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Abstract
Despite	 lotic	 systems	 demonstrating	 high	 levels	 of	 seasonal	 and	 spatial	 variability,	
most	 research	 and	 biomonitoring	 practices	 do	 not	 consider	 seasonality	 when	 in-
terpreting	results	and	are	typically	focused	at	the	meso-	scale	(combined	pool/riffle	
samples)	 rather	 than	 considering	 habitat	 patch	 dynamics.	We	 therefore	 sought	 to	
determine	if	the	sampling	season	(spring,	summer	and	autumn)	influenced	observed	
macroinvertebrate	biodiversity,	structure	and	function	at	the	habitat	unit	scale	(de-
termined	 by	 substrate	 composition),	 and	 if	 this	 in	 turn	 influenced	 the	 assessment	
of	fine	sediment	 (sand	and	silt)	pressures.	We	found	that	biodiversity	supported	at	
the	habitat	 level	was	not	seasonally	consistent	with	the	contribution	of	nestedness	
and	 turnover	 in	 structuring	 communities	 varying	 seasonally.	Habitat	 differences	 in	
community	composition	were	evident	for	taxonomic	communities	regardless	of	the	
season	but	were	not	seasonally	consistent	for	functional	communities,	and,	notably,	
season	explained	a	greater	amount	of	variance	in	functional	community	composition	
than	the	habitat	unit.	Macroinvertebrate	biodiversity	supported	by	silt	habitats	dem-
onstrated	strong	seasonal	differences	and	communities	were	functionally	comparable	
to	sand	habitats	in	spring	and	to	gravel	habitats	in	autumn.	Sand	communities	were	
impoverished	compared	to	other	habitats	regardless	of	the	season.	Silt	habitats	dem-
onstrated	a	strong	increase	in	Ephemeroptera,	Plecoptera	and	Trichoptera	(EPT)	taxa	
and	functional	richness	from	spring	into	autumn,	while	vegetation	habitats	displayed	a	
peak	in	EPT	abundance	in	summer.	Only	silt	and	sand	habitats	demonstrated	temporal	
variability	in	functional	evenness	suggesting	that	these	habitats	are	different	in	terms	
of	their	resource	partitioning	and	productivity	over	time	compared	to	other	habitats.	
Gravel	and	vegetation	habitats	appeared	to	be	more	stable	over	time	with	functional	
richness	and	evenness	remaining	consistent.	To	accurately	evaluate	the	influence	of	
fine	 sediment	 on	 lotic	 ecosystems,	 it	 is	 imperative	 that	 routine	 biomonitoring	 and	
scientific	research	discriminate	between	sand	and	silt	 fractions,	given	they	support	
different	biodiversity,	particularly	during	summer	and	autumn	months.

http://www.ecolevol.org
mailto:
https://orcid.org/0000-0003-3741-1439
http://creativecommons.org/licenses/by/4.0/
mailto:k.mathers@lboro.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fece3.10564&domain=pdf&date_stamp=2023-09-29


2 of 13  |     MATHERS et al.

1  |  INTRODUC TION

Lotic	 systems	 vary	 spatially	 and	 temporally	 associated	 with	 flow	
regime	 variability	 (Lytle	 &	 Poff,	2004;	 Sofi	 et	 al.,	2020),	 instream	
primary	productivity	(Cotton	et	al.,	2006; Lürig et al., 2021)	and	sed-
iment	inputs	(Davis	et	al.,	2022;	Sherriff	et	al.,	2018).	Furthermore,	
riverine	 macroinvertebrate	 populations	 and	 communities	 display	
strong	 seasonal	 variability	 linked	 with	 their	 voltinism	 which	 re-
sults	 in	 fluctuations	 in	 community	 assemblages	 over	 annual	 and	
multi-	annual	 timescales	 (Beche	 et	 al.,	 2006;	 Hynes,	 1972;	 Mazor	
et al., 2009).	 This	 seasonal	 turnover	 in	macroinvertebrate	popula-
tions	 may	 be	 more	 influential	 in	 explaining	 community	 variability	
than	sampling	site	characteristics	(Jensen	et	al.,	2021).	However,	de-
spite	the	widely	recognised	temporal	dynamism	of	both	abiotic	and	
biotic	components	of	riverine	systems,	few	studies	have	considered	
the	potential	influence	of	season	on	their	study	outcomes,	with	most	
sampling	being	conducted	on	a	single	occasion,	during	a	designated	
time	period	or	being	assessed	as	annual	mean	values	(but	see	Helms	
et al., 2009).	The	timing	of	ecological	appraisal	may	have	significant	
implications	for	the	interpretation	of	observed	results	and	for	man-
agement	 recommendations	 for	 fine	 sediment	 pressures,	 the	 flow	
regime,	 or	 wider	 river	 restoration	 activities	 (Carlson	 et	 al.,	 2013; 
Johnson et al., 2012; Linke et al., 1999).	Indeed,	Ormerod	(1987)	in-
dicated	that	the	most	comprehensive	approach	to	characterise	riv-
erine	biodiversity	was	by	employing	a	combined	habitat	scale	(pool,	
riffle	and	marginal)	and	seasonal	sampling	strategy.

Fine	 sediment	 (<2 mm)	 has	 been	 widely	 acknowledged	 to	 act	
as	a	master	environmental	filter	in	shaping	lotic	macroinvertebrate	
communities	at	the	landscape	(Davis	et	al.,	2022; dos Reis Oliveira 
et al., 2018)	and	 local/patch	 scale	 (Descloux	et	al.,	2013;	Mathers	
et al., 2017).	Although	 fine	 sediments	are	a	natural	 component	of	
lotic	ecosystems,	contemporary	 fine	sediment	 loading	 far	exceeds	
historic	levels.	It	is	anticipated	that	fine	sediment	inputs	will	be	fur-
ther	exacerbated	in	the	future	due	to	changes	in	climatic	driven	run-
off	regimes	and	intensification	of	agricultural	practices	in	response	
to	globally	 increasing	 food	production	demands	 (Burt	et	al.,	2016; 
Collins	&	Zhang,	2016).	Therefore,	understanding	the	role	that	fine	
sediment	 deposits	 play	 in	 supporting	 taxonomic	 and	 functional	
biodiversity	will	 improve	 the	knowledge	base	 to	support	effective	
environmental	monitoring	strategies	in	the	future.	Currently	the	ma-
jority	of	riverine	biomonitoring	and	assessment	tools	are	developed	
and	undertaken	at	the	meso-	scale	(multiple	riffle/pools;	e.g.	Salmaso	
et al., 2021),	however	it	is	likely	that	fine	sediment	dynamics	will	ex-
hibit	stronger	associations	with	instream	communities	at	the	habitat	
scale	(Larsen	et	al.,	2009).

