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Abstract

Damming is one of the most widespread impairments of river systeonscathe world. The
formulation of scientifically justified guidelines for restoratiardaemediation of impairments
requires better understanding of the relationships between altenatiatream condition. The present
study examines relationships between the presence and density of damsogichbioetrics of river
health in the context of a variety of environmental drivers over the Lisgelrasin. We hypothesized
that dam density measured at supra-reach level would show more sigmmfioance on river health
than the local level density, and further that the impact of damsti®&imated with measures for the
functional traits of biotic assemblages. An extensive datasehoflf® sites) and invertebrate (211
sites) communities in the Loire river basin,described with metricsraitgeof ecological guilds,
taxonomic richness and life history traits,and coupled with reachhydromorplrasidgsatchment
characteristics was constructed.Generalized linear modellingwfasrped in order to quantify dam
impact and investigate the importance of regional- and local-scakuraeaf dam density to the
structure of biotic communities.The analysis showed that communitstgre at the basin scale
responded significant to dam presence and confirmed that the strofhgj@sskips were observed

for specific functional trait-based metrics. For the macroinvertebtae observed impact counts up to
25% of the variance in the trait-based quality indices, whereasfocdmmunities the dam density
only explains up to 12%. Macroinvertebrate responses were stronger atdugledevel, and
especially the upstream context explained on its own 70% of the observedviergalor fish
communities, the local context prevails and explained up to 70% of the geotimhese results can
be explained by the biotic processes ruling community assembly in thécsgemips, passive
dispersal for the invertebrates and migrations between habitdishfoFhe geographic context
furthermore explains the differentiation in these responses, reflab metacommunity structure of
invertebrate assembly over the river basin. We conclude that foeapsfrarts of the river basin,
locally based management actions can be successful in restoringritemrity, whereas more
downstream, dam removal actions require more integrated meastgg®aal rather than local scale.

Highlights

» Dam density is proposed as a multi-scale indicator distinguishingdodatetwork scale impact.
» Responses in macroinvertebrate and fish communities are strondesictarnal trait metrics

» Macroinvertebrate communities respond strongest to upstream dam dédresgasvfor fish the
local context prevaila Invertebrate assembly and responses reflect metacommunity striecture.
Upstream-downstream contexts and responses differ and demand for difsteration strategies.

Keywords: dam density indicators; biotic integrity; macroinvertigstdish; trait metrics.
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52 1. Introduction

53 Large-scale and even globally programs are launched targetindnétlitation of river systems and
54  water allocation for a sustainable provision of services of fresheatsystems (Vordsmarty, 2010).
55  The great majority of river systems of the world are subjectedworfgulation and impoundment;
56  over half of the world’s large river systems are affected by damss(Milst al., 2005), and, for
57 example, Graf (2001) estimates that only 2% of rivers in the UniteglsStnain unaffected by dams.
58 Reported impacts of dams concern a degradation of habitat and a fragmesftpopulations, with
59 losses of productivity, reduced distribution ranges and changes documenteld é@mfimunity
60 composition (Santucci et al., 2005 ; Catalano et al., 2007 ; Slawski et al., 2008)),assfareaquatic
61 invertebrate communities (Brittain and Saltveit, 1989; Watters, 1996 et al., 1998; Benstead et
62 al., 1999; Conception & Nelson, 1999; Marchant and Hehir, 2002; Stanley et al., 20@2y Btaal.,
63  2006).
64
65 Recently, questions on the opportunity of dam removal and the ecologicatdehstich restoration
66 measures arise, but for specific contexts, the general rationaéstorimg natural features often
67 seems to get lost, and not only due to uses conflicts (Donnelly et al., 2002; L. &jor2@09). Often
68 there is a local attachment to existing landscape features andystenenore importantly river
69 managers encounter resistance of conservationist and fishekelsadtiers that question the potential
70 gains and stress the risks of species loss.Nevertheless thenenalggreement to the injurious
71 character of human alterations and to the application of a referencedpfileasen and Hayes,
72 2012). But especially the strong emphasis on the river's corridor functioninpeirdgact of
73  obstacles to ecological networks, demands for dam removal.As a resels tieed for advanced
74  assessments of the role and effects of dams within river netvaoskipport strategies for mitigating
75  ecohydrological and socioeconomic costs, and recently important effortedeegiobally to the
76  inventory of reservoirs and dams (Lehneret al., 2011), or to evaluaterpait on river ecology
77  (Petts,1984; Acreman and Ferguson, 2010). In France and Western Europe in gertagil,dagree
78  of flow regulation and the governmental initiatives to address environmeokééms under the
79  Water Framework Directive provide the need and impetus for enviroahveaiier allocations and the
80 need to monitor and assess the ecological effects.
81
82 Inliterature, impact of dams is generally examined on the local coatekiery often, no significant
83 negative effect to local biotic communities can be attributed (P@&hlgn 2007). From a long year
84  study to the effects of an impoundment (Maynard and Lane, 2012) observed evapaseiinc
85  species richness, which they attributed to the buffering effects tovptadity and low flows. Recent
86 studies, dealing with the question at a more comprehensive level, inctueletiie drainage basin
87  because of the importance of tributary-main stem and upstream-downstnea@ttions in a drainage
88  basin (Wohl, 2012). The basin context of dam impacts has been elucidated famnsgaowision,
89  water allocation, fish diversity and food security (Fitzhugh, 2011). Of cohissartpact is most clear
90 for diadromous species. But, for example, Ziv et al. (2012) demonstratarttagithg impact on
91 resident fish populations at river basin scale revealing strongimpfupstream tributary dams on
92  overall sustainability of fish populations. With the individual dam’s gauiyjcasetting, aspects of the
93 position and accumulation of dam impacts in the river network are a keyirsassessment (Poff and
94  Hart, 2002). Therefore the entire drainage must be included in such stupassrig a particular
95 attention on the geographical context because the response to dammisgarize expected to differ
96 between small upstream streams and large alluvial rivers (Niéssbn2005).
97
98 From a metacommunity perspective, a loss of connectivity can cause liqadteons due to changes
99 in environmental conditions (Chase and Leibold, 2002) or to a lack of re-colonigatirces
100 (Mouquet andLoreau, 2002). Knowledge on the metacommunity structure and the ndtere of t
101 impairments, whether the disconnection or habitat degradation impactatesjican generate
102 important information to determine conservation and restoration actioag-b@sed bio-assessment
103 may in this respect have several advantages to enhance causal diagaotaxonomically based
104 methods (Archaimbaudt al., 2010). These include providing mechanistic linkages of biotic responses
105 to environmental conditions, and consistent descriptors or metrics hopasisspatial scales (Cutp
106 al., 2011).
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In this paper, two hypotheses are put forward for these questions to biotic caéynchaniges caused
by dams with regard to geography and network constellation. Firstly, the ioff#aons on the biotic
communities in the river network is supposed to count more at the rethiangust the local
scale.And if so, does this mean that the disconnection impact is stronger thahithedegradation
impact? The second hypothesis deals with the specificity of biotic grdiffiesent responses are
expected for different groups. Based on the higher mobility of fish compaireeeteebrates, impact
on fish is most expected for connectivity and at a larger scale, wher@éagcitebrate communities
local habitat degradation should prevail. So, in addition to this second hypothesisriguarise for
the geographic aspect.Does a general highland-lowland distinction cbetioigacts; in highlands
mostly measurable in habitat degradation, whereas for lowland regavesconnectivity aspects are
involved?

