 environment,	 and	 even	 if	 those	
disturbances	are	beyond	the	normal	ecosystem	characteristic	dynamic	regime.	 	This	was	
for	 instance	shown	by	Talitrus	saltator,	which	was	well	able	 to	cope	with	 the	removal	of	
marine	wrack	by	adopting	a	variable	diet,	and	by	the	four	investigated	macrofaunal	species	
in	the	intertidal	that	recovered	fast	after	beach	nourishment.		
However,	our	studies	and	those	of	others	(e.g.,	Schlacher	&	Thompson,	2013b)	also	show	
that	human	impacts	can	overrule	sediment‐animal	relations	that	normally	structure	beach	
communities,	particularly	when	a	not	naturally	occurring	disturbance	is	introduced,	such	
as	 beach	 nourishment	 and	 cleaning.	 Inevitably,	 intertidal	 organisms	 are	 buried	 and	
crushed	 by	 beach	 nourishments,	 followed	 by	 their	 death.	 Additionally,	 in	 the	 study	 on	
mechanical	 beach	 cleaning,	 we	 found	 no	 effects	 of	 modified	 wrack	 supply	 (which	 is	
naturally	 variable	 within	 this	 dynamic	 environment),	 but	 instead	 we	 found	 clear	 direct	
effects	of	the	cleaning	activities	itself,	most	 likely	caused	by	the	driving	and	raking	of	the	
sand.	Here,	intensity	and	duration	of	the	activity	relate	to	the	strength	of	the	effect.	When	
unravelling	 this,	we	 saw	 that,	 although	 all	 populations	 on	mechanically	 cleaned	 beaches	
showed	 lowered	 abundances,	 a	 beach	 that	 was	 daily	 mechanically	 cleaned	 from	 the	
waterline	to	the	dune	foot,	all	year	round,	was	not	inhabited	by	any	macrofaunal	organism.	
Also	beach	driving	with	off	road	vehicles	‐	the	disturbance	under	investigation	in	Schlacher	
&	Thompson	(2013b)	–	 led	to	strong	 impacts	on	the	beach	community.	This	 leads	 to	 the	
conclusion	 that	 particularly	 disturbances	which	 are	 direct	 and	do	not	 naturally	 occur	 in	
the	environment,	seem	to	negatively	affect	beach	communities.	Furthermore	an	increase	in	
intensity,	 duration	 and	 timing	 of	 the	 disturbance,	 together	with	 the	 vulnerability	 of	 the	
organisms	involved,	determine	the	severity	of	the	impact.		
	

MANAGEMENT	IMPLICATIONS	

SENSITIVITY	OF	THE	SANDY	BEACH	ECOSYSTEM	TO	HUMAN	ACTIVITIES	

The	resilience	of	the	physical	beach	environment	itself	is	likely	caused	by	the	connectivity	
of	 the	 sandy	 beach	with	 its	 surrounding	 habitats	 (i.e.	 surf	 zone	 and	 dunes),	 termed	 the	
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“littoral	 active	 zone”	 (LAZ;	 McLachlan	 &	 Brown,	 2006).	 Although	 ecologically	 separated	
(marine	 vs	 terrestrial),	 sand	 displacement	 by	 wind	 and	 waves	 connects	 all	 habitats,	
making	it	one	system.	The	possibility	to	exchange	materials	between	the	different	habitats	
makes	 the	 littoral	 active	 zone	 resistant	 to	 change.	 Cutting	 off	 the	 habitats	 from	 one	
another,	will	wear	them	out	in	terms	of	inflow	of	materials	(i.e.	sand	and	(food)	materials),	
and	will	 also	 harm	 ecosystem	 services	 that	 are	 provided	 by	 the	 coastal	 ecosystem.	 This	
makes	 it	 important	 to	 manage	 nearshore,	 surf	 zone,	 intertidal	 and	 supralittoral	 beach,	
green	beaches	and	dunes	as	a	whole,	and	not	as	separated	systems.		
	

	
Figure	6.1.	Sensitivity	curve	for	a	typical	sandy	coastline	(top).	The	areas	(bottom)	most	sensitive	to	
human	 activities	 are	 the	 higher	 supralittoral	 and	 foredunes,	 with	 sensitive	 features	 such	 as	 dune	
vegetation,	nesting	turtles	and	birds,	supralittoral	fauna,	the	water	table,	fishery	areas,	rare	species,	
archaeological	 sites,	 dynamic	 and	 fragile	 habitats	 and	 high	 wilderness	 quality	 (adjusted	 after	
McLachlan	&	Brown,	2006).	LW=	low	water	tide,	HW=	high	water	tide.	