Rivers	can	be	delineated	via	various	hierarchal	spatial	scales	and	
criteria	 ranging	 from	 reach	 and	 riffle/pools	 to	 habitat	 (substrate)	
and	 micro-	habitat	 (individual	 particle)	 patches	 (Armitage,	 2006).	
The	habitat	unit	 represents	a	spatial	scale	particularly	relevant	for	
management	as	it	can	be	rapidly	identified	through	visual	bankside	
assessments	of	discrete	patches	of	substrate	(e.g.	vegetation,	gravel,	
sand,	 silt;	 Armitage	 &	 Cannan,	 2000).	 Substrate	 composition	 is	
widely	acknowledged	to	be	a	key	driver	in	controlling	macroinverte-
brate	community	structure	(Beisel	et	al.,	2000; Richards et al., 1993),	
though	 much	 less	 has	 been	 documented	 regarding	 the	 influence	
on	 functional	 communities	 (but	 see	 Demars	 et	 al.,	 2012;	 White	
et al., 2017),	and	there	is	an	absence	of	information	on	seasonal	tra-
jectories	of	functional	communities.

Biological	functional	traits	are	based	on	the	habitat	model	con-
cept	 (after	Southwood,	1977),	and	 therefore	 it	 is	highly	 likely	 that	
community	traits	may	reflect	spatial	and	temporal	variations	in	the	
physical	environment	much	more	strongly	than	taxonomic	identity	
(Schmera	et	al.,	2013).	Given	their	theoretical	foundation	within	the	
habitat	template,	it	is	surprising	that	there	remains	little	evidence	on	
the	association	of	functional	communities	with	habitat	units	and	how	
these	 vary	 temporally.	 Trait-	based	 approaches	 enable	mechanistic	
understanding	of	the	processes	taking	place	in	lotic	ecosystems	and	
thereby	facilitate	recognition	of	how	environmental	change	may	af-
fect	natural	functioning.	In	recent	years,	functional	measures	have	
been	applied	to	a	range	of	environmental	stressors	including	flow	re-
gime	modifications	(Belmar	et	al.,	2019;	White	et	al.,	2021),	invasive	
species	(Guareschi	et	al.,	2021;	Mathers	et	al.,	2020),	excessive	fine	
sedimentation	(Juvigny-	Khenafou	et	al.,	2021;	Mathers	et	al.,	2022)	
and	 the	 evaluation	 of	 instream	 restoration	 measures	 (England	 &	
Wilkes,	 2018;	 Magliozzi	 et	 al.,	 2020).	 However,	 habitat	 structure	
and	availability	has	been	shown	to	moderate	the	ecological	effects	
of	 stressors	 and	 that	 the	 communities	 inhabiting	 distinct	 habitat	
units	may	react	differently	to	instream	measures	such	as	river	res-
toration	practices	(Brunke	et	al.,	2001;	Calapez	et	al.,	2021;	White	
et al., 2017).	As	such	enhancing	our	evidence	base	of	the	functional	
communities	inhabiting	differing	habitat	units	temporally	will	facili-
tate	identification	of	the	potential	effects	of	anthropogenic	and	nat-
ural	stressors	for	ecosystem	functioning.

To	address	the	knowledge	deficit	regarding	the	seasonal	variabil-
ity	in	macroinvertebrate	communities	at	the	habitat	scale,	this	study	
aims	to	characterise	the	biodiversity	supported	within	four	habitat	
units	 (characterised	 by	 substrate	 composition:	 vegetation,	 gravel,	
sand	and	silt)	over	the	course	of	three	seasons	(spring,	summer	and	
autumn).	We	examined	taxonomic	and	functional	facets	of	macro-
invertebrate	 alpha	 and	beta	diversity.	 Establishing	 this	 knowledge	
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base	is	vital	to	enable	scientists	and	managers	to	accurately	appraise	
ecological	health	across	the	entire	year	and	ensure	management	rec-
ommendations	are	effective	across	seasons.	In	particular,	we	tested	
the	following	hypotheses:

1.	 There	 will	 be	 seasonal	 differences	 in	 observed	 taxonomic	 and	
functional	macroinvertebrate	alpha	and	beta	diversity	associated	
with	 habitat	 units.

2.	 Fine	 sediment	 sand	and	silt	habitat	units	will	differ	 in	 the	mac-
roinvertebrate	diversity	 they	support	and	should	be	considered	
independently	within	ecological	assessments.

3.	 Macroinvertebrate	communities	inhabiting	fine	sediment	habitat	
units	(sand	vs.	silt)	will	display	the	strongest	seasonal	variability	of	
all	habitat	units	considered.

2  |  MATERIAL S AND METHODS

2.1  |  Macroinvertebrate data

One	 set	 of	 macroinvertebrate	 samples	 were	 collected	 from	 a	
300-	m	reach	of	the	Mill	stream,	located	in	Dorset,	UK	over	three	
seasons	 in	 1992:	 spring	 (late	 April),	 summer	 (early	 July)	 and	 au-
tumn	(late	September).	Winter	was	not	sampled	due	to	high-	water	
levels	 typically	 encountered	 during	 these	 months.	 Four	 habitat	
units	were	 visually	 identified	 in	 each	 sampling	 season	 and	 each	
represented	discrete	patches	of	substrate/vegetation	as	opposed	
to	 a	 gradient	 of	 substrate	 sizes	 or	 vegetation	 species.	 The	 four	
habitats	examined	in	each	season	were:	(a)	gravel,	(b)	sand,	(c)	silt	
and	(d)	perennial	vegetation	(marginal	perennial	emergent	Phrag-
mites	 sp.).	 Other	 individual	 vegetation	 habitats	 (e.g.	Nasturtium, 
Ranunculus)	were	present	in	the	reach	but	have	not	been	included	
herein.	On	each	occasion	10	replicate	samples	were	taken	for	each	
substrate	habitat;	only	five	silt	samples	were	taken	during	spring	
due to its naturally low occurrence during this season, resulting 
in	a	total	of	115	samples.	Samples	consisted	of	a	15-	s	kick/sweep	
sample	using	a	900-	μm	pond	net	 following	 the	method	outlined	
in	 Armitage	 et	 al.	 (1995),	 focusing	 on	 the	 habitat	 patch	 visually	
identified	and	delineated	prior	to	sampling.	All	samples	were	pre-
served	 in	5%	formalin	 in	 the	 field	and	 identified	 to	species	 level	
in	 the	 laboratory	wherever	possible.	Diptera	 (including	Chirono-
midae)	were	mostly	recorded	to	genus	level	resulting	in	a	total	of	
184	taxa	(37,574	individuals).	Data	utilised	in	this	study	comprise	
part	of	that	presented	in	Pardo	and	Armitage	(1997)	and	Armitage	
et	al.	(1995;	note	only	the	category	termed	gravel	‘fast’	was	utilised	
as gravel in this study, and all other vegetation categories were not 
analysed: Nasturtium, Ranunculus	fast,	Ranunculus	slow).	Although	
the	data	herein	represent	a	re-	analysis	of	a	previously	published	
dataset,	 analysis	 and	 findings	 presented	 differ	 substantially	 in	
their	focus	(fine	sediment	dynamics)	in	addition	to	contemporary	
biodiversity	analyses	conducted	(beta	diversity,	biodiversity	alpha	
metrics	and	entire	functional	component)	being	new.