To deal with the hypotheses, an analysis is presented on a representat¢heaFrench river
network, for the largest river basin of the Loire River that is goeamel surveyed by a single
authority, offering a homogeneous set of data for both dams and biotic surveysatwbikn
Moreover, as dams and weirs on the French rivers are present for a lentiéraonsequences of
disconnection can be assessed without risk of delayed response; if tirtekés the consequences

of damming to impact on communities (Ormesbdl., 2010), by now these consequences should be
in place.

2. Material and methods

2.1 Study area and datasets

The Loire river basin covers a total area of 155,000 km? or 22% of Frentbryemihich makes it
one of the largest in Western Europe (see Figure 1). The Loire is more thaukrh,@0length and has
its source at 1,048 m altitude. With its preserved free-flowing ctearde main river has an
exceptional conservation value. The basin offers a stronghold for aradsenigratory fish species
for the European mainland, with a unique relic Atlantic salmon population. T¥eysdrriver
network consists of 17000km river length, divided in 4930 river segments homogéengeas
morphological characteristics. The splitting into these geo-morploallognits is based on a semi-
automatic sectioning that distinguishes changes in geological entitiergtf@m, sinuosity and
valley floor width (Chandesrigt al., 2008). Resulting river segments range from 1km on average for
small streams, up to 20km on average for large rivers. The gradatemngth conforms to the
increase in size of rivers and of their functional mesohabitatemntithis spatial framework allows
studying dam impacts (disconnection and impoundments) over the entire bagiaridently of geo-
morphological gradients and variation.

This hierarchical spatial framework was constructed for theseftench river network and is a
product of thenational hydromorphology audit system, SYRAH (Chandgsiis 2008). This
database also provides, for each of these river segments, informatiom oxatooal and
anthropogenic hydromorphological pressure variables at two spatiad(foalepstream catchment
and the local river segment), using suitable spatial data avaiediehe national territory. At the
upstream catchment scale land cover information was derived from thiNEQdRd cover database
(drawn from satellite imagery at a scale of 1: 100 000, with a minimum polyzmof5 ha,
http://www.eea.europa.eu/publications/CORO0-landcovarliocal river segment scale,
hydromorphological pressures were derived from the French geo-databasetsittpnecision (IGN,
RGE® databasdttp://www.ign.fr/institut/activites/referentiel-a-grandehelld. Moreover, it informs
on the risk alterations of hydromorphological processes. The hydro-morphologiablesand
alteration risk information collected in this study are summarizdaline 1.