	
Following	 from	 our	 results,	 we	 provided	 quantitative	 information	 that	 underpins	 the	
sensitivity	curve	for	effects	of	human	activities	of	McLachlan	&	Brown	(2006;	Figure	6.1).	
Depending	 on	 the	 zone	 in	 the	 coastal	 area,	 the	 sensitivity	 to	 human	 activities	 varies,	
depending	both	on	the	specific	dynamics	of	the	zone	and	the	species	inhabiting	it	(e.g.,	the	
autoecology	of	the	species	involved):	the	intertidal	zone	is	highly	dynamic,	but	predictable,	
with	daily	changing	tides,	etc.	Subsequently,	 the	species	 inhabiting	 the	 intertidal	are	also	
well	 adapted,	 hence	 less	 sensitive.	 The	 lower	 supralittoral	 beach	 is	 somewhat	 less	 ‐
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periodically‐	dynamic	than	the	intertidal,	but	seems	to	experience	more	episodic	dynamics	
than	 the	 intertidal.	 The	 species	 living	 on	 the	 supralittoral	 ‐which	 are	 mostly	 mobile	
species‐	 have	 adopted	 a	plastic	 behaviour,	 including	 learning	 capabilities,	which	 enables	
them	 to	 respond	 suitably	 to	 episodic	 (i.e.	 less	 predictable)	 changes.	 The	 higher	
supralittoral	beach	and	foredunes	(i.e.,	the	green	beach	area	in	our	study)	have	the	highest	
sensitivity,	 showing	 longer	 recovery	 times	 of	 vegetation	 and	 microbial	 mats	 in	 case	 of	
severe	damage	by	new	human	activities	that	override	all	thresholds	(e.g.,	off	road	vehicle	
driving).	
	

RESEARCH	AND	MANAGEMENT	RELATED	IMPLICATIONS	FOR	THE	SANDY	BEACH	ECOSYSTEM	

In	 addressing	 (future)	 effects	 of	 climate	 change	 (e.g.,	 temperature	 rise,	 sea	 level	 rise,	
acidification	 and	 increased	 storm	 occurrence	 and	 intensity),	 careful	management	 of	 the	
coastal	zone	is	crucial.	Coastal	squeeze	demands	interventions	to	avoid	structural	erosion	
of	 our	 coasts.	 This	 management	 should	 be	 done	 in	 an	 ecologically	 sound	 manner,	 to	
preserve	 the	 sandy	 beach	 ecosystem	 for	 the	 long	 term,	 and	 the	 littoral	 active	 zone	 as	 a	
whole.	
Nel	 et	 al.	 (2014)	 showed	 that	 a	 large	 part	 of	 research	 on	 beach	 conservation	 and	
management	 is	 more	 about	 understanding	 of	 human	 impacts	 on	 beaches	 than	 about	
conservation	and	management	strategies.	On	the	other	hand,	several	authors	have	already	
given	 useful	 insights	 and	 recommendations	 in	 dealing	 with	 human	 activities	 and	 their	
impacts	 on	 the	 sandy	 beach	 ecosystem	 (e.g.,	 Speybroeck	 et	 al.,	 2006;	 Defeo	 et	 al.,	 2009;	
Janssen	et	 al.,	 2011;	 Schlacher	 et	 al.,	 2012).	Below,	we	will	 combine	 the	most	 important	
insights	from	our	studies	with	research	and	management	needs.	
	