2.2  |  Functional traits

Macroinvertebrates	were	assigned	to	11	biological	‘grouping	fea-
tures’	comprising	63	functional	traits	from	the	Tachet	et	al.	(2010)	
European	trait	database	(Table S1).	The	database	employs	a	fuzzy	
coded	procedure	with	faunal	affinities	to	individual	traits	ranging	
from	zero	(no affinity)	to	three	or	five	(high affinity).	Trait	values	
were	 therefore	 standardised	 following	 ‘fuzzy	 coding’	 standardi-
sation	(Chevene	et	al.,	1994)	using	the	prep.fuzzy	function	in	the	
ade4	package	(Thioulouse	et	al.,	2018)	so	that	each	grouping	fea-
ture	summed	to	1	(to	ensure	trait	affinities	had	an	equal	weight-
ing	between	taxa).	Taxa	recorded	at	a	lower	resolution	than	that	
of	the	trait	database	(e.g.	species	level)	were	aggregated	and	for	
taxa	 recorded	 to	 a	 higher	 level	 than	 the	 database	 (e.g.	 family	
level)	affinities	of	all	genera	recorded	were	averaged	to	provide	
a	family	score	(sensu	Gayraud	et	al.,	2003).	A	total	of	82	(of	184)	
taxa	were	not	assigned	indervidual	functional	traits,	the	majority	
of	which	were	Diptera,	in	particular	Chironomidae	and	Simuliidae,	
which	were	 recorded	 to	a	 finer	 resolution	 than	 that	 in	 the	 trait	
database	and	therefore	were	aggregated	to	the	higher	level.	Sub-
sequently	 a	 Taxa × Traits	 compositional	 matrix	 was	 constructed	
using	community	weighted	means	via	 the	 functcomp	 function	 in	
the	 FD	 package	 (Laliberté	 et	 al.,	2014)	 and	 used	 in	 subsequent	
analyses.

2.3  |  Statistical analyses

2.3.1  |  Seasonal	differences	in	taxonomic	and	
functional	composition	associated	with	habitat	
classification

Seasonal	taxonomic	and	functional	compositional	differences	asso-
ciated	with	the	four	substrate	habitats	were	visually	examined	via	
non-	metric	multidimensional	 scaling	 (NMDS)	 using	 the	metaMDS 
function	 in	 the	 vegan	 package	 (Oksanen	 et	 al.,	2019).	 Statistical	
differences	in	community	composition	(taxonomic	and	functional)	
associated	with	habitat,	season	and	their	 interaction	were	tested	
via	permutational	multivariate	analysis	of	variance	(PERMANOVA)	
using the adonis	function	in	the	vegan	package.	Where	significant	
differences	 occurred	 by	 habitat,	 pairwise	 comparisons	 of	 differ-
ences	were	performed	using	the	pairwise.adonis	function	for	each	
individual	season	(Arbizu,	2019).	Indicator	species	for	each	habitat	
classification	were	 identified	 using	 the	multipatt	 function	within	
the	 indicspecies	 package	 (De	Cáceres	 et	 al.,	2020).	 An	 indicator	
value	 of	 >0.25	 was	 accepted	 as	 ecologically	 relevant	 (Dufrêne	
&	 Legendre,	 1997),	 and	 all	 significant	 indicators	 with	 a	 fidelity	
value	 of	<0.25	were	 removed	 to	 exclude	 rare	 taxa	 (De	 Cáceres	
et al., 2012).

To	 test	 for	potential	 seasonal	differences	 in	 the	heterogene-
ity	 of	 macroinvertebrate	 community	 composition	 (beta	 diver-
sity)	 of	 each	 habitat	 classification,	 homogeneity	 of	 multivariate	
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dispersions	 were	 calculated	 for	 functional	 and	 taxonomic	 com-
munities	using	the	betadisper	function	in	vegan.	Statistical	differ-
ences	in	multivariate	dispersion	between	seasons	for	each	habitat	
were	 tested	 using	 one-	way	ANOVA.	Where	 significant	 seasonal	
differences	occurred	for	a	habitat,	pairwise	comparisons	of	differ-
ences	were	tested	via	Tukey's	post	hoc	tests.	Total	beta	diversity	
was	 decomposed	 into	 its	 nestedness	 and	 turnover	 components	
to	 investigate	 the	dominant	processes	structuring	macroinverte-
brate	 taxonomic	 and	 functional	 composition.	 Prior	 to	 functional	
beta	analysis	the	Taxa × Traits	matrix	underwent	hierarchical	clus-
tering	 using	 the	 unweighted	 pair	 group	method	with	 arithmetic	
mean	 (UMPGA	 in	 the	 phangorn	 package;	 Schliep,	 2011)	 using	
Gower	distances	following	Cardoso	et	al.	(2015).	Mean	taxonomic	
and	functional	total	beta	diversity	were	calculated	and	partitioned	
into	mean	turnover	and	nestedness	components	within	each	indi-
vidual	habitat	 (e.g.	sand,	silt)	using	the	beta.multi	 function	 in	 the	
BAT	 package	 (Cardoso	 et	 al.,	 2021).	 Taxonomic	 and	 functional	
total	 beta	 diversity,	 nestedness	 and	 turnover	 pairwise	 distance	
matrices	were	calculated	using	the	function	beta	in	the	BAT	pack-
age.	Subsequently,	the	mean	contribution	of	nestedness	and	turn-
over	for	each	habitat	pairwise	comparison	(e.g.	sand	vs.	silt)	were	
calculated.

2.3.2  |  Seasonal	differences	in	taxonomic	and	
functional	alpha	diversity	associated	with	habitat	
classification

Five	 taxonomic	 metrics	 were	 derived:	 community	 abundance,	
taxa	richness,	richness	and	abundance	of	Ephemeroptera,	Plecop-
tera	 and	 Trichoptera	 (EPT)	 taxa	 and	 Pielou's	 evenness.	 Three	
functional	 metrics	 were	 calculated	 comprising	 functional	 rich-
ness	(FRic)	representing	the	minimum	convex	hull	encompassing	
all	species,	functional	evenness	(FEve)	reflecting	the	regularity	in	
which	species	are	distributed	across	functional	space	and	func-
tional	divergence	 (FDiv)	representing	how	abundance	 is	distrib-
uted	within	the	volume	of	functional	space	occupied	by	species	
(Villéger	et	al.,	2008).	The	three	functional	diversity	metrics	were	
computed	using	the	dbFD	function	on	a	Gower	dissimilarity	ma-
trix	 in	 the	FD	package.	General	 linear	models	 (GLM)	were	 con-
structed	 for	 each	 response	 variable	by	dataset	 and	were	 fitted	
with	the	fixed	interacting	effects	of	habitat	and	season	using	the	
glm	 function	 in	 the	 stats	 package.	 All	 models	 were	 fitted	 with	
a	Gaussian	 error	 distribution	with	 the	 exception	of	 abundance,	
taxa	richness,	EPT	richness	and	EPT	abundance	which	were	fit-
ted	 with	 a	 Poisson	 error	 distribution.	 Significant	 differences	
associated	 with	 habitat	 and	 season	 were	 tested	 via	 post	 hoc	
pairwise	comparisons	of	groups	using	estimated	marginal	means,	
and p	values	were	adjusted	for	multiple	comparisons	via	Tukey's	
tests	within	the	emmeans	package	(Lenth	et	al.,	2020).	All	analy-
ses	were	conducted	in	the	R	Environment	(R	Development	Core	
Team,	2022).