Then, Information on dams was gathered over the Loire basin from the French ebistacitory
(ROE® database, finalized version November 20itp;//www.onema.fr/REFERENTIEL-DES-
OBSTACLES-A-D), that is produced by the national agency for water and aquatic environments
(Onema) andgives reliable information on the localization of dams.Mane&s8G0 dams are present
in the surveyed network according to the ROE® database, with a relagimeca of dams on the
downstream part of the Loire and its main tributary the Allier (see Fiure
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And finally, biological data was retrieved from the French national monitoritvgpnie which gives
information on of the water quality on a stabilised set of 1649 stationspa@tial glistribution of the
monitoring stations tries to achieve a type-selective and spatiabgavior a general quality
assessment. The local sampling site selection is intended to esemative for the overall biotic
guality of the specific river reach. We selected a set of atatltat correspond to a spatial and type-
specific distribution at the scale of theLoire River basin, and weegp@ineighbourhood criterion to
reduce spatial autocorrelation (nearest station in the network ivaneaged).. This resulted in a
network consisting of 211 invertebrate and 169 fish stations evenly disttibuér the hydro-
ecoregions and river types in the river basin.
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Figure 1. Localization of the Loire Basin with dams of national obstaclatome(ROE®) and fish
and benthic invertebrate sampling stations of the national monitoriwgnke

Table 1: hydro-morphological variables and alteration risk informata@mn 5YRAH database

hydro-morphological

Scale variable type Name Description
o percentage cover of urban land use class in CORINE cover

urbanisation data of the upstream catchment

upstream . . . percentage cover of intensive agricultural CORIN#&d cover

ressure

catchment P intensive agriculture classes of the upstream catchment

natural percentage cover of near-natural CORINE land colesses data
of the upstream catchment

Izzzln:;r?tr geography altitude elevation at downstream point of riverraegts
river slope slope of the river bed over the segment
valleyslope valley slope perpendicular to the river
Discharge mean annual discharge for gauging station or mpeeliction at

river segment level
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Sinuosity sinuosity of the river bed over the segme

channelstraightening percentage of straight reaches over the segmeighedby river
pressure type
percentage cover of infrastructure over ripariaffdowof three
river widths of the segment
percentage cover of urbanisation for the 100m iapavuffer of
the river segment
percentage cover of forest patches for the 30miapduffer of
the river segment
bedsubstrate alteration risk based on local re-démaing and
upstream sediment blocking
alteration risk to hydrological regime, based ostrgam
abstractions and reservoirs

riparian infrastructure
riparian urbanisation

riparianforestcover

bed structure
alteration risk

hydrodynamics

177
178

179 2.2 Construction of dam impact indicators

180 Indicators for dam impact in the river network at three distincedeakls were developed for the
181 appraisal of the distinct effects of dam presence to biota and computedHdrielogical station.
182 At the local level, four indicators were designed. First, the eleangnumber of damslém#) per
183 river segment, it is defined as follows:

184

185 (1) dam#= Nb,,,

186

187 whereNRamis the number of dams geo-localized by the ROE® database on the rivensegme
188

189 Second, the normalized density of dams which corresponds to the number of damspdrrknges
190 between 0 and 1. It is given by:

191
dam# - dam#
(2) Ddan¥# = - -
t maxdam#L
192  with:
193 damp, = Y9a¥

rs

194  wherel . is the length of the river segment in km mdarn#L the maximum dam density observed

195 over the entire surveyed network.

196

197 Third a slope-weighed measure for the normalizeddam density:
198

Ddam#
3) Ddam#, . = ——+
V SrS

199 whereS the river segment’s slope in percentage. This measure diminishefiukade of the

200 geographic setting to the dam impact: under lower slopes the dam taegeesmpounded sections.
201 This slope weighing gives a reliable estimate to the impoundedbimantihe absence of complete
202 data on the height of dams. For the analysis, it offers the opportunityitgdish between

203 predominance of habitat degradation impact by impoundment and the disconnection iegsasenh
204 Dby the obstacle density.

205

206  Fourth thenetwork distance to the nearest downstream dam, a measigredhahonly described in
207 literature(Cumming, 2004; Mus#t al., 2012), is defined as follows:

208

209 4) ,pdam=d

curv
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whered,, is the network (curvilinear) distance between the biological statidntee nearest
downstream dam. This distance is measured using dynamic segmentation tscivagable in ESRI
software.

At the regional scale, a series of true network indicators for dantylers constructed with a river-
adapted version of the Integral Indexof Connectivity (IIC) concept designBasciyal-Hortal and
Saura, 2006, Pascual-Hortal and Saura, 2008), usingdl tkEmetric. This metricaddresses the
contribution of an individual node to connectivity in the network accordingyteem descriptive
variable.

In our river network adaptation, network nodes correspond to river segmentse Eonnected
dendritic structure of the river network, a constrained connectivity sinagn be proposed, for which
each segment is regarded in relation to its surrounding segments @sthiction in distance. In such

network, dnetij corresponds to the topological distance betweeni ang| river segment. With

i D[J; N]Where N is the total number of river segments in the river network; jaﬁb[]; N(i)J

whereN, is the total number of neighbouring river segments to segmétitin a specified

topological distance inferior @ X . This maximum topological distance, defined by the operator, is
introduced in order to buildllIC metrics across different neighbour networks. Whenj then

dnetij
topological distance.