Effects	of	disturbances	
When	 effects	 of	 human	 activities	 act	 through	 the	 modification	 of	 the	 sandy	 beach	
environment,	 most	 organisms	 can	 cope	 well	 due	 to	 their	 evolutionarily	 acquired	
adaptations	to	their	dynamic	habitat.	However,	when	human	activities	override	thresholds	
and	specifically	when	they	are	not	naturally	occuring	disturbances,	impacts	can	be	severe.	
This	fits	well	in	the	proposed	definitions	of	Bengtsson	(2002)	describing	different	types	of	
disturbances,	adapted	from	the	well‐known	pulse	and	press	disturbances.	Frequent	pulse	
disturbances	are	in	principle	natural	disturbances	that	are	part	of	ecosystem	dynamics	(i.e.	
fires,	 burrowing);	 hence	 most	 organisms	 are	 adapted	 to	 survive	 them	 or	 to	 recolonize	
disturbed	areas.	However,	when	humans	alter	 these	natural	disturbance	regimes,	e.g.,	 its	
frequency,	 intensity,	 spatial	 patterns	or	by	 adding	new	 types	of	 disturbances,	 organisms	
may	become	mal‐adapted	 to	 the	new	disturbance	 regimes.	Large	 infrequent	disturbances	
are	uncommon	surprises	that	have	a	very	low	frequency	(e.g.,	hurricanes,	extreme	floods,	
volcanic	eruptions),	hence	adaptation	is	unlikely.	Press	disturbances	are	chronic	in	nature	
(i.e.	stress)	and	are	often	anthropogenic	(i.e.	acid	rain,	heavy	metals,	grazing	restricted	by	
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fencing).	Some	species	might	be	or	become	adapted	to	this	type	of	disturbance,	but	most	
species	will	not	be	able	to	respond	evolutionary	in	time.		
Within	 this	 framework,	we	propose	 that	beach	nourishments	are	within	 the	 first	 type	of	
disturbance,	since	in	principle,	sand	nourishments	are	derived	from	natural	processes,	but	
with	 an	 alteration	 in	 the	 natural	 occurrence.	With	 increasing	 frequency	 (i.e.	 cumulative	
effects),	intensity	(i.e.	amount	of	sand	burden)	and	scale	(i.e.	size	of	the	nourishment	area),	
organisms	 may	 have	 increasing	 difficulty	 to	 withstand	 the	 direct	 disturbance	 by	
nourishments	or	to	recolonize	nourished	areas.		
Mechanical	 beach	 cleaning	 might	 be	 either	 in	 the	 first	 or	 the	 last	 type	 of	 disturbance,	
depending	 on	 the	 frequency	 of	 cleaning.	 It	 may	 become	 a	 press	 disturbance	 with	
increasing	 cleaning	 frequencies,	 i.e.	 in	 the	 case	 of	 (twice)	 daily	 cleaning	 and	 especially	
when	the	whole	beach	is	cleaned	from	dunefoot	to	waterline.		
From	 a	 management	 point	 of	 view,	 when	 possible,	 avoidance	 of	 such	 unnatural	
disturbances,	 i.e.	 those	 going	 beyond	 the	 range	 of	 natural	 geomorphological	 and	
sedimentological	variation,	should	be	advocated.	For	instance,	mechanical	beach	cleaning	
could	be	replaced	with	alternative,	less	invasive	methods,	such	as	handpicking.	In	the	case	
of	sand	nourishments,	methods	that	have	less	of	an	episodic	disturbance	character	would	
probably	 lead	 to	 less	 impact.	Methods	 that	would	not	go	beyond	 the	naturally	occurring	
environmental	variation	should	not	lead	to	severe	impacts.		
In	 the	 case	 of	 severe	 morphological	 and	 sedimentological	 changes,	 such	 as	 beach	
nourishments,	 changes	 should	 occur	 as	 such	 that	 the	 connection	 between	 the	 different	
zones	in	the	coastal	area	(i.e.	including	the	sublittoral	and	the	dunes)	remains	intact,	and	
the	stability	of	the	littoral	active	zone	is	guaranteed.	Moreover,	although	the	sandy	beach	
invertebrate	 fauna	 does	 seem	 to	 recover	 rather	 quickly	 from	 such	 an	 impact,	 higher	
trophic	levels	such	as	birds	(food	and	nesting)	and	juvenile	demersal	fish	(food)	have	been	
shown	 to	 be	 affected	 negatively	 by	 large	 scale	 nourishments	 and	 mechanical	 beach	
cleaning	(e.g.,	Martin	et	al.,	2002;	Dugan	et	al.,	2003;	Speybroeck	et	al.,	2006),	and	effects	
on	these	species	groups	should	also	be	considered.		
	