3  |  RESULTS

3.1  |  Seasonal differences in taxonomic and 
functional composition associated with habitat 
classification

PERMANOVA	analyses	indicated	that	habitat	explained	the	greatest	
amount	of	variation	 (associated	with	 the	highest	 r2	 value)	 in	 taxo-
nomic	 composition,	while	 season	explained	 the	most	 variation	 for	
functional	composition	(Table 1).	In	the	case	of	taxonomic	communi-
ties,	habitat	 and	 season	exerted	a	 similar	 influence	on	community	
composition,	 while	 for	 functional	 communities'	 season	 was	 more	
influential	 (as	 denoted	 by	 the	 highest	F	 values).	 In	 both	 instances	
the	 interaction	 of	 habitat	 and	 season	were	 statistically	 significant	
(Table 1).	 Habitat	 differences	 in	 taxonomic	 and	 functional	 com-
munity	 composition	 were	 strongest	 in	 summer	 with	 all	 pairwise	
comparisons	being	 significant	 (Figure 1; Table 2).	 Taxonomic	 com-
munities	 demonstrated	 significant	 differences	 in	 community	 com-
position	for	all	pairwise	habitat	comparisons	in	all	seasons	(Figure 1; 
Table 2).	 In	contrast,	there	were	no	significant	differences	in	func-
tional	communities	inhabiting	sand	and	silt	habitats	in	spring,	or	silt	
and	gravel	habitats	in	autumn,	with	all	other	pairwise	habitat	com-
parisons	being	statistically	significant	(Figure 1; Table 2).

Indicator	 species	 analysis	 indicated	 that	 vegetation	 habitats	
supported	the	greatest	number	of	indicator	species	(18–	20)	regard-
less	of	the	season	with	these	species	being	a	mixture	of	taxonomic	
orders	 (Table S2).	 Gravel	 habitats	 supported	 the	 second	 greatest	
number	of	indicator	species	in	spring	(17)	and	autumn	(19),	but	the	
number	 of	 species	 identified	 in	 autumn	 dropped	 considerably	 to	
eight.	Only	Diptera	 taxa	were	 identified	 for	 silt	 habitats	 in	 spring	
(8	taxa)	which	broadened	in	summer	to	support	several	orders	 (13	
indicators; Table S2).	In	autumn,	silt	habitats	supported	the	second	
highest	number	of	indicators,	and	this	comprised	a	range	of	orders	
including	three	trichopteran	species	(Mystacides azurea, Molanna an-
gustata and Athripsodes cinereus).	Sand	habitats	did	not	support	any	
indicator	species	 in	spring,	but	 two	chironomid	genera	were	 iden-
tified	 in	 summer	 (Chironomus spp., Stictochironomus	 spp.)	 and	 one	
genus	in	autumn	(Stictochironomus spp.; Table S2).

Overall,	 taxonomic	 and	 functional	 beta	 diversity	 of	 the	 entire	
reach	 was	 most	 heterogeneous	 in	 spring	 with	 autumn	 being	 the	
most	homogeneous	 (Table 3; Table S3; Figure 1).	Statistical	differ-
ences	in	taxonomic	community	heterogeneity	between	habitats	was	
only	evident	in	spring	(Table S4)	with	sand	communities	being	signifi-
cantly	more	variable	than	gravel	(p < .001)	and	vegetation	(p = .001)	
habitats	(Table 3).	In	contrast,	functional	communities	were	hetero-
geneous	between	habitats	in	all	three	seasons	(Table S4).	In	spring,	
sand	 communities	 demonstrated	 greater	 functional	 heterogeneity	
than	gravel	and	vegetation	(both	p < .001;	Table 3).	 In	summer	and	
autumn,	statistical	differences	between	sand	and	silt	habitats	(sum-
mer	p = .031	and	autumn	p = .010)	were	evident	with	silt	supporting	
greater	 functional	 heterogeneity	 (Table 3).	 Sand	 habitats	 demon-
strated	 temporal	 variation	 in	 beta	 diversity	 for	 both	 taxonomic	
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    |  5 of 13MATHERS et al.

and	 functional	macroinvertebrate	 communities,	while	 gravel	 habi-
tats	demonstrated	 temporal	variability	 for	 functional	 communities	
(Table 4).	 Pairwise	 comparisons	 of	 sand	 taxonomic	 and	 functional	
communities	and	gravel	functional	communities	indicated	that	het-
erogeneity	was	greatest	 in	spring	and	was	reduced	in	summer	and	
autumn	(Table S5; Table 3).

When	beta	diversity	was	decomposed	 into	 its	nestedness	 and	
turnover	 components,	 pairwise	 comparisons	 between	 sand	 and	
other	habitats	demonstrated	a	strong	contribution	of	nestedness	for	
both	taxonomic	and	functional	communities	in	all	seasons	(Figure 2).	
Nestedness	 was	 more	 prominent	 in	 spring	 for	 sand	 communities	
with	the	contribution	of	turnover	increasing	in	summer	and	autumn	
(Figure 2).	Autumn	communities	displayed	greater	contributions	of	
nestedness	 regardless	 of	 the	 biodiversity	 facet	 or	 habitat	 consid-
ered	(Figure 2).	Sand	communities	demonstrated	the	highest	levels	
of	 nestedness	 when	 beta	 diversity	 was	 decomposed	 within	 each	

habitat	type	(80%	for	taxonomic	and	84%	for	functional)	followed	by	
silt	(64%	and	70%	respectively),	gravel	(52%	and	62%	respectively)	
and	vegetation	(50%	and	37%	respectively;	Table S6).

3.2  |  Seasonal differences in taxonomic and 
functional alpha diversity associated with habitat 
classification

All	eight	biodiversity	community	metrics	demonstrated	a	significant	
Habitat × Season	 interaction	 (p < .05).	Only	sand	habitats	displayed	
seasonal	variations	in	community	abundance	with	statistically	lower	
values	 in	spring	compared	to	all	other	habitats	 (Tables S7 and S8).	
There	were	no	 significant	differences	 in	abundances	between	 the	
habitats	for	summer	or	autumn	(Table S7),	though	all	four	habitats	
demonstrated	greatest	abundance	in	autumn	with	the	lowest	values	

Taxonomic Functional

F r2 p F r2 p

Habitat 14.65 20.61 <.001 15.29 19.52 <.001

Season 18.61 17.45 <.001 29.11 24.76 <.001

Habitat × Season 4.85 13.65 <.001 4.67 11.91 <.001

Note:	Significant	(p <	.05)	results	are	in	bold.

TA B L E  1 Summary	of	PERMANOVA	
output assessing the relative 
importance	of	the	habitat,	season	
(spring,	summer,	autumn)	and	their	
interaction	on	taxonomic	and	functional	
macroinvertebrate	communities.