=0 , see Figure 2A for an illustration of spatial configuration of the riegment network and

From this spatial configuratiodl|Cfor a X river segment is given by:

HC oy =~ HC oo
— (I<i<N) (A<i<N,i£X)
) dIC, =100 C
(IsisN)

with

Ng

G @ .a,
1C _y Al

(%qSigx) — L
1= Ny

wherex, and X, D[:L' N], a is the descriptive variable — a segment-scale dam density measure he
for the river segmenﬂ,_N(i) the length of the considered neighbouring netwdlk ponders the

descriptive variable according to the topological distance: thehipe topological distance, the
lower the weight attributed to the descriptive variable in its cdloaldt ranges from 0 to 1 and
increases with higher connectivity, which depends on both the quality (accardimgdescriptive
variable) and the density (branchiness) of the river network.

dl1Cis the percentage of index value loss when the river segment is removed fromrtiieirmdex
calculation .ThedlIC measures the contribution of the individual segmérd twverall network
connectivity (Pascual-Hortal and Saura 2008). As the dIIC is a qualigumeedhe inverse dam
density of the segments was used in its calculation (and thus shows aneogigosit the analyses
compared to the other measures). Sepditd€values were calculated for the inverse dam density
Ddam# and the slope weighed dam denBiiam#, sin order to evaluate the dominance of
impoundment impact (if weighed measure prevails) over disconnection i(npeasured with dam
density). Furthermore, thedllCwas calculated for different distasfoestwork neighbours: with 5

neighbouring segmentsl(, x =5,dlICs) and witha more regional network, 10 neighbouring segments
(d.x=10, dIICyc). The dIIC values range from 0 to 10@ll]C = O in the hypothetical case that the
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given river segment does not contribute to the network). An illustratiahl@values fobdan¥,_ is
presented in Figure 3for each river segment of the Loire Basin.

The neighbourhood matrix for the upstream-downstream connections betweeagiients in the
networkis constructed with python using the network topology format provided by BEBR&e. The
ConeforSensinode 2.2 softwafa(ira and Torné, 20p@as used to calculate tithl Cvalues.

Finally, at the highest scale level, an indicator for the accuionlaf dams in the upstream river
network is calculated as the averaged segment dam density for thaipstieam catchment. For this
measure, all the segment’s dam densities have the same weight i@stconthedl | Cmeasure), and
the measure gives a relative measure of dam density for the entieauapbasin to the local site. At
this scale, only the slope weighed dam deng§lga(r#, s) was aggregated as follows:

N,
> danw g,

6 dam#t, .=+
( ) cumulu LS N

u
wheredan¥# s is the dam#, sfor the river segmenitand N, the number of upstream river

segment. This measure corresponds to the averad@na#, ;over the upstream catchment. Upstream
river segment are selected using the network topology format provideSRlysBftware.

Table 2 summarizes the description of each dam impact indicator and EBjpresents the spatial
footprint of dam density indicators on the river network at the diffeveales.
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Figure 2.Spatial configuration of river network for building dam indicabased on the geo-
morphological river segments and schematisation of dam indicatord spatiiaint for the different
scales (local, regional and upstream catchment scale). Numbeetatike to the topological distance
to the river segmentSee Table 2 for the labels ofindicators.



273
274

275
276

277

278
279
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

Author-produced version of the article published in Ecological Indicators (2014), vol. 37, p. 10-20
The original publication is available at http://www.sciencedirect.com, http://dx.doi.org/10.1016/j.ecolind.2013.10.006

Table 2: Dam impact indicators computed for each biological station

Scale Label Description
local river segment dam# number of weirs/damspgmsat
Neargd@m Nearest network distance to a downstream dam
Ddamst# number of weirs/damsper segment, divided by fiegth
weighed dam density for slope of river segment mel&ted to impoundment
Ddamsite h . "
impact (under lower slopes the dam creates lamypounded sections)
Individual segment’s contribution to the overaltwerk connectivity according
dliCsdams# ; : A
todam density for 5 neighboring river segments
Individual segment’s contribution to the overaltwerk connectivity according
dliICsdams#p . . : S
. to slope weighed dam density for 5 neighboringrrsegments
regional network o o . )
dIIC cdams# Individual segment’s contribution to the overaltwerk connectivity according
. todam density for 10 neighboring river segments
dIIC,dams#s Individual segment’s contribution to the overaltwerk connectivity according

toweighed dam density for 5 neighboring river segise

upstream catchment ¢ mudam#e Averaged slope weighed dam density of upstrearar sggments

2.3 Assessing hiotic integrity

To evaluate the general ecological quality, aspects of taxonomic cand@bundance for the biotic
communities are investigated. For our analysis we consider both thewattit general biotic
integrity indicators and the underlying metrics (see Table 3)hallsed metrics are constructed in
the same way for a type-specific evaluation of community composition. Bothehaloaulti-metric
biotic integrity indices as the constituting taxonomic or life histait-based metrics are conceived as
distance to a type-specific reference condition (for constructioMegady et al.,2012). This
application of reference-based metrics allows removing the principdeprstof spatial structuring
and autocorrelation of the data, as with these integrity metricsatieal community richness and
composition gradients are eliminated. With the construction of the sitdisped hierarchic spatial
indicators for dam density, and the type-specific distribution of the beallbignonitoring sites, the
problem of spatial autocorrelation is largely omitted. This was futéséed with correlation testing
for geographic context of altitude and bed slope.

