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Abstract

1.

3.

Quantifying ecological responses tiver flow regimesis a key scientific approach underpinning many
environmental flow(e-flow) strategiesincorporating habitascale influences (e.gubstrate composition and
organic matter covgmwithin e-flow frameworkshas the potential to provide a broader understanding of the
causal mechanisms shaping instream communities, wiagtbe used to guide river management strategies.

In this study, weexamined invertebrate communitiebabiting three distinctdbitat groups (HGsdefined by
coarsesubstratesfine sedimerg and thefine-leaved macrophyteRanunculussp) across four rivergeach
comprisingtwo study sitesyithin a single catchment. Wkested thestructural and functional responses of
communitiesinhabiting different HGsto three sets of flowelatedcharacteristics(i) antecedent hydrological
(discharge m3s?) variability; (ii) antecedent anthropogenic flow alterations (percentage of discharge added tc
or removed from the river byuman activity) and (iii) proximal hydrauliconditions(characterized by the
Froude number)l'he former two were derived from groundwater model daily time seribgyear prior tahe
collection ofeach invertebrate sample, while the latter was cotlemt¢he point of sampling.

While significant effects of hydrological and anthropogenic flow alteraitolices were detected, Froude
numberexerted the greatest statistical influence on invertebrate communities. This highlightbitetscale
hydraulic conditions to which biota are exposed at the time of sampiiang key influence on the structure and
function of invertebrate communities.

Mixed-effect models testingnivertebratecommunity responses to flowelatedcharacteristicsmost notably
Froude number improved when a HG interaction term was incorporatddhis highlightsthat different
mineralogical and organic habitat patches mediate ecological responses to hydraulic conditions. This can
attributed to HGs supporting distirteixonomic and factional compositionand/or providing unique ecological
functions (e.qg. flowefuge$ which alter how instream communities respond to hydraulic conditions.

While the individual importance of both flow and smsthle habitat effects on instream biota lesn widely
reportedthis study provides rare evidence on how their interactive effects have a significant influence on riverin
ecosystems. These findings suggest that river management strarejieow frameworksshould not only

aim to create enosac of riverine habitats that support ecosystem functioning, but also consider the managemet

of local hydraulic conditions within habitat patchestpport specific taxonomic and functional compositions
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1) Introduction

Flow regime variability is widely recognised as a primary factor shaping riverine ecosystemséMonk
al., 2006; Ledger and Milner, 2015; Thompsetnal, 2018; Poff, 2018). Howeveland use change
(Chadwicket al., 2006; Lopeaviorenoet al, 2019 andwater resource managemgmacticeshave
profoundly altered river flow regimes (Lehredral, 2011; de Graadt al, 2014; Gleeson and Richter,
2018) significantlythreateing the integrity oflotic ecosystem globally(Bunn and Arthington, 2002;
Poffetal., 2010, Vorosmartgt al, 2010). For example, groundwater abstraction substantially reduces
river discharges worldwide (de Graat,al.,2014) andorofoundlyalters lotic ecosystems (Bradley

al., 2014; 2017; Kennegt al, 2014). Conversely, sonmeanagement activities elevate river discharges
(e.g. effluent water returns @tow-flow alleviation schemes) which also pronsggnificantecological
responses (Wright and Berrie, 1987; Luttyal, 2015).As such, here remains a pressing need to
undersand how water resources can be managed to meet hoesdswhile conserving lotic

ecosystems and the services they provide (Arthingtah, 2010; Poffet al, 2017; Poff, 2018).

Environmental flows (dlows) represent the management of river discharges to conserve specific
societal and ecological attributes (Arthingtral, 2010). Establishing statistical relationships between
flow regimepropertiesand targeted ecological raspses (i.e. flowecology relationships) represents a
key scientific process underpinning manffav methodologies (Tharme, 2003; Poff and Zimmerman,
2010; Davie®t al, 2014; Poff, 2018). Scientists now widely advocate the construction ceftolegy
relationshipsto guidethe implementation ofregionwide e-flow strategies, in part due to limited
resourcegestricting the collection of detailed ecological and hydrological information on a river by
river basis(Arthingtonet al, 2006; Poffet al.,2010;Chen and Olden, 2018)s such, the functional
properties of biotic communities apeingincreasingly utilized witim flow-ecology relationships (e.g.
Mims and Olden2013; Ruhkt al,, 2018), with such responses being more likely to transcend multiple
river basins as they are not confinleg the biogeographical constraints of individual species and

communitystructuralpropertiegWhite et al, 2017a; Poff, 2018).

Despite the advantages of fleeology relationships in guiding regionafflew strategies,such
statistical relationships do not necessarily reflect the underlying mechanisms structuring instream

3
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communities (Lancaster and Downes, 2010; Acreatal, 2014). Quantifying community responses

to different flowrelatedcharacteristicge.g. hydrological variability, flow alterations and hydraulic
conditions) at the habitacale hathe potential to provide more ecologically meaningful evideoce
guide eflow strategies (Acremamt al, 2014; Rosenfeld, 2017; Arthingtat al, 2018). E-flow
methodologies accounting for habitatalecharacteristic§ e . g . 6habitat isdeanul at i
Tharme, 2003) often focus on channel areas defined by-tglefatity relationships because of the
widely recognised influence of hydraulic comalits on fish speciewith ahigh socioeconomic value
(e.g. Boveeet al, 1998;Lamouroux and Jowett, 2008arbyet al., 2007). At the regional scale, stream
velocities often respond comparably to changes in discharge (Rosenfeld, 2017), which allows
ecohydaulic principles (e.gecological preferences towarslsear velocitconditiong to be integrated
within studies utilising hydrological (river discharge) time series (e.g. Meinkl, 2006; 2008;
Armanini et al, 2014). However, directly examining ecaicag responses to hydraulic conditions has
been reported téacilitate a greaterunderstanding of the underlying causal mechanisms structuring
communities as they providegpeoximalcharacterisation dhestream flow forcegxperienced by biota

(Turner and Stewardson, 2014; Lamouretral, 2017; Monk et al, 2018).

The mineralogical (e.g. gravahdsilt) and organic (e.g. macrophygedmacroalgae) habitgtatche
occurringin lotic environments are shaped by hydrological, hydraulic and ggtiicacontrols (Kemp

et al,, 1999). Anthropogenic flow alterations have been shown to mdadiic communitesindirectly

via changes to habitat heterogeneity (e.g. Armitage and Pardo, 1995; Storey and Lynas, 2007).
However, howcommunitiesnhabiting different mineralogical and organic habitat patches respond to
differentflow-related characteristidtas not been widely explordéchre examples beingalmeret al,

1996; Lind et al, 2006; Clarkeet al, 2010) and has been seldom incorpodateithin eflow

methodologies globally.

In this study, we examiriavertebrate community responses to three sets ofridatedcharacteristics
antecedent hydrological (dischaiigan®s?) variability, antecedent anthropogenic flow alterations (daily
percentage of discharge added to or removed from the river by human activities) and hydraulic

conditions.The former two were derived froduaily time series outputted fromgroundwater model

C



105 overthe year prior tdhe collection ofeach invertebrate sample, while the lattas measuredt the

106  point of invertebratesampling. We tested whether community responses to these-réated

107 characteristicgaried between distinct lotic habitat groups (HG®mprisingfine and coarseubstrate

108 classes anBanunculusp.- a fineleaved macrophyte). This study aimed to quantify the structural and
109 functional responses of invertebrate communities to: (i) rdiffees in HGs; (ii) thandividualinfluence

110 of each flowrelated characteristiacross different HGs and (iii) the most statistically influential

111 ( 6 o pt i mrelated jndided aoress different HGs.

112  2) Materials and methodology

113  2.1) Study area

114  Four rivers, eacltomprisingtwo sampling sites, were examined across the Hampshire Avon catchment

115  (Hampshire, United Kingdom; Fig. between May 2015 and January 204 ®eriodcharacterised by

116  intermediateriver dischargs within the context ofong-term hydrologicatime series(Barkeret al,

117  2016; White, 2018)The Hampshire Avon is classified as a Special Area of Conservation (SAC) under

118 the EU Habitats Directives (92/43/EEC), with areas of the catchmeriaddson g desi gnated a
119 Speci al Scientific Interestd (SSSI; Natur al Engl
120 chalk lithology (Heppelkt al,, 2017),afingr ai ned | i mest one which exhi bi
121  vyield, although it can develop high transmissities groundwaters move through small fissures (Soley

122 etal , 2012). As such, chal k i s seeBGS,2018;eceEigil)andé hi gh
123 overlaying rivers typically convey seasonally consistent flow regimes as groundwater levatglrise

124  fall in accordance with antecedent climatic conditions (®¢al, 1999). However, the Hampshire

125 Avon is also underl ain by bands of greensand (a
126 O6essentially no gr outohthena(seeFigdl)andiBGS, ROA8for momentlatucef, t h e
127  which facilitate quicker hydrological responses to rainfall (Hepgiedl, 2017). The landuse across the

128  four subcatchments studied is predominantly arable agriculture (although the Wylye exhigitea h

129  proportion of grassland coverage) with minimal urban coverage (see Table 1). Rivers across the

130 Hampshire Avon exhibit comparable physwemical properties due to the strong calcareous

131  geological influence and similar land uses between-csiithmerg. The rivers examined are

5
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characterized by alkaline waters and hidgctricalconductivity,dissolvedoxygen and nutrient levels

(Table 2).

Within the Hampshire Avon, groundwater abstraction is the primary water resource management
mechanism reducing river discharges, with the regional water company (Wessex Water plc.) operating
21 groundwater supply wells across the catchment (Wdtitel, 2018). However, outflows from
effluent water returns and low flow alleviation strategiedi¢h utilise groundwater to augment
discharges in select river channels that fall below threshold discharge values) results in some river
reaches conveying a greavetume of flow than would naturally occur. All study sites exhibit perennial

flow regimes.