F I G U R E  1 Non-	metric	multidimensional	scaling	(NMDS)	of	macroinvertebrate	community	composition	associated	with	four	habitat	types	
(gravel,	sand,	silt	and	vegetation)	in	the	Mill	Stream,	UK	in	spring,	summer	and	autumn	for	(a–	c)	taxonomic	and	(d–	f)	functional	communities.
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6 of 13  |     MATHERS et al.

in	spring	(Figure 3).	Taxa	richness	exhibited	seasonal	variations	for	
sand	(all	seasons	were	different),	gravel	(reduced	values	in	autumn)	
and	 silt	 (reduced	values	 in	 spring),	while	 vegetation	demonstrated	
no	significant	differences	among	seasons	 (Table S7; Figure 3).	EPT	
abundance	displayed	a	notable	peak	in	vegetation	during	the	sum-
mer	 (Figure 3).	 Silt	 displayed	 a	 seasonal	 increase	 in	 EPT	 richness,	
while	gravel	and	vegetation	demonstrated	reduced	values	in	autumn	
compared	 to	 spring	 and	 summer	 (Figure 3; Table S8).	All	 pairwise	
comparisons	of	EPT	richness	were	significant	 in	spring,	but	silt	ex-
hibited	 comparable	 richness	 as	 gravel	 and	 vegetation	 in	 autumn	
(Table S7).	In	general,	Pielou's	evenness	demonstrated	reductions	in	
values	in	autumn	compared	to	spring	with	this	being	notable	for	sand	
habitats	in	particular	(Figure 3).	Only	silt	habitats	demonstrated	sea-
sonal	variation	in	functional	richness	with	values	increasing	signifi-
cantly	from	spring	to	autumn	resulting	in	no	significant	differences	

compared	to	gravel	and	vegetation	habitats	in	summer	and	autumn	
(Figure 3; Tables S7 and S8).	Both	fine	sediment	habitat	types	 (silt	
and	sand)	displayed	temporal	changes	 in	 functional	evenness	over	
time	 (Table S8).	Functional	evenness	 increased	 in	summer	and	au-
tumn	relative	to	spring	in	silt	habitats	and	was	reduced	in	autumn	in	
sand	habitats	 (Figure 3).	Silt	habitats	supported	significantly	 lower	
functional	evenness	 relative	 to	other	habitats	 (Table S7)	 in	 spring,	
while	sand	habitats	supported	lower	evenness	than	gravel	and	veg-
etation	in	summer	and	all	habitats	in	autumn	(Table S7).	All	habitats	
demonstrated	 seasonal	 variations	 in	 functional	 divergence	 values	
(Table S8)	with	pairwise	differences	between	habitats	being	evident	
during	summer	and	autumn	but	not	spring	(Figure 3; Table S7).	Over-
all	silt	habitats	demonstrated	the	lowest	functional	divergence	value	
which	was	recorded	in	autumn	(Table S7).

TA B L E  3 Summary	of	mean	multivariate	dispersion	distance	
by	habitat	for	taxonomic	and	functional	macroinvertebrate	
communities	in	spring,	summer	and	autumn.

Spring Summer Autumn

Taxonomic

Silt 0.466 0.394 0.379

Sand 0.611 0.307 0.273

Gravel 0.343 0.335 0.293

Vegetation 0.409 0.350 0.376

Functional

Silt 0.129 0.119 0.094

Sand 0.196 0.064 0.026

Gravel 0.084 0.072 0.056

Vegetation 0.078 0.083 0.073

TA B L E  4 Summary	of	ANOVA	permutation	dispersion	tests	
between	seasons	for	individual	habitat	classifications	for	taxonomic	
and	functional	macroinvertebrate	communities	in	UK	chalk	
streams.

Habitat F p

Taxonomic

Silt 0.58 .571

Sand 24.79 <.001

Gravel 0.66 .525

Vegetation 0.43 .653

Functional

Silt 0.89 .426

Sand 41.93 <.001

Gravel 3.59 .042

Vegetation 0.19 .831

Note:	Significant	(p < .05)	results	are	in	bold.

TA B L E  2 Summary	of	pairwise	PERMANOVA	testing	for	statistical	differences	between	habitat	types.

Factor

Spring Summer Autumn

F r2 p F r2 p F r2 p

Taxonomic

Silt	versus	vegetation 4.40 25.30 .002 15.51 46.29 .001 4.17 18.81 .002

Silt	versus	sand 2.63 16.83 .002 12.08 40.15 .001 6.76 27.29 .002

Silt	versus	gravel 4.87 27.24 .001 9.97 35.66 .001 2.45 12.00 .032

Vegetation	versus	sand 5.84 24.49 .001 24.45 57.60 .001 6.77 27.33 .001

Vegetation	versus	gravel 6.23 25.70 .001 13.38 42.64 .001 5.17 22.31 .003

Sand	versus	gravel 7.66 29.85 .001 15.92 46.94 .001 5.04 21.88 .021

Functional

Silt	versus	vegetation 5.51 29.77 .001 15.62 46.46 .001 5.12 22.14 .001

Silt	versus	sand 1.24 8.70 .285 7.43 29.21 .001 8.42 31.86 .001

Silt	versus	gravel 2.94 18.43 .022 10.40 36.62 .001 1.43 7.36 .203

Vegetation	versus	sand 6.18 25.55 .001 21.92 54.91 .001 18.15 50.22 .001

Vegetation	versus	gravel 5.95 24.83 .001 13.18 42.28 .001 10.58 37.02 .001

Sand	versus	gravel 4.57 20.25 .003 12.42 40.84 .001 12.94 41.81 .001

Note:	Significant	(p < .05)	results	are	in	bold.
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    |  7 of 13MATHERS et al.

4  |  DISCUSSION

Biotic	and	abiotic	components	of	riverine	systems	display	high	levels	
of	seasonal	variability	(Power	et	al.,	1988).	Despite	this,	much	of	the	
scientific	research	continues	to	be	based	on	spot	sampling,	and	bio-
monitoring	approaches	typically	do	not	consider	seasonal	variability	
when	assessing	 riverine	 condition	 (with	 site	metrics	often	being	 a	
mean	annual	value).	Our	results	indicate	that	season	is	a	significant	
factor	 influencing	macroinvertebrate	 biodiversity	 at	 the	 substrate	
habitat	 unit	 which	 should	 be	 acknowledged	 when	 interpreting	
survey	 results,	 providing	 support	 for	 our	 first	 hypothesis.	 Both	
taxonomic	 and	 functional	 community	 composition	 demonstrated	
a	significant	 interaction	of	habitat	with	season,	 indicating	that	 the	
structure	 and	 function	 of	 macroinvertebrate	 communities	 within	
habitat	units	are	highly	dependent	on	the	season	samples	that	were	
collected.	In	particular,	summer	represented	the	season	where	dif-
ferences	between	habitats	were	most	clear	for	both	taxonomic	(fol-
lowing	Armitage	et	al.,	1995)	and	functional	communities.	However,	

in	the	case	of	functional	community	composition,	the	influence	and	
proportion	of	 variance	explained	by	 season	was	greater	 than	 that	
of	the	habitat	unit,	while	taxonomically	the	influence	of	season	and	
habitat	were	comparable.	Habitat	differences	in	community	compo-
sition	were	evident	regardless	of	the	season	for	taxonomic	commu-
nities,	supporting	historic	evidence	of	the	importance	of	considering	
the	 spatial	 scale	 of	 the	 habitat	 unit	when	 characterising	 biodiver-
sity	patterns	(Armitage	et	al.,	1995;	Harper	&	Everard,	1998;	Kemp	
et al., 2000;	Newson	&	Newson,	2000).	In	marked	contrast,	discrete	
functional	 communities	 associated	with	 the	 habitat	 unit	were	 not	
evident	for	all	seasons.	Silt	communities	were	functionally	compa-
rable	to	sand	habitats	in	spring	and	to	gravel	habitats	in	autumn.	As	
such,	the	assumption	that	habitat	units	and	the	environmental	con-
ditions	that	characterise	them	(e.g.	substrate	composition	and	flow	
velocity)	 support	 functionally	 discrete	 communities	 regardless	 of	
the	sampling	season	may	be	unfounded.	Beche	et	al.	(2006)	similarly	
reported	 that	 trait	 communities	were	 functionally	 variable	 due	 to	
changing	flow	regime	conditions	and	associated	habitat	availability.