For fish, a standardised protocol of biannual sampling has been in place &stBeé¢ars. A standard
electrofishing protocol is carried out during low-flow periods (MayeDer) to collect information
about fish assemblages in the monitoring network. The biotic index used irathaten of the
ecological quality is the French fish-based index for the assessmemrdfaalth (IPR) (Oberdortt
al., 2002). The national fish-based multi-metric index IPR is composed of a seenfrsetrics of
taxonomic richness, abundance, habitat and trophic guilds and pollution sensiigifiyable 3).
Macro-invertebrate data is collected following the national protocalimser with a Surber net
sampler(Archaimbault et al., 2005). Taxa are identified at the geweis(éxcept for Diptera and
Oligochaeta for which the family level is used) and based on bioldgaital and abundances of taxa,
the biological metrics are calculated for the sites. The Frendirmmetric index (12M2) is composed
of five metrics calculated at the reach level(Moedsl., 2012) (see Table 3).Metrics both for fish as
invertebrates are calculated based on the traits of the speciaslicite,

based either on richness or abundance of taxons, measuring the deviation betvadbserved and
the type-specific expected values. This reference-based approasHaygieach trait-based metric a
distance to reference condition for a site. Both for invertebrates afisifdihe data of 2009 were
selected from the database for each site.
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309 Table 3: Multi-metric indices for both macroinvertebrate and fishnconities
310

Community MUIIE’In_dn;imC Metrics metrics label

the relative abundance of multivoltine species in

the assemblage Polyv.
. - . Ovov.
the relative abundance of ovoviviparous species
. . - Shan.
Macro invertebrate 12M2 Shannon diversity index
species tolerance in original ASPT ASPT
score a measure of taxonomic richness TAX
Taxonomic richness NTE
number of rheophilicspecies NER
number of lithophilic species NEL
Fish IPR Abundance of tolerant species DIT
Abundance of invertivorous species Dl
Abundance of omnivorous species DIO
total fish abundance DTI
311
312

313 2.4 Statigtical analysis

314

315 Three successive statistical analyses were designed inomistinguish upon the elements under
316 question: whether the local or network impact of dam density prevails, wiigticipnal metrics of
317 the structure of the biotic communities explain more accurately the pdteatn effects of

318 community degradation, differentiate between impoundment habitat degradatidiseannection.
319  First, a straightforward correlative analysis is performed a/ttex bioticmetrics (see Table 2) are
320 confronted with the damindicators (see Table 3) and hydromorphological stresssures (see Table
321 1) using Spearman correlation testing.

322  Secondly, a multiple linear regression modeling (GLM) to determine ribregsh of the response
323  between biotic indices and dam density measures at the local, regidnglsiream catchment scale
324 is performed. The first indications in the correlation analygsiaed to select the metrics and

325 predictors that we integrate in the GLM. Moreover, the GLM migltipgression enables to

326  distinguish the variance explained by the different predictors at tleeatit scale levels.

327  Thirdly, as both the stressor and natural geographic context camuo#ltiee response,a residual
328 analysis to show the interference of both environmental and community cdonmddictors to the
329 dam response is performed. From the GLM multipleregressionfor theatbstiringest explaining
330 variables we will look in detail what factors of geography and hydromorphologgfarencing this
331 response, with a correlation analysis of the residuals for thisssgn.

332

333

334 3. Results

335 3.1 Local and network dam impact

336  Both for fish as for invertebrates significant relationships witialldam density are only present for
337  specific trait-based metrics and not for the global biotic integriices (see Table 4). The integrated
338 network measure of dam densityshows stronger correlations than theédocedensity also both for
339 fish as invertebrate metrics, indicating the accumulation of dam trmpte river network. For the
340 network measures some significant responses are observed for therglekatilPR and 12M2 as
341 well.The dam density showed no specific spatial structure and so no apadidrrelation confounds
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these results. With correlation testing we found no relationship withda@tfor dam density (R -0.04)
and only a minor correlation of density with bed slope (R 0.18).

For fish the strongest correlations are observed for the rheopdeliees metric NER and the
lithophilic species NEL. Both metrics correspond to the groups of (oftemtoig) species of free
flowing river reaches. For the NER and NEL metrics the network impagisthe strongest
responses. These responses are the same for slope weighed and non-weaghesspand in the
same order for network and local measures. For the density of omnivorous sp@cies @bserve a
local dam density impact. The insectivorous species DIl respond sigtlifita the non-weighed dam
density in the local network. The species richness NTE on the corgsgognds positive to network
dam density.

For macro-invertebrates response is only present for slope weighedesemsiigradually increasing
from local to larger network measures of dam density, a strong responséraitthased metrics of
multivoltinism and ovoviviparity is observed. Shannon diversity shows a szspense but less
pronounced for the network, whereas the ASPT sensitive taxa only show a raspgbesgetwork
dam density.