Autecology:	ecology	of	single	species	
Our	 results	 have	 proven	 that	 environmental	 responses	 are	 largely	 species	 specific,	
therewith	endorsing	the	autecological	hypothesis	(McLachlan,	1990).	This	means	that	we	
cannot	 assume	 that	 all	 species	 on	 a	 particular	 beach	 will	 respond	 to	 changes	 similarly.	
Additionally,	when	 scaling	 this	up,	we	 cannot	assume	 that	 similar	 species	 from	different	
beaches	 or	 beach	 types	will	 respond	 similarly	 to	 changes.	 From	 a	management	 point	 of	
view,	this	means	that	extrapolation	of	research	results	 from	one	beach	(type)	 to	another	
should	be	done	very	carefully.	It	is	important	to	acknowledge	this,	and	to	continue	to	try	to	
find	generalisations	 that	 can	be	used	 to	characterise	beaches	and	 their	 ecologies.	On	 the	
short	 term	this	means	 that	more	effort	will	have	 to	go	 to	 (fundamental)	 research	on	 the	
functioning	 of	 beach	 types	 across	 regions,	 and	 to	 the	 inhabiting	 species.	 Furthermore,	
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trying	 to	 find	 indices	 that	 can	 vouch	 for	 the	 responses	 of	 a	 group	 of	 species,	 remains	
important,	in	order	to	scale	down	the	amount	of	research	needed	on	the	longer	term	(e.g.,	
Schlacher	et	al.,	2014).	
Building	on	the	argument	of	species	specific	responses,	the	timing	of	management	events	
should	 take	 in	 consideration	 the	 reproduction	 and	 recruitment	 times	 of	 the	 species	
involved.			
	

Sandy	beach	communities	and	cumulative	disturbance	effects	
We	have	shown	 that	 in	 response	 to	a	human	disturbance,	 sandy	beach	communities	 can	
recover,	but	potentially	with	an	altered	community	composition.	This	can	mean	that	either	
the	 recovery	 process	 is	 not	 completed	 within	 a	 few	 years,	 or	 that	 the	 environmental	
conditions	have	changed	in	a	way	it	now	supports	a	different	community.	The	fact	that	not	
the	 exact	 same	 species	 community	 returns	 may	 have	 implications	 for	 ecosystem	
functioning.	 In	 terms	 of	 maintaining	 a	 resilient	 ecosystem,	 the	 focus	 should	 be	 on	
preserving	options	for	the	future	by	maintaining	the	processes	that	control	a	“healthy”	and	
functional	 ecosystem.	 Since	 diversity	 is	 a	 key	 component	 to	 ecological	 resilience	
(Bengtsson,	2002)	 ‐	 that	 is,	not	diversity	per	se,	but	 functional	diversity	–	 it	 is	 important	
not	 to	 take	 risks	 and	 to	maintain	 (functional)	 diversity,	 ensuring	 ecosystem	 functioning	
and	ecosystem	services.		
When	 (functional)	 diversity	 is	 compromised,	 ecosystem	 services	 might	 be	 lost.	 For	
instance,	if	the	environment	is	altered	in	such	a	way	that	specific	food	or	bait	species	are	
lost,	 provisional	 services	 are	 threatened.	 Similarly,	 modifications	 in	 the	 species	
composition	 might	 alter	 interrelationships	 between	 sandy	 beach	 biota	 and	 lead	 to	 a	
changed	foodweb.	This	in	turn	might	influence	other	processes,	such	as	the	processing	of	
organic	 matter	 and	 nutrients	 and	 mineralisation	 of	 organic	 matter	 and	 recycling	 of	
nutrients	(e.g.,	supporting	services).		
	