F I G U R E  2 Mean	contribution	of	nestedness	and	turnover	to	the	total	beta	diversity	for	pairwise	comparisons	between	the	four	habitat	
types	for	spring,	summer	and	autumn	for	taxonomic	(a,	c,	e)	and	functional	(b,	d,	f)	macroinvertebrate	communities.	The	grey	dashed	line	
indicates	when	both	processes	contribute	equally	to	beta	diversity.
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8 of 13  |     MATHERS et al.

Silt	habitats	were	found	to	support	highly	unique	taxonomic	and	
functional	 assemblages,	 likely	 being	 strongly	 associated	with	 flow	
velocities	and	as	such	may	fluctuate	in	terms	of	their	physical	com-
position	and	longevity	more	readily	than	other	habitat	types	includ-
ing	sand.	Therefore,	the	communities	present	within	fine	sediment	
habitats	 are	 likely	 to	 be	 seasonally	 transient;	 something	 which	 is	
typically not considered when evaluating riverine health associated 
with	fine	sediments,	particularly	when	other	 instream	habitats	are	
available	 immediately	adjacent.	Functionally,	silt	and	sand	habitats	

shared	 similar	 macroinvertebrate	 composition	 in	 spring	 but	 not	
during	the	other	seasons,	providing	support	for	our	second	and	third	
hypotheses	 that	 fine	 sediment	 habitats	 differ	 in	 the	 biodiversity	
they	support	and	 that	 this	may	vary	seasonally.	River	discharge	 in	
temperate	 rivers	demonstrates	distinct	seasonal	patterns	with	 the	
potential	 occurrence	 of	 multiple	 rising	 and	 falling	 limbs	 in	 spring	
(Worrall	et	al.,	2014).	As	such	this	may	lead	to	frequent	deposition	
and	 erosion	 of	 fine	 sediments	 (Heywood	 &	 Walling,	 2003),	 and	
therefore	rapid	turnover	of	habitat	units	during	this	season.	Indeed,	

F I G U R E  3 Mean	(±1	SE)	(a)	abundance,	(b)	taxa	richness,	(c)	EPT	abundance,	(d)	EPT	richness,	(e)	Pielou's	evenness,	(f)	functional	richness,	
(g)	functional	evenness	and	(h)	functional	divergence	of	macroinvertebrate	communities	in	the	four	studied	habitat	types	(gravel,	sand,	silt	
and	vegetation)	in	spring,	summer	and	autumn.
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we	observed	comparable	functional	richness	in	silt	and	sand	habitats	
in	spring	but	not	in	other	seasons.	Moreover,	indicator	analysis	iden-
tified	only	Diptera	taxa	as	indicators	for	silt	habitats	with	no	indica-
tor	species	identified	for	sand	habitats,	providing	further	evidence	
regarding	 the	 relatively	 harsh	 conditions	 that	 these	 fine	 sediment	
depositional	habitats	represent	in	spring.

Silt	habitats	were	the	only	habitat	to	display	temporal	variations	
in	 functional	 richness,	 gaining	 richness	 over	 summer	 and	 into	 au-
tumn,	with	 functional	 richness	 values	 being	 comparable	 to	 gravel	
and	vegetation	habitats	in	both	the	summer	and	autumn	(H3).	The	
flow	 regime	 in	 temperate	 zone	 rivers	 during	 autumn	 months	 are	
typically	 stable	 following	 low	 and	 base	 flow	 conditions	 (Worrall	
et al., 2014),	and	it	is	highly	probable	that	these	conditions	enabled	
community	composition	to	be	functionally	comparable	in	gravel	and	
silt	habitats	as	we	observed.	Beta	diversity	values	support	this	inter-
pretation	with	community	heterogeneity	of	the	entire	reach	being	
highest	 for	 both	 functional	 and	 taxonomic	 communities	 in	 spring	
when	flow	regimes	are	more	variable	in	temperate	rivers	and	reach	
community	heterogeneity	being	reduced	in	autumn	months.	In	line	
with	functional	richness,	we	observed	a	seasonal	increase	in	EPT	and	
taxa	richness	in	silt	habitats	over	the	summer	with	the	highest	values	
observed	 in	autumn	(driven	by	 low	representation	of	multiple	EPT	
taxa	 naturally	 associated	with	 their	 lifecycles).	 In	 vegetation	 habi-
tats,	the	majority	of	community	and	functional	biodiversity	metrics	
remained	high	throughout	the	three	sampling	seasons.	In	addition,	
the	number	and	diversity	of	indicator	species	identified	for	silt	habi-
tats	increased	in	the	summer	and	autumn	from	only	8	dipteran	spe-
cies	being	identified	in	spring	to	13	and	14	indicator	species	during	
summer	 and	 autumn	which	 encompassed	 a	 range	 of	 other	 orders	
and groups.

The	 comparable	 functional	 richness	 and	 composition	 of	 silt	
and	gravel	habitats	 in	autumn	may	reflect	 increased	occupancy	of	
the	 ‘less	ecologically	optimal’	 silt	 habitats	during	 autumn	as	biotic	
competition	 in	 vegetation	 and	 gravel	 habitats	 remained	 high.	 In	
contrast	to	the	common	assumption	that	silt	habitats	are	function-
ally	 impoverished	(Buendia	et	al.,	2013;	Descloux	et	al.,	2014),	our	
results	 indicate	 that	 they	 can	 be	 compositionally	 unique	 habitats	
that	 are	 temporally	 dynamic	 with	 seasonally	 distinct	 community	
function	 and	 biodiversity.	 Under	 some	 environmental	 conditions,	
such	as	low/base	flows	when	traditional	biomonitoring	often	takes	
place	 in	many	temperate	regions,	silt	habitats	support	functionally	
comparable	communities	to	other	habitat	units,	such	as	gravel	and	
vegetation,	 that	 are	 often	 perceived	 more	 favourable	 for	 aquatic	
macroinvertebrates	based	on	their	taxonomic	composition.	The	sea-
sonally	changing	functional	composition	of	silt	communities	may	also	
provide	some	explanation	as	to	why	trait–	sediment	relationships	are	
not	straightforward	to	interpret	(Wilkes	et	al.,	2017),	with	season	ex-
erting	more	of	an	influence	on	functional	community	structure	than	
environmental/habitat	(substrate)	conditions	in	this	study.