2.2) Defining habitat groups

Thr Habitatr oups 6 (HGs) were established based on
the study sites. Two HGs comprisdiferent sedimentological characteristics which were present
across all study sites(i) coarse substrates and (ii) fine sediments. Coarse substrates included bare
mineralogical coverings dominated by gravel and/or cobble sized substrates (betdeami2 Kemp

et al, 1999), while fine sediment habitatemprisedsand and silts sized particles (<2mm), often
deposited between macrophyte stands growing in the river margin&gaim nodiflorum, Callitriche

sp., Sparganium erectumThe third HG comprisediii) Ranunculussp., a findeaved, submerged
macrophyte which is widespread within many calcareous riegiienally(Westwoodet al, 2006). It

is typically located in central areas of channel csEsgions conveying higher flow velocities
(Westwoodet al., 2006).Ranunculusp. has been shown to support diverse invertebrate communities
and is a key refuge for faunal assemblages during extreme hydrological conditions (Biekeiton

1993; Wright and Symes, 199®anunculusp. was sampled withinvé of the eight study sites.

2.3) Biological data

Field sampling was undertaken during spring (May), summer (July), autumn (October) 2015 and winter
(January) 2016, although high river levels prohibited sampling at one site along the R. Nadder during

winter 2016. Invertebrate samples were collecsidga Surber sampler (0.03n250um mesh size),

t

h
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disturbing the sediment and/or plant material (at the base é&tahenculusp. bed where leaves are
most highly concentratef)r 15-seconds for each sample. Three replicate samples were collected from
each HG present within each study site across all sampling occasions (n =-B97sat@ples taken

from each river which varied depending on the presenc®ahunculusp. betwee study sites and
seasons). Invertebrasampleswere collected from separate HG patches within each study site
(spanning a 5@netre reach). A total of 93 samples were collected from both coarse substrates and fine
sediments, while 51 samples were takemmfRanunculussp. All samples were preserved using 4%
formaldehyde solution in the field prior to being processed and stored within 70% industrial methylated
spirit in the laboratory. Specimens were identified to lowest possible taxonomic level (typiealigs

or genus), but in some cases taxa were resolved to family level (primarily Diptera;laviade)

Hydracarina, Oligochaeta (class), Ostracoda (subclass) and Collembola (order) were identified as such.

2.4) Velocity data

A 30-second averaged flowelocity reading was taken immediately adjacent to each invertebrate
sample at 60% of the channel depth using a Valeport Electromagnetic Current Meter. From this, the
Froude number was calculated (TaB)eto enable a direct comparison of hydraulic measarés
across differenhabitat conditions (Jowett, 1993), as wellbatweernreaches and seasogéven that

the influence oflow velocity is scaledby the channel depth (Wadeson and Rowntree, 1998)

2.5)Wessex Basin groundwater model

The 0 We s sraginnalBradwatér mod&dee Solewt al, 2012)was used to characterize the
hydrol ogical wvariability predicted to occur at
series. Daily historic discharge time series were obtained from thel imetiveen 1/1/201481/1/2016

so that the hydrological variability could be derived from theriihth period preceding all invertebrate
samples. Outputs from the Wessex Basin model were also used to quantify antecedent anthropogenic
flow alterations acrasthe same time period. This was derived from the daily percentage difference

between naturalized (i.e. modelled discharges subject to no hydrological alterations) and the historic

di scharge time series. Thi s 0 aounthforany grguadwater f | ow
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abstractions operated by Wessex Water plc., in addition to all hydrological inputs (e.g. effluent water

returns or low flow alleviation strategies).

The hydrogeological mechanisms underpinning the Wessex Basin model have besedles
elsewhere (Heathcott al, 2004; Solet al, 2012; Whiteet al, 2018) and are summzaed here. The

model divides the Wessex Water plc. region underlain by chalk and upper greensand into 250x250m
grid cells, with stream celldqr which discharg time series are outputted) being positioned along the
valley floors. The Wessex Basin model has been adapted from the MODFLOW semldtDonald

and Harraugh, 1988), with the interaction between stream cells and groundwater levels being calculated
a t O-dai intervals (3 modelled outputs per month). This has been combined with daily outputs from
a 4R (Rainfall, Recharge and Runoff Routing) hydrological model to provide an estimate of total daily
discharge conveyed by each stream cell. Errors in meartdomg(19762013) historic discharges
(outputted by the Wessex Basin model) were within +I13%bserved dischargdENTEC, 2016),

which wereobtained from flow gaugdsourced from the National River Flow Archivé&RFA, 201§.

As such, the Wessex Basirodel wasconsidered indicative of @ery goodhydrological model (see

Hain et al, 2018 for additional hydrological model fit statistics of sampling sites positioned close to
flow gauges, seBupplementary Materiahppendix A Table A). In addition, the Wessex Basin model

has been externally reviewed and is considered to accurately model daily river discharges by the
environmental regulator within Englaritthe Environment Agency). lthough it should be noted that

an incorrectly modellé 10day drying event at the R. Wylye 1 during September 2015 was excluded
when deriving hydrological indicels ee bel ow) as a nearby flow gaug
from the R. Wylye 1 see Fig. 1) indicated permanent flowing conditions throughmeustudy period

(NRFA,2018-si t e -0MW38®6 at Bri xton Deverill 6).

3) Data analysis

3.1) Invertebrate community response metrics

Invertebrate taxonomic (community abundances) and functional trait multivariate compositions were

examined Functional traits were derived from the European database compiled by &t=al{2010).
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The functional traits database adopts a fezzging procedure, whereby faunal affinities to individual

traits range from zero (indicating no affinity) to thrediee (indicating high affinityi the upper limit

depending on the amount of available information reported in existing litefali@ehetet al.,2010).

Trait information within the database is typically available at speciegenudevel and taxa re$eed

to a coarser resolution than that specified within the database were excluded from the trait analyses.
Trait values for all/l gual i fying t aafnctiomlrtrait st and.
categorye . g. O ma x i mesornia b o @ gnodalities ®dding within grouping features.g.
600.25cmbd, 608cmb; f oetal, B0d5hsummoed o 1 to ensure equa xor®mih me r a
weighting. These standardized values whenused to derive univariate functional divieysndices

(see below). To calculate the multivariate functional trait compositions, standardized values were
multiplied byIn(x+1) transformed community abundances (see Scheteah, 2014) to create a trait

abundance array. Finally, each trait was aged across all sampled taxa and standardized across all
grouping features to account for spatially and temporally driven changes in taxonomic abundances
(Gayraudet al., 2003; Demarset al., 2012). Eleven grouping features comprising 63 traits were
examired containinginformation on the biological properties of invertebrate taxa (see Supplementary

Material, Appendix BTable B).

Sevenunivariatecommunity response metriggere derived and calculated within R studio (operated

within R version 3.3.1; R D&lopment Core Team, 2014). Five structural responses of invertebrate
communities were examined: i) total community abundantéAb undanc e 6, ii}) taxon
6TaxRi cb, iii) taxonomic diversity (obgasenned fr
2016)i 6 TaxDi vd -PankeémB&rigmdex (Seaby and Hender son,
Ephemeroptera, Plecoptera and Trichoptera tax@a %E P T 6 . The functional roi
functional emeteias wweres calculdtedeugimgdeb FD f uncti on i n the
(Laliberté et al, 2015) andwere derivedfrom a BrayCurtis dissimilarity matrix created from
standardized trait valudsee above)FRic characterizes the volume of functional space occupied by
invertebrate communities and FEve describes the regularity of abundances within this space (Villéger

et al, 2008).
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3.2) Antecedent hydrological amthithropogenidlow alteration indices

All subsequent statistical analyses were performed in R Studio. Given that some hydrological indices
have been shown to be influenced by river catchment sizes (#M@hk2006), historic discharge time

series from each study site were transformed-seares As anthropogenic flow alterations are
dimensionless (the percentage difference between naturalized and historic discharges), these were not
transformed. Subsequently, 47 indices were derived to charatteititkeh e h y d r oilderigedc al ( 6
fromhisto i ¢ di scharge time series) and anthropogeni
total) at each sampling site prior to each sampling event. These indices were calculated as they have
been highlighted as ecologically influential within grourader dominated rivers in the UK (see Worrall

etal , 2014) and characterise different component s
6durati onbé, 60t i mi-sepPoff & al.dl99d)r Tad irdices tlerivechircindgdetide 33

hydo|l ogi cal i ndices outlined in the Ol ndiet@lat or s o
1996) and 14 additional variables which have lmmonstrated to significantly influencevertebrate

communites within UK groundwater dominated strearf\ood et al, 2000; Wood and Armitage,

2004; Monket al, 2006; Worrallet al,, 2014; see Supplementary Material, AppendjxT@ble CJ.

Hydrological indices dominated by a single value (>50%) or with a lack of unique values (n<10) were
excluded from sulejuent analyses (13 in total, leaving 81 Q and AF indiceseSupplementary

Material, Appendix G Table CJ}.

Separate O6Principal Component Anal ysesdo (PCAs)
correlation matrix (Olden and Poff, 2003). The statitsignificance of each PCAiaxwas determined
viaabrokens t i ¢ k met h o dPCAsiggiffcanaés ifnugn ctthieond wi t hi n t he Bi
(Kindt, 2018). Subsequently, the dominant 25 Q and AF indices (50 in total) were derived following

the dah redundancy procedure outlined by Olden and Poff (2003) and ktoalk(2007); with the

number of indices selected from each significant PCA axis being proportional tmihent of
statisticalvariation that theaxis itself explained This procedure accounts for the major sources of
statistical variation and minimizes redundancy between hydrological indices. To account for

collinearity between the selected indices, oVar.i

10
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and AFindices derived from the PCA procedure, as well as 2 hydrendicics(mean velocity and
Froude number), with variables being iteratively removed until all VIFs were below 3 ¢Zwalr

2010).