SUGGESTIONS	FOR	MANAGEMENT	

The	 current	 generally	 assumed	 recovery	 rate	 of	 beach	 ecosystems	 upon	 sand	
nourishments	 used	 in	 management	 of	 the	 Dutch	 coastal	 zone	 concerning	 sand	
nourishments	is	5	years	(Essink,	2005).	This	well	suits	the	recovery	time	of	1	year	that	we	
have	 found	 for	 the	 abundance	 of	 the	 four	 most	 abundant	 beach	 species	 that	 we	
investigated.	However,	depending	on	the	parameters	chosen	(e.g.,	species	diversity	per	se,	
abundance,	 species	 diversity	 index,	 community	 composition)	 the	 meaning	 and	
quantification	of	recovery	can	vary.	That	is,	an	area	can	be	recovered	in	terms	of	number	of	
species,	but	that	does	not	mean	that	these	are	the	same	species	as	before.	Moreover,	since	
we	have	“only”	investigated	the	four	most	abundant	species,	our	previous	conclusions	on	
autecology	suggest	that	this	does	not	necessarily	imply	that	less	abundant	species	that	live	
in	another	part	of	the	intertidal	zone	will	respond	the	same.		
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To	ensure	recolonisation,	the	timing	between	disturbance	events	should	not	be	too	short.	
In	 our	 case,	 recovery	 within	 a	 year	 occurred	 (for	 the	 four	 most	 abundant	 species	 as	
discussed	 above),	 which	 might	 be	 enough	 to	 ensure	 recolonisation	 through	 dispersal.	
However,	in	order	to	allow	the	“internal	recovery”,	by	having	a	supply	of	propagules	that	
stems	from	reproduction	from	within	 the	recovering	area,	 timing	between	events	should	
be	longer.	This	raises	the	issue	on	cumulative	effects	of	human	activities,	which	has	so	far	
been	rarely	investigated.	In	a	system	that	 is	highly	and	frequently	disturbed	(beyond	the	
natural	 dynamics),	 r‐strategists	 are	 likely	 to	 become	 increasingly	 dominant,	 at	 the	 same	
time	diminishing	species	diversity,	necessary	for	ecosystem	functioning.	Especially	 in	the	
phase	 where	 the	 ecosystem	 is	 not	 yet	 fully	 recovered	 from	 a	 disturbance,	 additional	
disturbances	(either	new	or	a	similar	ones)	may	further	lower	species	diversity,	eventually	
wearing	 out	 the	 sources	 available	 for	 recolonisation	 and	 therewith	 further	 affecting	 the	
resilience	of	the	system.		
Besides	timing,	the	spatial	scale	is	another	important	issue	to	bear	in	mind.	In	order	for	an	
impacted	 area	 to	 get	 recolonized	with	 organisms,	 undisturbed	 areas	must	 be	 nearby	 to	
serve	 as	 a	 source	 from	which	 species	 can	 recolonize.	 The	 spatial	 configuration	 of	 these	
“reserve”	 areas,	 determine	 how	 fast	 and	 which	 species	 can	 recolonize.	 This	means	 that	
very	 large	disturbed	areas	will	get	 recolonized	relatively	 slowly,	especially	 in	 the	centre,	
whereas	small	areas	will	be	colonized	more	quickly.	The	rate	and	intensity,	with	which	a	
disturbed	 area	 will	 be	 recolonized,	 will	 also	 depend	 on	 the	 species’	 reproduction	 and	
dispersal	strategy.	
In	short,	“ecological	memory”	is	an	important	condition	for	ecosystems	to	reorganize	after	
large	scale	(natural	or	human)	disturbances	(Bengtsson	et	al.,	2003).	In	practice	this	means	
that	 areas	 with	 human	 activities	 should	 be	 interspersed	with	 refugia	 without	 activities,	
both	in	space	and	time	(Bengtsson,	2002,	2003;	Defeo	et	al.,	2009),	to	allow	recolonisation	
in	between	disturbances	and	of	disturbed	areas.	
	
In	 conclusion,	 new	human‐induced	disturbances	on	 sandy	beaches	 should	be	 avoided	 in	
such	a	way	 that	 the	connection	between	 the	elements	of	 the	 littoral	active	zone	remains	
intact.	To	do	so,	alternative	methods	should	be	advocated,	such	as	handpicking	instead	of	
mechanical	 beach	 cleaning.	 Examples	 of	 management	 measures	 to	 minimize	 effects	 of	
human	activities	on	sandy	beaches	include	sufficient	timing	between	activities	and	timing	
of	 the	 activity	 to	 allow	 recovery	 according	 to	 the	 biology	 of	 inhabiting	 species	 (e.g.,	
reproduction).	Appropriate	spatial	arrangements	should	also	be	considered	as	a	measure	
to	limit	effects	of	human	activities.	This	relates	to	both	the	scale	of	the	activity	as	well	as	
the	distance	between	areas	with	and	without	human	activities	(i.e.	refuges	or	reserves).		
We	 conclude	 to	 plea	 for	 the	 recognition	 of	 sandy	 beaches	 as	 valuable	 and	 crucial	
ecosystems,	 part	 of	 the	 active	 littoral	 zone,	 and	 of	 the	 ecosystem	 services	 they	 provide,	
which	deserve	our	consideration	and	conservation.	
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