Table 4: Spearman correlation values for the fish and invertebratesyad multi-metric indexwith
the dam stressor indicators (N=179 for fish, N=211 for macro-inwetties). See Table 2 and 3 for
variable labels.* Significant correlations p<0.05.

) Upstream
Local Regional network catchment
. . IIC_dam# |IC_dam# s |IC_dam# s
Community Metrics dam# dam#_ dam# s Nearpdam VoI5 VoI5 voisl0 cumuiudam
IPR -0,08 -0,12 -0,14 0,10 -0,19* -0,21* -0,15% -0,11
NTE 0,03 0 0,05 0,07 0,05 0,15* 0,15* 0,19*
NER -0,12 -0,16* -0,21* 0,04 -0,26* -0,26* -0,24* -0,22*
Fish NEL -0,11 -0,15* -0,2* 0,17 -0,24* -0,29* -0,27* -0,27*
DIT 0,01 0 0,04 0,04 0,01 0,00 0,05 0,01
DIl -0,13 -0,14 -0,07 -0,01  -0,17* 0,10 -0,01 0,07
DIO -0,18* -0,19* -0,15* 0,03 -0,16* -0,02 0,07 0,05
12M 2 0,02 -0,01 -0,09 0,03 -0,01 -0,28* -0,37* -0,38*
Polyv. 0,01 0,01 -0,15% 0,01 0,01 -0,40% -0,43* -0,45%
Ovov. -0,02 -0,02 -0,19* 0,06 -0,02 -0,37* -0,50* -0,60%
Macro
invertebrate
Shan. -0,08 -0,09 -0,17* 0.07 -0,09 -0,20% -0,24* -0,13
ASPT 0,07 0,06 -0,04 0,01 0,06 -0,25% -0,38* -0,38*
TAX 0,08 0,03 0,08 -0,02 0,03 0,09 0,02 0,04

3.2 Disentangling disconnection and habitat degradation effect

The respective weight of effects of disconnection and impoundment to aeralmpact can be
discerned from the measured biological responses for the differenttpradiriables.

First, the difference in response to the slope weighed and non-weighed damrmieasityes
(Ddam#_s andDdam#_ respectively) can reveal impoundment impact. For fish the aspect of
disconnection plays a major role, as both for the local and network ctmaxbn-weighed and
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weighed measures showed the same response. For macro-invertebralbssitice of a response to the
non-weighed dam density indicates the prevailing impoundment habitat degraéfation e

Second from specific indicators for habitat alteration: the alberaisk of bed substrate and structure
and alteration risk to flow regime (hydrodynamics). Especially theliesied metrics for fish showed
different responses to the specific indicators for habitat alberalhe density of invertivorous (DII)
and tolerant (DIT) species at the local scale only respond to hydrodgnéBpiearman R 0.29 and
0.19 respectively), whereas the density of omnivorous species (DIO) only redpatisconnection
impact (same response to both dam density indicators). For the bed stihettreophilic and
lithophilic species metric responded the most significantly (NER: R @@N&L: R 0.31). NER and
NEL respond strongly to both disconnectionand habitat degradation.

For the macro-invertebrates the trait-based metrics ofovovitypadmultivoltinism also show
significant responses both to disconnection as local habitat degradatibadfstructure R -0.31 and -
0.23 respectively, for hydrodynamics only the ovoviviparity correlates R -0.2BeAdo¢al scale,
habitat degradation effect dominates, whereas in general the contatttenitpstream network is
crucial and dominates strongly the community structure and diversity.

3.3 Fish versus macro-invertebrate response

The regression for the strongest explaining fish metrics of NER and NEltheitslope weighed dam
density Ddanm#, ) at the three scale levels showed explained variances in the comsohit2 and
9%. The integrated local network indicator (IIC, Fig. 3) was the steasggnificant overall descriptor
for this regression (Wilk's lambda 0.92, F 6.72, p 0.0015).

Yet, the partitioning of the explained variance showed that for the iplomee, the explained fraction
is much larger for locdbdan#, (68% for NER and 61% for NEL), whereas the local network
Ddam#, sexplained respectively 25 and 33% for NER and NEL, and the upstream network
Ddam#, sonly accounts for less than 5% of the response (Fig. 4).
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dlic5Ddam#LS

— 0,0000 - 0,0080

—— 0,0081 - 0,0115

— 0,0116 - 0,0157
0,0158 - 0,0259
0,0260 - 0,3701
Loire catchment

| kilometers

Figure 3.The dlICvalues of each Loire Basin river segment, calculattedopological distance 5 and
slope weighed dam densitpdan¥, s), show the best connected local networks, least impacted by
damming. Higher index values occur when local networks show low dam densitiegland hi
connectivity (river network branch density).

Stronger results are observed for invertebrate metrics, wittharegplained variance for the trait-
based metrics of multivoltinism (19%) and ovoviviparity (25%) and here tlieeaps dam density
wmuuDdam#, g)is by far the strongest significant descriptor (Wilk’s lambda 0.99, F 47.29,0001).
TheymuuDdam# gmeasure on its own explained 70% of the response to dam density and nearly 18%
of the total variance observed for the macroinvertebrate traitivastrics.
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416

417  Figure 4. R? and explained variance by the slope weighed dam density ([Qdpeniscale for NER
418 and NEL fish metrics and ovoviviparity and multivoltinismmacroinvedebmetrics from linear
419 regression analyses. See Table 3 for metric labels.