3.3) Analytical framework

The following statisticahnalyses are reported in three subsections corresponding to each study aim. An
analytical framework for this is presented schematically in F{gltBough it should be noted that an
alternative analytical framework was exploreddsithe influence of HG and each set 8bw-related

characteristicen invertebrate communitiésseeSupplementary Materiahppendix D Table D).

3.3.1) Structural and functionabmmunitydifferences between habitat groups

Multivariate differences in the taxonomic anddtianal trait compositions of invertebrate communities

between HGs were examined by pooling the three replicate samples from each HG within each study

site (taxonomic abundances were summed; functional traits were averaged). This wagidested
6Permanat Anal ysiPERMANGOYA) apaslani®dg ftumet bon i n th
package (Oksanest al, 2017). Pairwise PERMANOVAs were used to test how communities differed

bet ween each paired combination of pldisswere 6 Pr i nc
constructed using a Brayurtis dissimilarity index to visualize community differences between HGs.

PCoA was perf omdscal@ fuwsn ctgi @ h ea dd ordispidep| dyeadtuoinng b

in Vegan)

To examine whether eachivaridec o mmuni ty response metric differe
effect Model sé6 (LMMs) Iner € ucohsonuc n@Baebaal] mg 4t Ip
2017). For this, HG wasxamined as a fixedffect and the following procedures were addptnd

applied to all LMMs used throughout the study herein): (i) river and season were used as random effects

to account for a potential lack of spatial and temporal independence between sampkasddii)

intercept models were fitted using a maximlikelihood approximation; (iilQuantileQuantile plots

were inspected to ensure that model residuals were normally distributed, while fitted values were plotted

against Pearson residuals to examine the homogeneity of variances and identify outliere(Bblker

11
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2009; a maximum of six data points were removed from each LMM); (iv) community abundance was

log(x) transformed to satisfy model assumptions when used as a dependent variable within LMMs; (v)

the significance of all LMMs were obtaineth likelihood-ratio tests and (vi) the statistical variation

explained by the fixe@ffects within each LMM was examined througiarginal pseudo-squared

values (fm; see Nakagawa and Schi e2beaethynild&n iomttahe
package (Jaegef017).Differences in thecommunity response metric values between HGs were

graphically presented using the ggplot2 package (Wickman and Chang, 2016)

3.3.2)Communityresponses to different setsflofw-related characteristics

LMMs were used to quantify the influence of eflolw-related characterist{c.e. the separate influence

of Q, AF indices and the Froude numbsee Fig. 2) on each of the seven community response metrics.

For this,Q and AFndices were scaled (i.e-szores calculated) to facilitate model convergence (Bolker

et al, 2009)In total,six sets of statistical models were prepaeadh consisting of seven LMNissting

the response oéachcommunity responsemetric (dependentvariable). Thee six sets of LMMs

compri sed t hr e eorrespordhy o dchiflavardlated ghardcteristi@lhe first set of

LMMs modelledt he addi ti ve i nfl uenaclesg yodf rQe liantdiiocnesshi (péf)
(independent variablesyvith the second seaif LMMs incorporating arinteractionterm between Q

i ndi ces and-etl&l 6tghyeds)ef Itomo sets represented the f|
was repeated by replacing the i@iceswith AF indices (pair 2t 6 f | ow aelctoelroagtyiéo na nd
OHG. fl ow-ezlol eggtdi)omnd the Froude number (pair
interaction term represented the only difference between each set of LMMs comprising each statistical

pair. Comparisons between LMiesting the same community pemse metric within each statistical

pair were performed téest whether community responses to each-fielated characteristic differed

between HGsComparisonsvere conducted through multiple lines of statistical evidence: (i) likelihood

ratio tests wer performed to test if LMMs differed significantly; (ii) the amount of statistical variation
explained by LMMs were derived frorfnn values and (iii) the statistical likelihood of the model was
determined by comparing 0 Akaméskoethid,aeX1oG n@2 iiomd iCoa tt

difference in the statistical likelihood of the tiidMs, which provides a greater understanding of

12
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whether thenclusion of aHG interaction term improved the model fit (specifically given its penalizing

function assaated with a greater number of explanatory variables).

3.3.3) Community responses to the nstatisticallyinfluential flowrelated indices

To examinecommunityresponses to the most statistically influential fliated indices (Q, AF and

Froude numbej, seven LMMs were constructed that tested each community response metric
(dependent variable) against the additive influences tibalirelated characteristicelected following

PCA andVIF analysegthese were used fised-effects wherebyz-scores were calculated to facilitate

model convergence). Subsequently, a backwards stepwise procedure was pevfarmédsteo

function in the ImerTest package (Kuznets@taal, 2017) to identify the significant fixeglffects
comprisingeachLMM.Fdr hi s, t he si gni f i c aviathe Bonfdrrenicertectign0 . 0 5 )
to prevent overfitting models. 6Optimal é LMMs we
of statistically significant indices (identified from the stepwise promduas fixedeffects.
Subsequentl vy, OHG. optimal 6 LMMs were construct et
the flowrelated indices comprising each optimal LMM. The statistical significance (likelihood ratio

tests), explanatory powerign) and sttstical likelihood (AIC) of all optimal and HG.optimal LMMs

was quantified and compared. This was also calculated for each individuakfiget] with the

statistical variation explained by each variable being quantified bysani@l Pm valuesusingthe

G2betsdd f u mrdthe significance of each individual fixetfect being obtained fromn h @nové

function in ImerTestGraphics displaying the responses of the most senitirenunity response
metricstoflowmr el at ed i ndices within the HG. optimal L MMs

(Foxet al, 2017).
4) Results

4.1)Hydrological variabilityand anthropogenic flow alterations

All rivers examined displayed seasonally consistent cteigdiydrological variability, with peak
discharges occurring between late winter and early spring, before declining across the summer and
autumn months (Fig. 3; although this was least evident for Naddesek Fig. 3c)On average,

naturaliseddischarge were reduced by 3.88% across the eight sampling sites over the study period.
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344  The rivers Ebble (Figs. 3a and 3b) and Bourne (Figs. 3g and 3h) displayed the most buffered
345  hydrographs. Anthropogenic flow alterations within the Ebble deviated marginallyOfie2189% to

346  3.89%), but the Bourne exhibited greater reductions in dischat8el4% t0-0.43%). The Nadder

347  displayed a more variable flow regimeith sharp rises and falls in discharge ocitig(Figs. 3c and

348  3d). Flow alterations fluctuated marginally around@59% to 0.83%) at Nadder 1, while Nadder 2

349  exhibited small net reductions in discharg#.35% to 0%). The Wylye displayed some stiertn

350 (daily to weekly) spikes in discharges (Fi@e and 3f), although not to the same degree as the R.
351  Nadder. Anthropogenic flow alterations in the Wylye were grea48r33% to 9.16%) compared to the

352 other rivers studied.

353  The PCA of hydrological (Q river discharggindices was used to select the Qandices used in

354  subsequent analyses, whighre derived from PCA axestt all of which were significant (as indicated

355 by the brokerstick procedure) and explained 97.40% of the total statistical variation. The 25 AF indices
356  were derived from PCA axes7L(all of which were significant) and accounted for 98.15% of the
357  statistical variation. After VIFs were calculated to check for collinearity, 11 indices (5 Q and AF indices,

358 in addition to the Froude number) were utilized in subsequent analyses §J.able

359  4.2) Invertebrate community responses

360 The following results are divided into three ssdxtions, which correspond directly to the three study

361 aims (see Section 3.3 and Fig. 2).

362  4.2.1) Structural and functionabmmunitydifferences between habitat g

363 PERMANOVASs indicated that invertebrate taxonomic (F = 11piv,a | u e ) @nd functioBaltrait

364 compositions (F=8.8pv a | u e ) dffefed siy@ifitantly between HGwhich accounted f@23%

365 (r?=0.23)and16%(r? = 0.16)of the total statigtal variation, respectivelyPairwise PERMANOVAs

366 indicated that taxonomic and functional trait compositions differed significantly between all HG pairs

367  (p-values= <0.001i 0.007. Greater amounts of statistical variation were explained when comparing

368 taxonomic composRaninaosp s ppeonrgesd Bgy@ldFsaeloRubstr a
369 and <edimende?£ x24; F = 14.57) HGs, compared to coangestratesersus fine sediments(r

370 = 0.12; F = 8.44). Pairwise PERMANOVAs examininiffetences in functional trait compositions
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between HGs explained the lowest amount of statistical variation when testing coarse substrates versus
Ranunculusp. (#= 0.07; F = 3.23), compared to fine sediments versus coarse substrat@d2; F
= 8.33) andRanunculusp. (F=0.15; F = 8.43). #CoAplot indicated that each HG supported distinct

invertebrate taxonomic compositions (Fig. 48ere wasa greateroverlap in the functional trait

compositions supported by each HG, although communitresiib i t i ng &6éf i ne sedi men

more functionally distinct (Fig. 4b).

LMMs highlighted that Abundance?(r 0 . 3=922.72), TaxRic fr= 0 . %3=6.16.03), TaxDiv

(r’= 0. 2=39.53,jBergerParker (f= 0 . 2=28.72)j %EPT &= 0 . 2=488.23)j FRic (=

0. 3 85 10%.34) and FEve{r 0 . 2=050.12} all differed significantly (apv al ues) O 0. 00

between HGsRanunculusp. supported greater Abundance (Fig. 5a), TaxRic (Fig. 5b), %EPT (Fig
5e) and FRic (Fig. 5f) vaes. TaxDiv was highest within coarse substrates (Fig. 5c¢), while fine
sediments supported communities characterized by a higher structural dominanceRBekgeindex

- Fig. 5d), but a greater functional evenness (REV&). 50).