Excessive	 fine	 sediment	 deposition	 has	 been	 widely	 reported	
to	 reduce	 EPT	 richness	 and	 abundance,	 with	 many	 of	 these	 taxa	
being	characterised	as	being	highly	sensitive	to	fine	sediment	(An-
gradi, 1999;	Descloux	 et	 al.,	2013;	Matthaei	 et	 al.,	2006).	 Indeed,	

many	 studies	 examining	 the	 implications	 of	 fine	 sediment	 employ	
this	metric	as	an	indicator	of	lotic	ecosystem	health	(Kaller	&	Hart-
man,	2004; Larsen et al., 2009).	 Although	 there	were	 differences	
in	EPT	richness	and	EPT	abundance	in	silt	habitats	when	compared	
to	all	habitats	in	spring	and	summer,	we	found	that	sampling	in	au-
tumn	 resulted	 in	no	 significant	differences	 for	either	metric	when	
compared	to	gravel	or	vegetation	habitats.	In	addition	to	biotic	com-
petition/resource	depletion	over	the	summer	months	leading	to	the	
potential	migration	of	some	taxa	into	the	less	optimal	silt	habitats,	
taxon	 life	histories	may	also	explain	the	absence	of	significant	dif-
ferences	 between	 gravel	 and	 silt	 habitats	 in	 autumn	months	with	
some	 taxa	 such	 as	 EPT	 being	 present	 as	 earlier	 life	 stages	 (eggs).	
Mathers	 et	 al.	 (2017)	 recorded	 differences	 in	 the	 strength	 of	 the	
fine	sediment	effect	on	sediment	sensitive	taxa	(as	defined	by	Tur-
ley et al., 2016)	 over	 the	 summer	 months,	 with	 this	 being	 linked	
to	 temporal	 lifecycle	 features	 of	 EPT	 taxa.	 In	 our	 study,	 indicator	
analysis	indicated	weaker	preferences	for	gravel	habitats	in	autumn	
months	with	 the	 number	 of	 indicator	 species	 being	 reduced	 from	
19	 in	 the	summer	 to	only	8	 in	autumn.	For	example,	 two	stonefly	
species	 (Leuctra fusca and Leuctra geniculata)	which	were	recorded	
in	 high	 abundances	 in	 the	 summer	 in	 gravel	 habitats,	 and	 as	 such	
were	 identified	as	 indicators,	were	absent	 in	gravel	 in	 the	autumn	
with	 only	 a	 few	 individuals	 being	 recorded	 in	 the	 vegetation.	 As	
such,	studies	and	routine	biomonitoring	investigating	the	ecological	
implications	of	fine	sediment	should	consider	the	potential	influence	
of	season	in	their	findings	and	metric	derivation,	as	we	observed	dif-
fering	outcomes	when	different	seasons	were	considered.	 Indeed,	
three	species	of	trichopteran	were	determined	as	indicator	species	
in	silt	habitats	in	autumn,	a	surprising	finding	given	that	one	species,	
Athripsodes cinereus,	was	 classified	as	moderately	 sensitive	 to	 fine	
sediment	in	one	biomonitoring	tool	(Turley	et	al.,	2016).

Sand	habitats	supported	impoverished	macroinvertebrate	com-
munities	regardless	of	the	season	with	significantly	reduced	abun-
dance,	 taxa	 richness,	EPT	abundance,	EPT	richness	and	 functional	
richness	when	compared	 to	all	habitats	and	seasons	 (except	 func-
tional	richness	of	silt	habitats	in	spring).	However,	it	should	be	noted	
that	 application	 of	 finer	 resolution	 taxonomic	 data	 does	 enable	
identification	 of	 potential	 indicator	 species	 that	 would	 otherwise	
be	overlooked,	given	 the	majority	of	 taxa	 inhabiting	sand	habitats	
are	generalists	that	can	tolerate	a	range	of	conditions.	Two	genera	
of	chironomid	(Chironomus and Stictochironomus)	were	identified	as	
potential	 indicator	 species	with	 the	 latter	 being	 identified	 in	 both	
summer	 and	 autumn.	 Typically,	 studies	 examining	 fine	 sediment	
deposition	(<2 mm)	do	not	discriminate	between	sand	and	silt	frac-
tions	(but	see	Blöcher	et	al.,	2020;	Demars	et	al.,	2012).	However,	
our	results	clearly	indicate	that	sand	habitats	are	taxonomically	and	
functionally	different	to	silt	habitats	and	as	such	the	biodiversity	is	
not	comparable	(supporting	H2).	The	mechanisms	driving	these	dif-
ferences	are	 likely	 linked	to	the	particle	size	 (Mathers	et	al.,	2019)	
and	 the	 proportions	 of	 organic	 and	 inorganic	 particles	 (McKenzie	
et al., 2022).	To	accurately	evaluate	the	potential	implications	of	fine	
sediment	on	lotic	ecosystem	health,	it	is	imperative	that	routine	bio-
monitoring	and	scientific	research	discriminate	between	sand	and	silt	
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fractions.	This	could	be	readily	achieved	even	at	the	visual	level	(as	
demonstrated	here),	with	many	biomonitoring	programmes	already	
visually	discriminating	between	sand,	silt	and	clay	fractions	but	with	
the	data	subsequently	amalgamated	to	<2 mm.	By	retaining	a	finer	
sediment	resolution,	not	only	would	this	enable	more	accurate	iden-
tification	of	the	biodiversity	supported	at	the	habitat	unit	level	and	
enhance	the	effectiveness	of	conservation	and	management	efforts,	
it	would	also	facilitate	further	research	into	the	mechanisms	driving	
the	 structure	and	 function	of	macroinvertebrates	 inhabiting	 these	
two	different	fine	sediment	habitat	units.

Vegetation	 represented	 the	 most	 temporally	 stable	 habitat	 in	
terms	of	 its	 contribution	 to	biodiversity	with	 relatively	high	abun-
dance	 and	 richness	 of	 taxa	 being	 supported	 during	 all	 seasons.	 It	
should	be	noted	that	this	is	most	likely	a	function	of	the	type	of	veg-
etation	examined,	with	phragmites	being	a	perennial	species.	Other	
vegetation	species	may	support	different	seasonal	trajectories	(see	
Armitage	 et	 al.,	 1995;	 Pardo	 &	 Armitage,	 1997).	 Only	 EPT	 abun-
dance	displayed	a	 strong	peak	 in	 summer	months	 (driven	 strongly	
by	Brachycentrus subnubilus	that	are	a	typical	species	of	vegetation	
stands	 in	 this	system;	Gunn,	1985),	with	 the	majority	of	 the	other	
community	and	functional	metrics	values	remaining	high	throughout	
the	 three	 sampling	 seasons.	 Vegetation	 stands	 are	widely	 consid-
ered	to	represent	heterogeneous	habitats	associated	with	increased	
structural	complexity	and	interactions	with	the	flow	regime	(Ferreiro	
et al., 2013;	Wolters	et	al.,	2018).	 In	 this	study,	vegetation	habitat	
units	demonstrated	no	significant	variations	 in	beta	diversity	with	
community	 composition	 remaining	 stable	 regardless	 of	 the	 bio-
diversity	 facet	 considered.	However,	when	beta	diversity	was	de-
composed,	 functional	 vegetation	 communities	 were	 structured	
predominately	 by	 turnover	 (63%),	 in	 marked	 contrast	 to	 all	 other	
habitats	that	exhibited	strong	nestedness	(63%	for	gravel,	70%	for	
silt	and	84%	for	sand	habitats).	The	strong	contribution	of	turnover	
in	functional	community	composition	supports	the	suggestion	that	
vegetation	 is	 structurally	 complex,	 and	 the	micro-	conditions	 (flow	
velocity	and	trapping	of	fine	sediments)	thereby	support	heteroge-
neous	functions,	which	also	 likely	explains	 its	high	functional	rich-
ness across all seasons.