420

421

422 3.4 Upstream-downstream responses

423

424  First observation for the correlations between the residual$iargkbgraphic and geomorphic factors
425 in Table 5 is that most of the fish residual responses are opposite téathosero-invertebrates.
426  For the fish-based metrics the only significant correlation betweemay#ogal variables and the
427  residuals is present with the altitude (R -0.18). This negativeaesiiip with altitude reveals that the
428 fish community response is the clearest in higher parts of the risier.®aput the other way: in the
429 plains the fish communities respond less clearly to damming and impoundmenpyohetly due to
430 confounding presence of many other stressors.The NEL metric shows high f@lbed structure,
431 indicating its strong response to local bed substrate and profile.

432  The residuals for the invertebrate response to dam density show eaigrabrrelation to altitude,
433 slope and naturalness of the catchment; but this time a positive comreldte response of the

434  invertebrate communities is less clear upstream than downstream.difinlisyn and ovoviviparity
435 only respond downstream. The response of multivoltinism and ovoviviparityesetif with respect
436 toriver strahler order; negatively correlated for multivoltinism andtigely for ovoviviparity.So, the
437  response of the multivoltinism metric is more pronounced in the lexges. Ovoviviparity in

438 contrast, shows a clearer response for the small lowland streams.

439

440

441 Table 5: Spearman correlation ranking between the geographical and geoowicathehriables and
442  the residuals of the regressions of the trait-based metrics withetlstope weighed dam density
443 measure (Ddamg). See Table 1 and 3 for variable labels.

444
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Fish Macro invertebrate
Residuals Residuals Residuals Residuals
NER NEL Ovov. Polyv.

Altitude -0,18* -0.16* 0,55* 0,42*
Strahlerorder 0,10 0.11 0,19* -0,13*
River dope -0,09 -0.10 0,30* 0,36*
Natural -0,12 -0.08 0,40* 0,36*
Channel straightening 0,09 0.05 -0,03 0,01
Bed structure -0.27* -0.31* 0.31* 0.22*
Riparianforestcover 0.07 0.01 -0.01 0.07
Hydrodynamics 0.10 0.07 0.24* 0.16*

4. Discussion

4.1 Strength of responses

Where we observe significant relationships between the biologitadmand dam density,
nevertheless the presence of dams only explains a minor fraction ofidregarbserved for these
metrics in our dataset. Reasons for this weak explicative power thiefirst place the large scale
data used in this analysis, with many sources of variance of both naturalnaaa dwigin and a
sampling that mostly avoided immediate dam influences, which hampers thigatien of direct
causal relationships. Moreover, stations are retrieved from tbaahthonitoring network which is
not designed to evaluate dam presence. For that purpose a specific s@liofssitas should be
established, with the distinction of dam functionalities and charaaterig dam height and
impounded section. Second confusing element to the detection of dam impagtrestree of
multiple stressors in the river basin, with water pollution undoubtedly asaaase of injury.

Nevertheless these low values of explained variance (R2 max ~ 1Z&hfand 25% for macro-
invertebrates) for the stress response correspond to documentedmatesponses to alterations and
human stressors in literature. In a similar analysis of Australiarsrbgsed on macro-invertebrate
data (Bustet al., 2012), a stronger response was detected downstream (with 5.3% of the variance
explained by human pressure) than upstream (with only 1.1% explained variance&méhekies

and conformity of macroinvertebrate response to human stressorsedduitite lower reaches was
observed by Yuan (2010). Wang et al. (2011) show significant responses for boti gehegical
integrity measures and for specific habitat indicators, with dapadct explaining 20% of the variance
for the indicators in their data, as otherco-varying aspects wereedkebeth linked to size, hydro-
regime and water quality stressors.

As in other studies of damming impact, no significant effect is evidenc@eares diversity measures
(Maynard and Lane, 2012). Yet, a significant decrease is observedtfbaed metrics that prove
more relevant to identify specific stressors to aquatic commu(iesks et al., 2011; Wooster et al.,
2012; Vaughn 2012). Conform to the hypotheses, specific responses of the functiocal tméte
spatially explicit dam density measures allow distinguishing impat¢ésand effects (habitat
degradation and disconnection). Both the hypotheses find partly positive aimsthesse observed
relationships: network impact proves more important than localhtaipacts for the invertebrate
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community, but not for the fish metrics. On the other hand disconnection impeatipin fish
response whereas habitat degradation dominates the macroinventebpainse. The hypothesis of the
scale-effect in disconnection impact with respect to mobility fepeetively fish and invertebrates
does not appear as straightforward in the observations.