4.2.2) Community mponses to hydrological variability and anthropogenic flow alterations

Community response metrics typically displayed limited responses to the additive influences of

hydrological (Q) and anthropogenic flow alteration (AF) indicgespectivelyt e r me de céof | | oogwy 6

and oflovwcaltogry®tired ati onships (see F-ecglogy 2) . L1
relationships and only 1 flow alterati@etology relationship (see Table &gnificant flow-ecology

(r’m = 0.19§ 2= 12.87,p-value= 0.025) andlow alteratiorecology relationshipsmn = 0.10j 2 =
14.71,p-value= 0.012)were observed for FEvéncorporating a HG interaction with Q indices (i.e.

OHG. elcowogy relationshipsé6) significantly i mpr o\

(Abundance, TaxDiv, FRicand FEVveb ut @Al Cc {20see Tabke ¥)andvaccounted for a
higher amount of statistical variation compared to all respectivedmlogy relationships (up to 23%

- &@fm = 0.23 for FRic; see Table 4). HG.flow alterat&rology relationships significantly improved
model fits for 3 response metrics (Abundance, TaxRicand %EPUIt &Al Cc -AsmeTaBlecEP T
4) and explained a greater amount of statistical variation compared to all respective flow alteration

ecology réationships (up to 34%aetm = 0.34 for Abundance). The Froude number had a significant
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398 influence on all invertebrate community response metrics and these results are presented in the
399 subsequensubsection to avoid repetitio (thesefindings werecongruent withthe outputs ofthe

400 alternative analytical frameworonsidered and outlined Appendix O Table D2.

401  4.2.3) Community responses to the most statistically influentialrétated indices

402  The backwards stepwise selection procedure perfoonddviMs testing the additive influence of all

403 flow-related indices (Q, AF and Froudembe) demonstrated that all invertebrate response metrics

404  were most significantly modelled usingdlvariablesas fixedeffects The O6optimal 6 moc
405 TaxRic incaoporated various flowelated indices (Froudeumber AFJulianMin, QMax30 and

406  QJulianMin) and accounted for 50% of the total statistical variatfom €r0.50), which increased by

4007 4% within the OHG. optimal é6 model n(all gptimalenodels . Fr ol
408 and its individual effect within the optimal models accounted for a greater amount of statistical variation

409  (6-38%-r’m = 0.060.38) compared to all other significant floelated indices (Table 5). Abundance

410 and TaxRic both exhibited posi ti ve rel ationship wiRatuncBlusoude n
411 sp. ObutChsi,s was | ess evident within 6finebd sedi me
412  positively with Froude number within coarse substrates and fine sedirbantdisplayed a strong

413  negative relationship withiRanunculusp. (Fig. 6¢). FRic also exhibited a positive relationship with

414  Froude number within sedimentological HGs but did not display a clear directional change within

415  Ranunculussp. (Fig. 6d). In tota4 Q indices were incorporated within 3 optimal models, although

416  these individually explained up to 9% of the statistical variatitn £r0.09 Table 5). AF indices were

417  included within 2 optimal LMMs when TaxRic and FEeve were modelled against Aiditigthe

418  Julian day number when the minimum flow alteration occurred) and AFMay (the average flow

419  alteration value in May), respectively; these statistieitionshipsaccounted for 20% (Pm = 0.09

420 0.20) of the statistical variation (Table 5). lftimal modelsexhibited a higher statistical power and

421  differedsignificantlyfrom each respectivaptimal model in all instances (Table 5). The Froude number

422  exhibited a significantly greater statistical influence when its interaction with HG was considalled

423  instances, but this was not observed for Q and AF indices incorporated within optimal models (Table

424 5).
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425  5) Discussion

426  5.1) Invertebrate community differences between habitat groups

427  This gudy aimed to quantify homvertebrate communities inhalnigj distinct lotic habitats responded

428 to three sets offlow-related characteristicsantecedent hydrological variability; antecedent

429 anthropogenic flow alterations (daily percentage of discharge removed or added to the river) and
430  proximal hydraulic conditios (characterized by the Froude number). HGs supported distinct taxonomic
431  compositionssupporting the findingsf many studies reporting structural differences in invertebrate
432  communities between mineralogical and organic habitat pafetgeRobson and Chester, 1999 et

433  al., 2012). Functional trait compositions also differed between HGs, but there was a greater degree of
434  overlapthanfor taxonomic compaositions, particularly betwdeanunculusp. and coarse substrates.

435 This contradictsthe limited evidence reporting that the functional properties of invertebrate
436  communities are more distinct between mineralogical and organic habitat pihis taxonomic

437  compositions (Demarst al, 2012; Whiteet al., 2017b).

438  Ranunculusp.supported the highest community abundariééundance)taxonomicandfunctional

439 richness TaxRic andFRic, respectively) angbroportionalnumber oftaxa within Ephemeroptera,
440  Plecoptera and Trichoptewdthin each samplé@oEPT) compared to other HGs. This reflects the suite
441  of ecological functions th&anunculusp. provides, including the provision of cover from predators,
442  ahabitat to lay eggs and attach egg sacks to, or a platform from which fauna can consumeuices res
443  (Ladleet al, 1972 Gunn, 185). Invertebrate communities inhabiting fine sediments displayed a high
444  structural dominance (Berg®arker) but ahigh degree of functional evenness (FEve). Greaiate

445  values occur when there ashigh degree otaxonomic evenness or when functional distances among
446  species are more regularly distributed (Villéggral, 2008). As such, the latter must be tfoe

447  invertebrate communities sampled from fe@eliments given thgreatef~Eve valuesccurredrelative

448  to other HGs)espiteexhibiting high BergefParker values (indicating a lower taxonomic evenness).
449  The more even distribution tdxaacross functional trait spadedicatedoby higher FEve values) within
450 fine sediments suggests that the lostagh (TaxRic) occurred randomly, rather than clusters of taxa
451  exhibiting comparable functional niches being extirpated (Bareuah, 2017). Larsen and Ormerod
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452  (2014) highlighted that fine sediment deposition led to randomccarrence of species as btic

453  interactions weakened. Such ecological and community demographical processes could explain the
454  higher FEve values occurring within fine sediments in the present ssidn that fine sediments are

455  regularly disturbed and entrained in lotic environtegr.g. Gibbin®t al, 2007), higher FEve values

456  within fine sediments indirectly contradicts previous findings highlighting that FEve decreases with

457  higher disturbance frequencies (e.g. Schrietei., 2015; Barnunet al,, 2017).

458  5.2) Invertebrateonmunityresponses to hydrological variability and anthropogenic flow alterations

459  Two invertebrate community response metrics (TaxRic and FEve) were significantly influenced by

460 antecedent hydrological conditions (derived from historic discharge time S$erilesv-ecology

461 relationships). Such significant fleacology relationships support the plethora of evidence reported

462  globally demonstrating the importance of river flow regimes in shaping the structure (e.g. ksennen

463  al., 2010; Warfeet al, 2014; Steettal., 2018) and function of instream communities (e.g. Mims and

464  Olden, 2013; Schrieveat al, 2015; Whiteet al, 2017b), although the latter has been comparatively

465  understudied worldwide (Arthingtaet al, 2018; Poff, 2018). However, statistical modalthis study

466  did not detect a significant influence of hydrologichlaracteristicfor some community response

467 metricsandflomae c ol ogy rel ationships explained re]ativel
468  which potentially reflects the followindjve factors. First, samples were collected across a single

469  catchment(eight sites)over one yeaand specifically during a timevhen intermediate discharges

470  occurred (i.e. no extreme flow events were recoiid&irker et al, 2016; White, 2018)As such,

471  communities were exposed to a relatively limited range of hydrological conditions compared to studies

472  undertaken across greater spatial and temporal scales (e.gebank006; Chen and Olden, 2018).

473 Second,ner fl ow regimes are widely r eseosdaffil®®¥d as a
474  operating acroskarge (catchment to regional) spatial scales (sgie and Poff, 2004; Biggst al,

475  2005). As such,riverine invertebrate species pools are gwd to taxa adapted taegionwide

476  hydrologicalvariations which are then subjected to smaller scale environmental filters (e.g. habitat

477  conditions- Poff, 1997). Thishelpsexplain the findings of this study given that statistical models did

478  not consistently detect significafibw-ecology relationshipand instream communities were more
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responsive to habitaicale controls (HGs and hydraulic conditions, see beldhis suggess that the
filtering effect ofriver flow regimesat the regional scale could not be statistically detected within this
studyconducted across a single catchm@ihird, habitat replicatewithin the same reaadlsedin this
study shared the sardeschagerelated(i.e. hydrologicalariability and anthropogenftow alteratior)
values,which may haveresulted inweaker statisticahssociationsand highlights the difficultyin
integrating flowrelated characteristicacross different spatial scalgsee Bigg<t al, 2005) Fourth,
river flow regimes may act in concert with other environmemtalables(e.g. water qualityand
morphological alterations) to exersynergisticeffect on instreamnecologicalprocessegsee Bookeet

al.,, 2015). As such flow-ecology relationships testing the individual effect of hydrological
characteristicsnay overlook significant interactive effects with alternative environmental variables, as
demonstrated with HGs in this studsifth, the nature and strength of flexeology relationships are
artefacts of the underpinning ecological (Cuffney and Kennen, 2018) and hydrological éVaby
2017) informatiorand the data used within this study may have had a key influence on the Fesults
example, within théamily Chironomidae (Order: Diptera), specigzecific flowecology relationships
are likely to haveoccurred (e.g. Cafedargielleset al, 2016) which wouldnot havebeen detected

in this studydue to their consideration at the family leudbwever, itshould be noted that invertebrate
taxa were identified consistently and to the lowest practical resolution within this study hakibhen
demonstrated tprovide the basis for developing consistent and robustdicelogy relationships (see

Monk et al, 2012).