Seasonal	differences	in	the	processes	structuring	beta	diversity	
between	habitats	were	evident,	with	the	contribution	of	nestedness	
and	turnover	in	structuring	communities	varying	seasonally	(H1).	The	
limited	number	of	studies	which	have	examined	the	processes	struc-
turing	 beta	 diversity	 in	 fine	 sediment	 habitats	 have	 reported	 that	
the	communities	were	shaped	by	nestedness	(Doretto	et	al.,	2017, 
2021;	Mathers	 et	 al.,	2022;	 Salmaso	 et	 al.,	2021),	which	was	 also	
partly	supported	here.	The	processes	shaping	beta	diversity	there-
fore	 likely	 reflect	 the	 differences	 in	 richness	 among	 the	 different	
habitat	units.	 Sand	habitats	 remained	 the	most	 taxonomically	 and	
functionally	impoverished	regardless	of	the	season.	In	marked	con-
trast,	silt	habitats	demonstrated	seasonal	differences	 in	functional	
and	taxonomic	richness	with	the	greatest	values	being	supported	in	
autumn.	However,	our	results	suggest	that	the	contribution	of	nest-
edness	and	turnover	is	not	seasonally	consistent,	reflecting	variation	
in	abiotic,	biotic	and	spatial	conditions	of	the	individual	habitat	units.

We	observed	strong	temporal	variations	in	functional	divergence	
for	silt	and	sand	habitats.	Functional	divergence	has	been	identified	
as	 an	 indicator	 of	 environmental	 stress	 associated	 with	 land	 use	
(Barnum	et	al.,	2017;	Martins	et	al.,	2021).	Traits	most	sensitive	to	
land	use	disturbance	will	typically	lie	on	the	fringes	of	trait	space	and	
thus	are	most	likely	to	be	the	first	to	be	lost,	resulting	in	a	reduction	
in	 functional	 divergence	 values	 (Mouillot	 et	 al.,	 2013).	 Low	 func-
tional	divergence	values	are	indicative	of	resource	efficiency	being	
low	(Mason	et	al.,	2005),	while	low	functional	evenness,	as	observed	
in	silt	habitats	in	spring,	suggests	that	some	parts	of	the	trait	niche	
space,	 though	occupied	are	underutilised.	We	observed	 increased	
functional	evenness	 in	silt	habitats	from	spring	 into	the	autumn	in	
tandem	with	reductions	in	functional	divergence.	This	suggests	that	
communities	were	more	 readily	 utilising	 the	 functional	 niche	 pro-
vided	by	silt	habitats	and	enhancing	their	productivity	 (supporting	
the	theory	of	taxa	migrating	to	silt	habitats	from	other	habitat	units	
during	 autumn),	 but	 that	 resources	were	 limited,	 and	 competition	
was	high.	Only	silt	and	sand	habitats	demonstrated	temporal	vari-
ability	in	functional	evenness	suggesting	that	these	habitats	are	dif-
ferent	in	terms	of	their	resource	partitioning	and	productivity	over	
time	compared	to	other	habitats	(H3).

Our	 study	 has	 demonstrated	 that	 the	 habitat	 unit	 is	 a	 signifi-
cant	parameter	 in	structuring	biodiversity.	By	conducting	research	
at	this	spatial	scale,	we	have	been	able	to	elucidate	on	the	mecha-
nisms	controlling	reach	scale	biodiversity	and	which	habitat	units	are	
temporally	consistent	(e.g.	gravel)	and	others	which	may	display	sea-
sonal	variability	(silt).	At	present,	most	national	biomonitoring	pro-
grammes	are	conducted	as	multi-	habitat	3-	min	kick	samples	which	
still	enable	general	riverine	health	to	be	assessed.	Such	assessments	
will	provide	reach	scale	quantification	of	the	ecological	community	
present	(Bradley	&	Ormerod,	2002),	however,	we	advocate	that	fur-
ther	 research	should	be	undertaken	at	 the	habitat	scale	 to	ensure	
that	the	spatial	scales	we	are	monitoring	capture	biodiversity	pro-
cesses	that	are	important	for	riverine	health	and	reflect	the	stress-
or(s)	of	interest.

4.1  |  Wider implications

Our	results	highlight	the	importance	of	season	in	structuring	both	
taxonomic	and	 functional	macroinvertebrate	communities	at	 the	
habitat	 level,	which	 has	 significant	 implications	 for	 scientific	 re-
search,	river	management	and	monitoring.	In	particular,	silt	habi-
tats	displayed	strong	seasonal	differences	in	the	biodiversity	they	
supported.	 Silt	 habitats	 represent	 a	 potentially	 compositionally	
unique	 and	 highly	 dynamic	 habitat	 which	 supports	 functionally	
comparable	 communities	 to	 other	 habitats	 during	 some	 seasons	
and	importantly	demonstrates	greater	biodiversity	values	and	dif-
fering	 community	 structure	when	 sampled	 in	 autumn	 compared	
to	 spring.	 These	 results	 suggest	 that	 biomonitoring	 approaches	
and	scientific	research	investigating	the	ecological	effects	of	fine	
sediment	 deposition	may	 not	 be	 fully	 recognising	 the	 ecological	
functions	associated	with	fine	sediment	by	not	incorporating	the	
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potential	influence	of	season.	For	example,	it	is	possible	that	some	
species	may	be	indicative	of	fine	sediment	stress	in	some	seasons	
but	not	in	others,	with	the	wider	provision	of	resources	and	biotic	
competition	affecting	the	distribution	of	some	taxa	between	habi-
tats.	Silt	habitats	are	 likely	 to	be	hydraulically	unstable	and	sup-
port	 limited	biodiversity	 in	spring.	However,	as	 the	flow	regimes	
become	 less	 variable	 and	potentially	 biotic	 interactions	 increase	
over	the	summer	months,	it	is	conceivable	that	a	range	of	taxa	can	
be	 supported	 in	 silt	 habitats	 despite	 the	 sub-	optimal	 conditions	
available.	This	has	important	repercussions	for	the	assignment	of	
sensitivity	ratings	for	species	and	potential	quality	thresholds	of	
overall	biomonitoring	metrics	and	may	explain	the	often	equivo-
cal	and	contrasting	findings	when	trait–	sediment	relationships	are	
considered.	 In	 short,	 silt	 habitats	 represent	 an	 important	 func-
tional	niche	that	clearly	has	a	changing	role	during	different	sea-
sons.	 Gravel	 and	 perennial	 marginal	 vegetation	 habitats	 appear	
to	be	more	stable	over	time	with	the	functional	composition	and	
richness	of	these	habitats	remaining	fairly	consistent,	while	sand	
habitats	 represented	 the	 most	 impoverished	 habitat	 regardless	
of	 the	 season.	 Despite	 the	 common	 definition	 of	 fine	 sediment	
being	particles	<2 mm,	sand	habitat	communities	were	taxonomi-
cally	and	functionally	different	to	those	in	silt	habitats	and	as	such	
studies	characterising	fine	sediment	pressures	should	discriminate	
between	sand	and	silt	fractions	to	accurately	characterise	the	bio-
diversity supported.
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