4.2 Impact in the network

The overall community response is more significant to dam gemstsured at the regional scale
level than for the individual reach. Our observationsarefor this aispagteement with the conclusion
of Musil and colleagues for fish communities (Mugilal., 2012). In their analysis of 54 sites, fish
biotic indices responded strongest to an integrated measure fodelasity with respect to the
distance to the site. In a similar study, Eros and colleaghewed that the larger the connected
network without obstacles, the higher the conservation valuéish populations (Eros et al., 2011).
Wang et al. (2011) concluded for fish population integrity to be infle@rizy the dam density
downstream and upstream of a site. Here we observed this cumulativork impact for both fish
and invertebrate communities and we go a step further everpliairérg this network aspect by
disentangling habitat degradation from connectivity aspects irefiponses, and by linking specific
responses to the geographic context of upstream-downstream and mountainand-t@tiing.

Where for fish no differentiation of the effect is observedwben upstream and downstream
accumulation (same response for IIC and upstream accumulationyndoroinvertebrates the
strongest response was clearly for upstream dam densityreWhanming (2004) observed the
strongest impact on fish communities of downstream dam denwitydigtance; here we observed
neither for fish nor for macroinvertebrates a significanectffor distance to the nearest downstream
dam. Yet, the absence of a fish response to the upstream basixt camforms to the statement of
Cumming, that for fish connections are either locally in twbthctions, or for migratory species the
downstream context is most relevant. As we did not distinguish igr@tory species in our metrics,
no specific response to downstream connectivity is observed.

4.3 Specific responses of biotic communities

First observation is that general taxonomic richness and divardites do not respond to dam
density measures, neither for fish (NTE taxonomic richness and DTI taxonweisityi), nor for
invertebrates (Shannon diversity and taxonomic richness). Same countstfanetric biotic

integrity indices, which are constructed to detect general degradattr@se unable to identify
specific stressors or pressure gradients. As significantaeips are only present for specific trait-
based metrics and not for the global biotic integrity indices, thaédpléor the application of specific
metrics, more than the generalized multi-metric indices. As danatidies can both result in
increased metric values (f.i. for overall species number mostly) aad#ebnotes (for rheophilic
species), the multi-metric indices do not respond consistently to the'mnepeas associated with
damming.

Based on these observed specific responses, selections ofmetric gmobesdaentified among the
trait-based metrics for specific questions (detecting alteratiolt®w-up of restoration,...). For the
expression of the local environment and habitat quality the trait-baseédswdtNEL, DIT and DII
can be considered, whereas for connectivity aspects the metrics DIO Rnar&lEost susceptible to
respond. The number of rheophilic species (NER) responds both to disconnedtiooah habitat
degradation, and the number of lithophilic species (NEL) shows a respattisednnection as well.
For macroinvertebrates the two trait-based metrics responded bothttd Hafradation and
disconnection.

Where all above discussed responses are general, the observed igatditships to the geographic
context are probably specific to the chosen dataset, and thus to theikeirbasin. A geographic
differentiation was present in both groups. For the fish community thenss is the clearest in the
upstream parts of the basin. This geographic distinction is also oth$emther fish studiesand
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534 accredited to a trade-off between contactand diversityand furtheetmtite absence of interference
535  with others stressors upstream(Hitt and Angermeier, 2008).

536

537  The macroinvertebrate communities reflect more clearly the dam tisnppaitie lower parts of the

538 basin. For the downstream invertebrate communities more mass eféeatptay, and the

539 relationship with the perturbations is clearest for the abundancegeniddly for the dominance

540 ofeurytope,multivoltineand ovoviviparous species. The response of tietiudism metric is more
541 pronounced in the larger rivers asthis trait ofmultivoltinismdstbest themass effects. Whereas the
542  ovoviviparity in contrast shows a clearer response for the little lovéltedms, as it is a metricthat is
543 most sensible tohabitat degradation. This differentiation shows thercoiyféor these responses to
544  findings for riverine ecosystem structuring (Brown and Swan, 2010yireféo the metacommunity
545 mechanisms (Leibolet al., 2004), with downstream more mass effect relationships and regional
546 forces dominating, whereas in more upstream parts community assemblage dsinen by species
547  sorting mechanisms due to varying environmental conditions.

548

549 4.4 Conclusions and recommendations

550 Our analysis over the Loire Basin confirmsthat the impact of dams onotieedgimmunities is

551  stronger at the regional than just at the local scale. With the furidiiahanetrics and the spatially
552  explicit dam density measures the impact scales and effects ot lgigitadation and disconnection
553 could be discerned.

554 To management strategies and restoration options we can conclude tipatfeam reaches the local
555 habitat quality prevails and local restoration measures or dam remauag caiccessful. For

556 downstream sections on the other hand, the presence of multiple stressbesdomibance of mass
557 effects in biotic communities, imposes to look to the broader context atal spate. Restoration
558 efforts will fail if we do not evaluate the need for contact betwedoreg®n site and regional pools,
559 particularly for the restoration of communities that rely on the coritfhuaof individuals to and

560 from regional dispersal pools like the invertebrates (Palmer 98i7, Spaenhoff and Arle, 2007).
561 Local restoration efforts have moreover proven insufficient in lesvlavers with multiple stressors
562 (Jaehniget al., 2010;Stranko et al., 2012). So, for downstream sections focus must be on connectivity
563 and more comprehensive approaches to restoration on larger water¢bedrgcaeeded.

564
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