Functional Evenness (FEvesponded significantlyo anthropogenic flow alterations, highlighting its
potential use as a tool famderpinningsignificant flowecology (see abovepnd flow alteration
ecology relationships. This provides addiibrevidence supporting recent calls for the functional
properties of biota to be incorporated into environmental floflo(@) science (e.g. Arthingtoat al,

2018; Poff, 2018)Nonsignificant flow alteratiorecology relationshipsbservedn this studymaybe

an artefact of théve factors discussed above. However, it is also likely that flow alterations across the
rivers studiedwere notof sufficient magnitudeo yield consistent, statistically detectable ecological

responses. Lonterm improvementé water management operations have occurred across the study
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region to limit extreme flow alterations (Bowles and Henderson, 2@i2hargesverereduced on
average byust3.88% across all sampling sites over the study penibith is much lower thaextreme

flow alterationsbeing reportedelsewhere globally (e.gc. 100% reduction in discharge due to
groundwater abstractioreportedby Bradley et al, 2014 2017. Moreover, &hough the daily
reductions in historic discharges of up to 48.33% occuatedsingle sitén this study,jn a UK study
Bradleyet al (2017)only detectechegative ecological effects of groundwater abstraction wiven
dischargesvere reducedby at least 5%. Such findingsmay explain theabsencef significant flow
alterationrecology relationships observed in this studgtwithstanding, this study represents the first

of its kind to test ecological responses to a suite of indices characterising anthropogenic flow alterations
(centred on the five facets of the floagimei see Pofet al, 1997) that incorporates both subsurface
(groundwater abstraction) and surface (e.g. effluent water returns) hydrological changes. There is a
paucity of information on how groundwater abstraction influences riverine ecosystenlty lebt

and Zimmerman, 2010; Gleeson and Richter, 2018). Given that groundwater abstraction practices are
increasingly and severely depleting subsurface water resources (Gitaspp012) and substantially
reducing river dischargeglobally (de Graafet al, 2014), studies such as this are vital for guiding e

flow science and sustainable groundwater management operations.

Community responses to hydrological indices were stronger when incorporating their interaction with
HGs (i.e. HG.flowecology reléionships), which significantly improved the statistical fit of Abundance,
FRic and FEve models. This highlights that hydrological controls on the total abundance and functional
diversity of communities differs between HGs, which may have significantdatmns for the wider

food web (Poweret al, 2008; Ledgeet al, 2013; Greenwood and Booker, 2015). Similarly, various
community responses (most notably Abundance and TaxRic) to anthropogenic flow alterations were
stronger when a HG interaction term wiasorporated (HG.flow alteratieacology relationships).

Other studies have also reported haksgacific invertebrate responses to flow alterations, including
marginal habitats (which become regularly disconnected from the chaBtwky and Lynas, 200

and riffles (due to the loss of rheophilic taxBrookset al, 2011). In contrast, Bradlest al (2017)

reported that instream community responses to groundwater abstraction did not differ between substrate
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size classes/ariable ecological responsas flow alterations have been reported at global (e.g. Poff
and Zimmerman, 2010), national (e.g. Mims and Olden, 2013), regional (e.g. Chen and Olden, 2018)
and even systerspecific scales (Thompsast al, 2018). The results of the present study provide
evidence that ecological responses to anthropogenic flow alterations vary at the-dtathétand
specifically between distinct mineralogical and organic habitat patches, Whighseldombeen
incorporated within €low researchhus far(but see Lindetal., 2006 Finnet al, 2009; Bradlet al,

2017).

5.3) Statistically @timal flow-related characteristicgriving ecologicalresponses.

The Froude number exerted a significant influence on all structural and functomaunityresponse
metrics examined within this study. Froudamberhas beemdemonstratedo have a significant
influence on the structural (Rempalal,, 2000) and functionglLamourouxet al, 2004)properties of

river invertebrate communities as it characesighe hydraulic conditionexperienced bybiotic
communitiegTurner and Stewardson, 201®revious research has highlighted that the morphological
properties of invertebrate species govern community responses to Rrguber such as organisms

with streamlined body forms responding positively to higflew velocities (Rempekt al., 2000;
Lamourouxet al,, 2004). In addition, the behavioural responses of invertebrates to hydraulic conditions
shapes community responses to Fromdenber such as speciesigrating to different surface
(Lancasteet al, 2006) or subsurface refuges (Holomuzki and Big@@90 during adverse hydraulic

conditions.

Examining changes in optimal hydraulic conditions (based on the preference of target organisms) over
a range ofriver dischargeshas been a corpart of 6 habi t at  <dlawrmethaoldgiesn 6 e
(Lamouroux and Jowett, 2008)arious authors have demonstrated the application of such techniques
within e-fflow frameworks(e.g. Strevens, 1999; Nikghady al, 2017) For example Lamourouxand

Olivier (2015)usedahydraulic habitat modeob reliably predict changes in fish populationsesponse

to arestoredflow regime.Findings fromthe presenstudy reinforce the benefits of incorporating
hydraulic observations within -#ow studies. Hydraulic observations provide an improved
characterization of the forces to which biota are exposed to at the time of sampling compared to the use
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560 of dischargeelated statistics alone (e.g. Malcolm et al., 2012; Monk et al., 2018). Given the crucial
561 importance of hydraulic forces in shaping the structural and functional properties of communities,
562  further observational and experimental studies are required todaeicthe causal mechanisms
563  underpinning ecological responses to hydraulic characteristics to tngdgeactical application of

564  future eflow science (Arthington et al., 2018).

565  Froudenumberwas utilised in this study due to its comparability between &ighitivers and seasons

566  (Jowett 1993Wadeson and Rowntree, 1998). Unsurprisingly, Frouteberwas highly correlated

567  with flow velocities and is therefore intrinsically linked to the entrainment threshold of riverbed
568  sediments, a widely recognised distamceaffectinginstream communities (e.g. Gibbiaesal., 2007).

569  Froudenumberhas also been demonstrated to reliably characterise the average shear stresses occurring
570  between submerged plant strands within lotic environments (Folkard, 2011). Howefeeendis in

571  ecological responses to hydraulic conditions between different mineralogical and organic habitat
572  patches (HGs in this study) has not been widely explored, in part due to the difficulties obtaining reliable

573  hydraulic observations betweeracroplyte strands (see Marjoribanks al, 2014).

574  This study demonstrated that invertebrate community responses to Fumberdiffered between

575  HGs, highlighting how mineralogical and organic habitat patches mediate the structural and functional
576  responses ofbiota to hydraulic conditionsThis potentially reflects HGs supporting distinct
577 communities which respond differently to Froude, such as varteephilic taxa (e.gRhyacophila

578 dorsalis Limnius volckmariand EImis aeneasee Appendide, Table Eland Extenceet al, 1999)

579 inhabiting coarse substrates afmrbhnunculussp. patchesand benefit from higherflow velocities.

580 Alternatively,the significant interactive effects Bfoudenumberand HGs on the structure and function

581  of invertebrate communities calbe attributed to mineralogical and organic habitat patches providing
582  unique ecological functions which alter how instream communities respond to hydraulic conditions.
583  For exampleRanunculusp. is typically located in channel areas exhibiting high flow velocities, which
584  deliver high quantities of detritus between the porous plant stands. Manyefdténg invertebrates

585  (e.g.Brachycentrus subnubilusiydropsychesp. andvarious Simuliidae gecies- see Appendié,
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586  Table EJ occupyRanunculusp. patches in order to consume food resources by attaching themselves

587 to plant stands suspended in water colubadleet al, 1972;Whartonet al, 2006).

588  5.4)Incorporating smalscale habitat featus into environmental flow frameworks

589 The need to conserve and/or create ecologically favorable habitat contlitamerto enhance the

590 effectiveness of river management strategies has received considerable research (sterfiaimer

591 etal, 2010) This has been most widely considered within the context of morphological river restoration
592  effortsapplied at the reaescale(e.g. Kempet al, 1999; Whiteet al,, 2017b) However, incorporating

593  habitatscale features within regional environmental fi@#low) strategies may be hindered by limited
594  resources restricting the ability of scientists and practitioners to collect sudtéileedata acrosarger

595 geographical scalesee Chen and Olden, 2018). Notwithstandimdjmited body of research has

596  highlighted how flow regimes could be managed to indirectly benefit instream communities by
597  modifying the composition of sma#icale lotic habitats (e.g. Armitage and Pardo, 1995; Storey and
598 Lynas, 2007) This study further emphasizes how hydrological and taydic controls on habitat

599  compositions could be incorporated intdlawv research. Moreoverhé findings from this study

600 provides rare evidence that the ecological benefigsflofiv frameworksandriver restoratiorpractices

601  could befurtherimproved by considering theydraulicconditions occurring within distinct smadtale

602  habitat patched-urther research is required to understand how flow characteristics shape riverine
603 communities at the habitatale in order to provide a causal basis duidingthe development of

604  regional eflow strategies.
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Tables

Table 17 Land usecoverage (%jor each of the studied river catchmef@surce NRFA, 2018).

Ebble Nadder Wylye Bourne
National River Flow 430117 Ebble at 430067 Nadder 430081 Wylye 430041 Bourne
Archive (NRFA) site Bodeham at Wilton at South Newton at Laverstock
Woodland 6.00 15.98 9.38 10.07
Arable agriculture 55.83 48.94 31.01 40.45
Grassland 31.30 29.94 50.70 39.07
Heathland 0.51 0.80 0.17 0.00
Urban 2.86 3.18 2.70 4.54
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Table 27 Average water quality measurements from different study sites between Januaify 2014
January 2016 (Source: Environment Agency, 2017). N.B. All water quality @N€Y) locatedvithin
2.5km of the study sampling sites. There is no regulatory WiQtaring site close to Ebble 2 and some

WQ measurements armt routinelyrecordedat Bournel.

Ebble1 Nadder1l Nadder2 Wylyel  Wylye2 Bournel Bourne2

Environment SW- SW- SW- SW- SW- SW- SW-
Agency WQ site 50250291 C0235000 50220284 50250634 50240461 50240226 50240116
pH 7.88 8.09 8.07 8.33 8.22 7.84 8.05
Conductivity

(us/cm) 551 496.25 507.85 455.49 580.17 535.97 551.25
Dissolved oxygen

(% saturation) 95.57 95.28 94.08 103.73 105.34 NA 98.75
Nitrates (mg/l) 7.04 4.40 5.53 6.31 5.89 7.29 7.63
Orthophosphate

(reactive)(mg/l) 0.05 0.16 0.12 0.09 0.16 NA 0.05
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Table 3 7 Hydrological (Q), anthropogenidlow alteration (AF) and hydraulic(Froude)indices

included within the final analyses.

Flow-related Flow
characteristic regime
Index componens Description
QMay Hydrological(m®s') Magnitude  Mean average discharge in May
Timing
QJulianMin  Hydrological(m®s?) Magnitude  Julian day of the minimum discharge occurrence.
Timing
QMax30 Hydrological(m®s') Magnitude  Maximum discharge in the 3flays prior to sampling.
QMin30 Hydrological(m®s?) Magnitude  Minimum discharge in the 3@ays prior to sampling.
QMin90 Hydrologica(m®s?) Magnitude  Minimum discharge in the 98ays prior to sampling.
AFMay Anthropogenic flow Magnitude  The average flow alteration in May.
alteration(%o) Timing
AFJul Anthropogenic flow Magnitude  The average flow alteration in July.
alteration(%6) Timing
AFJulianMin Anthropogenic flow Magnitude Julian day of the minimum percentage modifi
alteration(%o) Timing discharge.
AFLPD Anthropogenic flow Magnitude The average duration that flow alépns <75
alteration(%6) Duration percentile.
AbMax7 Anthropogenic flow Magnitude = Maximum flow alteration in the-days prior to sampling
alteration(%o)
Froude Hydraulic NA The ratio between inertial and gravitational forces wit

the water column.
Fr = 3 &véragg\Rlocity3(my=g = gravitational
acceleration (m3§ and D = sample depth (m).
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1002 Table 4. Invertebratecommunity responses to the influences hofdrological variability and

1003  anthropogenic flow alterationgddlow-e ¢ o | cagnydflow 6 alteratiore ¢ o | aajayiobiships

1004 respectively) and theinteraction with HG( 6 HG -efcloolwo gy 6 and O6-¢lGoff 6 ogwod al

1005 relationships respectively) Shaded boxes highlight significant differences wherebgh statistical

1006 Opairo6 diffandpossesddugner i aa ot leA | Cowhen aHGuUgesacti@h is

1007 incorporatedSt ar s denote the degree of significance:

1008 non s i gSeesdctior A3rznd Fig. ZXor statistical model descriptions and nomenclature.

Hydrological variabilit Anthropogenic flow alterations
Flow HG.Flow
Flow- HG.Flow- alteration- alteration-

Response | Statistic ecology ecology Difference ecology ecology Difference
AlIC 322.70 312.44 - 325.39 269.13 -

Abundance r’m 0.06 0.15 - 0.03 0.37 -
j? 4.36 34.63 30.26 1.67 77.93 76.26
p-value | 0.499(NS) 0.003** <0.001*** | 0.893(NS) = <0.001*** <0.001***
AIC 1457.50 1465.00 - 1462.30 1458.90 -

TaxRic r’m 0.10 0.15 - 0.08 0.37 -
j 2 13.56 26.07 12.51 8.75 32.18 23.43
p-value | 0.019* 0.037* 0.252(NS) | 0.119(NS) 0.006** 0.009**
AIC 880.47 881.01 - 904.35 913.56 -

TaxDiv r’m 0.04 0.12 - 0.01 0.05 -
j 2 9.10 28.56 19.46 1.36 12.15 10.79
p-value | 0.105(NS) 0.018* 0.035* 0.929(NS) | 0.668(NS) 0.374(NS)

B AIC -165.05 -155.67 - -143.17 -129.85 -

PZ{EZ:' rm 0.03 0.08 - 0.01 0.04 -

index j? 7.48 18.10 10.63 1.99 8.67 6.68
p-value | 0.188(NS) 0.257(NS) 0.387(NS) | 0.851(NS) 0.894(NS) 0.755(NS)
AIC 1863.50 1871.00 - 1857.60 1857.10 -
r’m 0.08 0.13 - 0.06 0.22 -

0

HEPT i? 6.22 18.80 12.57 7.48 28.04 20.56
p-value | 0.285(NS) 0.223(NS) 0.249(NS) | 0.187(NS) 0.021* 0.024*
AlIC -668.30 -703.85 - -678.33 -667.80 -

FRic r’m 0.03 0.26 - 0.03 0.08 -
j? 6.68 62.23 55.56 6.98 16.45 9.47
p-value | 0.246(NS) <0.001*** <0.001*** | 0.222(NS) 0.353(NS) 0.488(NS)
AlIC -393.45 -425.47 - -391.86 -386.52 -

FEve r’m 0.10 0.25 - 0.19 0.27 -
j? 12.87 54.88 42.02 14.71 29.37 14.66
p-value | 0.025* <0.001*** <0.001*** | 0.012* 0.014* 0.145(NS)

1009

1010

1011
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Table 5. Invertebratecommunity responses statistically@ptimab(derived from a backwards stepwise selection proceflome)relatedindices (Q, AF and Froudeds well
as heir interaction to HG- = Fvalue obtained froranovafor eachindividual covariate 2 derived from likelihood ratio tests feachfull model (highlighted in bold)Shaded

boxes highlight significant differencégtweernoptimalandHG .optimal (likelihood ratio test) and whethe latter possessesher fm a n d

t

he degree of

significance: = p

O 0. 0 See section 3327l FigR fdd stafistical mddel'descriptipns ahd rbmehdature.

& A | @cStars ddnatee s

Optimal and HG.optimal model summaries Difference
Response Covariates | m | AIC | F/j? | pvalue iz | p-value

Abundance Froude 0.30 238.57 100.80/80.66 <0.001***

HG x Froude 0.34 216.73 45.52/106.26 <0.001*** | 25.60  <0.001***

Froude 0.38  1344.50 148.07 <0.001***

HG x Froude 0.44 1324.80 61.47 <0.001*** | 23.66  <0.001***

AFJulianMin 0.20  1423.70 17.58 <0.001***

HG x AFJulianMin 0.19 1426.10 8.35 <0.001*** | 1.55 0.460(NS)
TaxRic QMax30 0.08  1428.00 20.52 <0.001***

HG x QMax30 0.07 1425.30 6.16 <0.001*** | 6.67 0.036*

QJulianMin 0.04  1423.50 8.28 0.004**

HG x QJulianMin 0.06  1424.70 5.09 0.002** 2.81 0.246(NS)

Froude + AFJulianMin+QMax30+QJulianMin 0.50 1310.80 123.45 <0.001***

HG x (Froude + AFJulianMin+QMax30+QJulianMin)  0.54  1294.10 156.16 <0.001*** | 32.70  <0.001***
TaxDiv Froude 0.11 850.23 26.86/25.38 <0.001***

HG x Froude 0.17 835.93 16.03/43.68 <0.001*** | 18.29  <0.001***
Berger-Parker | Froude 0.06 -172.03 14.39/13.83 <0.001***

HG x Froude 0.12 -184.33 10.73/30.12 <0.001*** | 16.30 <0.001***
%EPT Froude 0.11 1893.00 28.28/24.23 <0.001***

HG x Froude 0.15 1881.20 15.22/40.07 <0.001*** | 15.83  <0.001***

Froude 0.24 -718.49 66.94 <0.001***

HG x Froude 0.39 -769.32 45.64 <0.001*** | 54.83  <0.001***
FRic QMax30 0.05 -671.13 1041 0.001**

HG x QMax30 0.02 -667.86 1.32 0.270(NS) | 0.74 0.692(NS)

Froude + QMax30 0.24 -726.65 57.64 <0.001*** 4858  <0.001%*

HG x (Froude + QMax30 0.39 -767.23 106.22 <0.001***
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FEve

Froude 0.10 -413.37 25.65 <0.001***

HG x Froude 0.15 -429.76 14.73 <0.001*** | 20.39 | <0.001***
QMax30 0.09 -405.16 18.25 <0.001***

HG x QMax30 0.07 -402.75 5.01 0.003** 1.59 0.453(NS)
AFMay 0.09 -405.46 10.81 0.001**

HG x AFMay 0.10 -402.40 4.06 0.008** 0.94 0.625(NS)
Froude + QMax30 + AFMay 0.20 -433.18 39.81 <0.0071***

HG x ( Froude + QMax30 + AFMay) 0.25 -440.69 59.32 <0.001*** | 19.51 | 0.003**
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Figure captions

Fig. 117 The location of the study sites within the Hampshire Avauarewithin the inset= study
region, dashed line = Hampshire Avon catchment boundary and circles = samplingasiegrey =
6highly product i viedesmiglpir foamua@t ilviegatqug f ey 6= adhd whi

aqgui ferd or oO6rockswat ethd ecfsemtdladd yi miocgtrioaamd se

Fig. 21 A flow chartoutlining the analytical framework adopted within this study. Dashed liné's = 1
aimfiesults subsection, grey lines 2 aim/results subsection and solid black lines=a8m/esults

subgction.The nomenclature for different sets of statistical models is outlined in apostrophes.

Fig. 31 A daily time series of istorical dischargegblack) andanthropogenic flow alteratior{grey)
occurringateach study sit€a) Ebble 1; (b) Ebble 2; (c) Nadder 1; (d) Nadder 2; (e) Wylye 1; (f) Wylye

2; (g) Bourne 1 and (h) Bourne 2.

Fig. 4 1 PCoA plot ofinvertebratecommunities betweehabitat groups for (a) taxonomic and (b)
functional trait compositiondark blue = Finesediments|ight blue = coarse substrates and green =

@Ranunculus p (thése lines are dashed to aid visual interpretation).

Fig. 5- Average (1 standard error) values ifovertebrataesponse metrics between different Habitat
Groups (HGs). (a) Abundan; (b) TaxRic; (c) TaxDiv; (d) BergerParker index; (e) %EPT; (f) FRic

and (g) FEveDark blue = Fine sediments; ght bl ue = coar sRanwaulbsp r @&t es

Fig. 61 Statistical relationshiplsetweennvertebratecommunity responses #roudeacross different
HGs with 95% confidence intervalsbtained from LMMs(a) Abundance; (b) TaxRic; (¢) TaxDand
(d) FRic.Darkblue= Finesedimentglightblue=c o ar se s ub st Rantneuwuspa (fhdse gr een

lines are dashed to aid visual interpretation).
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Fig. 2
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Fig. 5
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Supplementary Information
Appendix A

This appendixoutlines various hydrological model fit statistics highlighting the accuracy of the Wessex Basin
groundwater model outputs in modelling daily river discharges. Summaries are presented for the three sampling s
positioned within a close proximity (<1km) of existing flayauges recording river discharges for environmental
regulators from the National River Flow Archive (NRFA, 2018). The Nasteliffe (Nash and Sutcliff, 1970) Root

Mean Square Error (RMSE) antd(of a linear regressigmmodel fit summaries aggresented

NRFA site Nash-Sutcliffe RMSE r2
438061 Wylye at 0.58 0.47 0.83
Brixton Deverill
430121 Wylye at 0.86 0.39 0.88
Norton Bavant
430047 Bourne at 0.85 0.78 0.98
Laverstock
References

Nash, J. E. and Sutcliffe, J. V. (1970). River flow forecasting through conceptual models padiscussion of

principles.Journal of Hydrology10. 282 290.

National River Flow Archive (2018) National River Flow Archive, Centre for Ecology and Hygirofvailable online

at <http://nrfa.ceh.ac.uk>. [Accessed 04/04/2018].
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Appendix B

This appendix outlines the functional traits examined within this study.

Diapause / dormancy

None

54

00.25cm Flier
>0.25 0.5cm Surface swimmer
>0.5 1cm Full water swimmer
g/loa;)e(mgnsize >1- 2cm ;Sgg{:];teion and crawler
>2-4cm relation Burrower
>4- 8cm Interstitial
>8cm Temporarily attached
Lifecycle |O1 year Permanently attached
duration >1 year Gill
<1 Plastron
Voltinism 1 r?}ifﬁ(i)rgtion Spiracle
>1 Hydrostatic vesicle
Egg Tegument
Aquatic Larva Microorganisms
stages Nymph Detritus <1mm
Adult Dead plant O1mm
Ovoviviparity Living microphytes
Isolated, free eggs Food consumed Living macrophtyes
Isolated, cemented eggs Dead ani mal O1 mn
Reproduction Clutches, cemented Living microinvertebrates
strategy Clutches, free Living invertebrate
Clutches, in vegetation Vertebrates
Clutches, terrestrial Absorber
Asexual Deposit feeder
Aquatic passive Shredder
Dispersal Aquatic active _ Scraper
strategy Aerial passive Feeding group Filter-feeder
Aerial active Piercer
Eggs/statoblasts Predator
Resistance Cocoons Parasite
form Housings againgtesiccation



Appendix C

The following appendix outlingsydrological(Q i derived from historic discharge time sejiasd anthropogenic floalteration(AF) indices. All indices were derived from
flow time series extending-year prior to the date of each sampling event, except for mean average monthly values which were calculated froonthe filor to the
beginning of the month of the sampling ezeAsterisk denotes indices excluded from the PCA analffé@s.regime component refers to those outlined within Richttet

(1996) andPoff et al (1997); M = Magnitude, F = Frequency; D = Duration, T = Timing and R = Rate of change.

Table C17 Descriptions of Q and Afdices examined within this study.

Flow regime Description (derived from historic discharge time Description (derived from daily percentage differences betwee

component Q index series- m¥sec) AF index naturalised and historic discharge time series %)
M, T QJan* Average January discharge AFJan* Average flow alteration in January

M, T QFeb* Average February discharge AFFeb* Average flow alteration in February

M, T QMar* Average March discharge AFMar* Average flow alteratioin March

M, T QApr* Average April discharge AFApr* Average flow alteration in April

M,T QMay Average May discharge AFMay Average flow alteration in May

M, T QJun Average June discharge AFJun Average flow alteration in June

M, T QJul Average July discharge AFJul Average flow alteration in July

M, T QAug Average August discharge AFAug Average flow alteration in August

M, T QSep Average September discharge AFSep Average flow alteration in September
M, T QOct Average October discharge AFOct Average flow alteration in October

M, T QNov Average November discharge AFNov Average flow alteration in November
M, T QDec Average December discharge AFDec Average flow alteration in December
M,D Q1Min Minimum 1-day average discharge AF1Min Minimum 1-day average altered flows
M,D Q3Min Minimum 3-day average discharge AF3Min Minimum 3-day average altered flows
M,D Q7Min Minimum 7-day average discharge AF7Min Minimum 7-day average altered flows
M,D Q30Min Minimum 30-day average discharge AF30Min Minimum 30-day average altered flows
M,D Q90Min Minimum 90day average discharge AF90Min Minimum 90-day average altered flows
M,D Q1Max Maximum Xday average discharge AF1Max Maximum Xday average altered flows
M,D Q3Max Maximum 3day averageélischarge AF3Max Maximum 3day average altered flows
M,D Q7Max Maximum 7day average discharge AF7Max Maximum 7%day average altered flows
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M,D Q30Max Maximum 30Gday average discharge AF30Max Maximum 30day average altered flows
M,D Q90Max Maximum 906dayaverage discharge AF90Max Maximum 90day average altered flows
M, T QJulianMin | Julian date of minimum discharge AFJulianMin | Julian date of minimum altered flows
M, T QJulianMax*| Julian date of maximum discharge AFJulianMax | Julian date of maximum alteréidws
M,F,D QLPC* Number of daily flow events <Q75 AFLPC* Number of daily altered flow events <AF75
M,F,.D QLPD Average number of days flow events <Q75 AFLPD Average number of days flow events <AF75
M,F,D QHPC* Number of daily flow events >Q75 AFHPC* Number of daily altered flow events >AF25
M,F,.D QHPD Average number of days flow events >Q25 AFHPD Average number of days flow events >AF25
F.R QRises Number of consecutive days flows increased AFRises Number of consecutive days altered flows increased
F.R RR Average rate of flow increase on consecutive day AFRR Average rate of altered flow increase on consecutive days
F.R QFalls Number of consecutive days flows decreased AFFalls Number of consecutive days altered flows decreased
F.R FR Average ratef flow decrease on consecutive day| AFFR Average rate of altered flow decrease on consecutive days
M OQOMean7 Average flow in the fHays prior to sampling AFMean7 Average altered flow in the-@ays prior to sampling
M QMax7 Maximum flow in the 7daysprior to sampling AFMax7 Maximum altered flow in the-days prior to sampling
M QMin7 Minimum flow in the Zdays prior to sampling AFMin7 Minimum altered flow in the -days prior to sampling
M QMean30 Average flow in the 3@lays prior to sampling AFMean30 Average altered flow in the 3flays prior to sampling
M QMax30 Maximum flow in the 3@days prior to sampling AFMax30 Maximum altered flow in the 3@ays prior to sampling
M QMin30 Minimum flow in the 3@days prior to sampling AFMin30 Minimum altered flow in the 3@lays prior to sampling
M QMean90 Average flow in the 9@lays prior to sampling AFMean90 Average altered flow in the 9fays prior to sampling
M QMax90 Maximum flow in the 9@days prior to sampling AFMax90 Maximum altered flow irthe 98days prior to sampling
M QMin90 Minimum flow in the 90days prior to sampling AFMIn90 Minimum altered flow in the 9@ays prior to sampling
M QMean180 | Average flow in the 18@ays prior to sampling AFMean180 | Average altered flow in the 18faysprior to sampling
M QMax180 Maximum flow in the 18@days prior to sampling | AFMax180 Maximum altered flow in the 18@ays prior to sampling
M QMin180 Minimum flow in the 18@days prior to sampling | AFMin180 Minimum altered flow in the 18@ays prior tcssampling
M Q10 Discharge exceeded 10% of the time AF10 Altered flow value exceeded 10% of the time
M Q95 Discharge exceed 95% of the time AF95 Altered flow value exceed 95% of the time
M Baseflow QMin7 / Mean discharge AFBaseflow AFMin7 / Mean alteredlow
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Appendix D

Introduction

The main body of texdescribes an analytical framewarltliningthestatisticalproceduresindertaken

to testinvertebrate responses to different floglatedcharacteristicsHabitat Group (HG)and thé
interactive influencer he following appendix describes an alternative framework to test these sfatistica
trends.We refer the reader to the main manuscript for the specific techniques and functions used to
undertakehe different analyses, ahéreprovide details on the statistictucture and formattingsed

to carry outthe analyses in this appendix.

Data analysis

The «is scorevalues of each sample were obtaitiein the Principal Component Analyses (PCAS)
performed on both Q and AF indices to characterise the antecedent hydrological variability and
anthropogenic flow alterations exposed to invertebrate communities, respedthislwas conducted

to reduce the number ofariables being tested within statistical mod@smpared to the additive
influences of Q and AF indiceand reduce the potential bégsssociated with model overfitting. For

this, &es 13 and 12 were utilised from PCAs examining Q (Q.PCA) and AF @AFA) indices,
respectively. Q.PCA axes3laccounted for 79.2% of the total statistical variation, while AF.PCA axes
1-2 explained 75.2% of the statistical variation. PCAsaxoreswere utilised as fixe@ffects within
d.inear Mixedeffect Model$ (LMMs). Subsequently, 8 LMMs were established for each of the 7

community response metrics, the structure and rationale of these are outlined in Table D1.
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Table D17 The format and rationale of the statistical models (LMMs) used totestebrate responsesdifferent flowrelatedcharacteristicHabitat Group

(HG) and ther interactivestatisticalinfluence.Q = hydrological variability; AF = anthropogenic flow alterations

Model Respective null| Variables used as fixed | Rationale

number model tested against effects

0] n/a Site x Season Used as a null model to account for differences between reaches (spatial) and seasons (tarepo
variables not directly tested within this study.

(i) () Q.PCA1 + Q.PCA2 + Testing invertebrate responses to Q. When compared agaiitste§)s whether the influence Q diffe|

Q.PCA3 from spatial and temporahriations in ecological responses
(iii) (i) HG x (Q.PCA1 + Q.PCA2 +| Testing invertebrate responses to the interaction between Q within each HG. When comparéd {
Q.PCA3) tests whether the ecological influences of Q differ betweea HG

(iv) 0] AF.PCAL + AF.PCA2 Testing invertebrate responses to AF. When compared adiitstests whether the influence AF
differs from spatial and temporadriations in ecological responses

(V) (iv) HG x Testing invertebrate responses to the interaction betAEemthin each HG. When compared to)(i

(AF.PCAl + AF.PCA2) it tests whether the ecological influenceéfdiffer between HG.

(vi) ® Site x SeasqrHG Testing invertebrate responseghe influence of HG nested within each spedficvey. When
compared against (iix, tests whether the influencd HG (within each surveyliffers from spatial and
temporal variationg ecological responses

(vii) ® Site x Season, Froude Testing invertebrate responseghe influence ofroudenestedwithin each specific survey. ién
compared against (i), it tests whether the influegfrmaide(within each survey) differs from spatial
and temporal variationia ecological responses

(viii) (vii) Site x Season, Testing invertebrate responsegte nteractive influence between HG and Froude nested within €

(HG x Froude)

specific survey. When compared against (vii), it tests whether the ecological infafdfroeide
differs between HGs
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Resultsand interpretation

The results of the LMMs performed within this appendix are displayed within Table D2.
Table D27 Statisticaloutputsirom LMMs. Coloursindicatethe environmentariableseing tested: lne = hydrological
variability (PCA axis scores derived from Q indicagxl = anthropogenic flow alterations (PCA axis scores derived

from AF indices);green= HG andyellow = Froude.See Table D1 for further details on the structure of the statistical

models.
Model Model

Response | number | r’m | AIC j? p-value Response | number | r’m | AIC j 2 p-value
0] 0.37| 317.03 | - - ® 0.35| 1889.4 | - -
(ii) 0.21| 311.99 | 48.96 | 0.020* 0 (ii) 0.03| 1915.3 | 79.88 | <0.001***
(iii) 198.56 | 129.44| <0.001* || YEPT 1 iy 0.21| 1878.9 | 52.33 | <0.001***
(vi) 0.63| 194.4 126.63| <0.001*** (vi) 0.47 | 1845 48.43 | <0.001***
(vii) 0.57| 230.54 | 88.49 | <0.001*** (vii) 0.46| 1846.6 | 44.8 <0.001***
(viii) 0.62| 206.64 | 27.9 <0.001*** (viii) 0.49| 1837.7 | 12.89 | 0.002**
() 0.33| 1448.60| - - () 0.17] 64358 | - -
(ii) 0.05| 1463.50| 68.87 | <0.001*** (ii) 0.04 | 620.21 | 30.63 | 0.287(NS)
(i) 0.38| 1341.40| 138.11| <0.001*** (iii) 0.40| 533.83 | 102.38| <0.001***
(vi) 0.63 | 1312.00| 140.57| <0.001*** (vi) 0.50 | 535.07 | 112.5 | <0.001***
(vii) 0.58| 1343.10| 107.52| <0.001*** (vii) 0.36| 589.86 | 55.72 | <0.001***
(viii) 0.63| 1317.20| 29.91 | <0.001*** (viii) 0.39| 582.3 11.56 | 0.003**
() 0.16 | 915.13 | - - () 0.38] -416.09 | - -
(ii) 0.00| 901.23 | 40.1 0.050(NS) (ii) 0.17| -408.32 | 61.77 | <0.001***
(i) 0.30| 834.95 | 82.27 | <0.001*** (iii) 0.38| -454.8 | 62.48 | <0.001***
(vi) 0.31| 871.55 | 47.58 | <0.001*** (vi) 0.54 | -478.61 | 66.52 | <0.001***
(VII) 0.22 | 899.08 | 18.05 | <0.001*** (vii) 0.47| -449.44 | 35.35 | <0.001***
(viii) 0.30| 877.22 | 25.86 | <0.001*** (viii) 0.51| -462.8 | 17.35 | <0.001***
(i) 0.21] -146.82 | - -
(ii) 0.01| -147.60 | 53.22 | 0.002**
(i) 0.25| -197.20 | 65.60 | <0.001***

Berger

Parker
(vi) 0.33| -180.12 | 37.30 | <0.001***
(vii) 0.26 | -158.24 | 13.42 | <0.001**
(viii) 0.32| -174.13 | 19.89 | <0.001***

The results displayed in Table D2 strongly support the findings described within the main body of text. Firstly, mode
(i) and (iv) consistenthexhibit a much weaker statistical power (i.e. lowfen and higher AICtromparedo the null
model (i) (testing for ecologicatlifferencesbetween reaches and seagofiis highlights that this study could not
detect a strong statistical signature ifodividual influences ofydrological variability (Q) and anthropogenic flow
alterations (AF). However, incorporating a HG interaction terms significantly improved model fits testing the influenc

of Q and AF, indicating habitatpecific hydrological and flowlterationinfluenceson invertebrate communities. Table
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D2 also highlights that HG and Froude consistently yielded a significant influence on all invertebrate communif
response metrics and explained the highest amounts of statistical variation; with the former exhibdirantpst
statistical trends. Finallygommunity responses téroude always improved significantly when accounting for its
interaction with HG, highlighting how hydraulic influences invertebrate communitiediffered between habitat

patchesThe implicdions of these findings are discussed within the main body of text.
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Appendix E

The following appendixpresentsresults from indicator species analysis performedinuertebratecommunities

inhabitingdistinct habitat groups (H@ssee the main text for a full description). For this,agreupu al i zed 0|
Valued (Il ndVal) avind lhymaltigad wfawsn cctoinaddru citredt he &éi ndi ¢cs pe
Jansen, 20159nd performed across 999 permutations to determine its significance.
Table E171 Indicator species of different HG&, = Indicator value.
Taxa v p-value Taxa \ p-value
Fine sediment Ranunculussp. (continued)
Pisidiumsp. 0.52 0.014* Elmis aenedlarvae) 0.77 0.001***
Ostracoda 0.44 0.001** | Elmis aenea (adult) 0.74 0.001***
Mystacidesp. 0.27 0.01** Gammarus pulex 0.70 0.001***
Dytiscidae larvae 0.26 0.022* Rhyacophila dorsalis 0.61 0.001***
Coarse substrate Hydropsyche siltalai 0.59 0.001***
Limnius volckmar{larvae) 0.77 0.001*** | Hydra 0.59 0.001***
Dicranotasp. 0.66 0.001*** | Hydropsyche pellicidula 0.50 0.001***
Agapetus fuscipes 0.66 0.001*** | Hydropsyche angustipennis 0.48 0.001***
Caenissp. 0.51 0.014* Brachycentrusubnubilis 0.48 0.001***
Silosp. 0.46 0.001*** | Lepidostoma hirtum 0.42 0.002**
Leuctrasp. 0.45 0.009** Oulimniussp. (adult) 0.42 0.001***
Ancylus fluviatilis 0.42 0.001*** | Qulimniussp. (larvae) 0.42 0.03*
Limnius volckmar{adult) 0.32 0.036* Paraleptophlebia submarginata 0.41 0.002**
Polycelis nigrdtenius 0.30 0.049* Erpobdella octoculata 0.35 0.003**
Ranunculussp. Piscicola geometra 0.34 0.007**
Simuliidae 0.93 0.001** | Lymnaea peregra 0.32 0.017*
Chironomidae 0.85 0.001*** | Limnephiludunatus 0.30 0.048*
Hydracarina 0.83 0.001*** | Hydroptilasp. 0.29 0.006**
Baetissp. 0.82 0.001*** | Physa fontinalis 0.27 0.011*
Seratella ignita 0.80 0.001*** | Calopteryx splendens 0.24 0.02*
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