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Abstract

The ecological quality of the Andorran streams was assessed in 1998-1999, based on the survey of the water chemistry an
the benthic macroinvertebrate assemblages. Two types of modification of the water quality were observed in the Andorran rivers:
(i) a progressive degradation along the longitudinal gradient with a chronic degradation in the lower water djuass=agonal
modification in the mid-elevation sites. Two responses of the benthic macroinvertebrate assemblages to these disturbances we
observed: an extreme simplification of the composition and a change of the trophic structure of the assemblages in the more
impacted sitesTo citethisarticle: Y. Younes-Baraillé et al., C. R. Biologies 328 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Effet des modifications longitudinales et saisonniéres de la qualité des eaux sur les communautés d’'invertébrés benthiques
dans lesriviéres andorranesUne étude de la qualité écologique des riviéres andorranes, basée sur le suivi de la composition physi-
cochimique de I'eau et I'évolution spatio-temporelle des communautés de macroinvertébrés benthiques a été menée en 1998-19¢
Deux types de modification de la qualité de I'eau ont été observées dans les rivieres andoiryamesdggradation progressive
vers I'aval aboutissant & une pollution chronique dans la zone aval des cours deades perturbations saisonniéres dans les sites
de moyenne vallée. Deux réponses des communautés de macro-invertébrés benthiques a ces perturbations ont été observées :
extréme simplification de la composition et une modification de la structure trophique de ces communautés dans les sites les plu
perturbésPour citer cet article: Y. Younes-Baraillé et al., C. R. Biologies 328 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction Andorran streams and to identify the impacts of these
changes on the benthic macroinvertebrate assemblages.

Mountain hydrographic systems are characterized by Results are discussed taking into consideration the sea-
steep slopes and low water temperatures. Comparedsonal tourism activities.
to lowland rivers, the impact of sporadic pollutions
on the benthic fauna in mountain streams follows a 5 Methods
different pattern, mainly because dissolved oxygen is
not a limiting factor. Moreover, pollution is usually
rapidly washed downstream and diluted by tributary
supplieq1].

Several works have been carried out on the impact Andorra is a small landlocked country between
of man-induced disturbances on benthic macrofauna in France and SpairF{g. 1). Its altitude ranges between
alpine streams, i.e. in the Austrian torref2s3], and in 840 m and 2946 m. The Andorran hydrographic net-
the Pyrenee$d], however few specifically on the sea- work is organized around two main rivers located on
sonal impact of tourism. In 1975, Lafofb] studied the Spanish slope: the Riu Valira d’Orient and the Riu
the impact of the wastewater discharge from the ski sta- Valira Del Nord ig. 1). The first crosses Andorra from
tions on streams of the French Alps and Jura Mountains. east to west, the second from north to south. They join
In Andorra, two studies were conducted on the higher in Andorra la Vieilla, the main city of Andorra, and be-
course of the Ariége River to assess the impact of the ski come the Riu Gran Valira, a tributary of the Rio Segre
activities and the impact of the sewage treatment plant (Ebro’s catchment). Twelve out of the 13 sampling sites
of the city Pas de la Case on Diatofig$, and on Chi- were located on this hydrographic unit. The site of Pas
ronomid population§7]. Prat et al[8,9] conducted an  de la Case is atypical, because located on the Pyrenees
extensive survey of the physicochemical composition of French slope on the Riu Arieja and downstream the first
the Andorran streams with special attention to eutroph- wastewater treatment plant built in Andorra. Geograph-
ication processes. Data on the ecology of the Plecopterajcal and morphological characteristics of the studied
and the Ephemeroptera and on the factors determiningsites are given iffable 1with additional information
the distribution of some Diptera within the Andorran about the type of anthropogenic impact affecting each
hydrographic network are also availafl®,11} site. Sites located in the upper course of the streams are

The Andorran economy is mainly based on the sea- exposed to ski activities. Most of the sites located in the
sonal tourism, ski in winter and mountain hlklng in sum- mid and low courses of the streams are exposed to the
mer. The permanent population of Andorra, mainly ur- discharge of domestic sewages (cities, ski resorts and
ban, is of 65877 inhabitants (population census 2000). camping areas) and to mechanical disturbances caused

regular increase (4.3% between 1990 and 2000) and a

strong seasonal variability (11 million tourists in 2000;
source: tourist information of Andorra). In winter, the
frequentation of the snow sport stations generates an in-
crease in wastewater discharges (about 336 438 tourists Nine physicochemical variables (temperature, pH,
in February 1999 at the city Pas de la Case, correspond-conductivity, COD, BOD, nitrate, nitrite, ammonium
ing to the maximum number tourists for the period of and phosphate) were measured weekly from Septem-
winter school holidays) and in summer, mountain hik- ber 1998 to December 1999 by the Medi-Ambient De-
ing, hydrothermal curing and commercial tourism due partment of Andorra. Except for temperature, measured
to the duty free zone status of Andorra also strongly in- in situ, the other physicochemical analyses were con-
crease the production of wastewater (644 267 tourists in ducted at the laboratory according to a normalized pro-
August at Pas de la Case in 1999, corresponding to thetocol.
maximum number tourists for the summer period, and  The benthic macroinvertebrates were sampled in au-
179508 tourists in November at Pas de la Case in 1999,tumn 1998, winter 1998/1999, summer 1999 and au-
corresponding to the minimum number tourists for the tumn 1999 in each sampling sites. At each site, eight
other periods). As a consequence, the ecological func- subsamples were taken using a Surber net (200 pm mesh
tioning of the Andorran rivers is disturbed. size, sampling area of/20 n?), according to the mi-
This study aims to describe the longitudinal and sea- crohabitat diversity). All the collected specimens were
sonal changes of the water chemistry composition of the counted and the family level was retained for this study.

2.1. Sudied sites

2.2. Data collection
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Fig. 1. Map of the hydrographic network of Andorra and location of the sampling sites.

2.3. Satistical analysis sample density in order to allow comparability between
samples. The working matrix was of 416 samples by 43
Three approaches were combined in order to analysetaxa. Between-analyses required a pre-ordination of the
the following data. sites by an ordination methdd3,14] A standardized
(1) An analysis of the inter-date inertia (between- principal component analysis (sPCA) was performed
analysis[12]) was conducted on both physicochemi- on the physicochemical variables and a correspondence
cal and biological datasets. This analysis allowed us analysis (CoA) was conducted on the fauna variables.
to focus on differences between sampling dates with-  (2) An analysis of the community structure based
out excluding the spatial dimensi¢t3,14] The matrix on the taxa richness, on the Fish#6], Shannor{17],
of physicochemical parameters was built using the data Simpson [18], and Margalef[19] diversity indices,
recorded in the four weeks prior to the invertebrate sam- and on the Shannon equitability indg¢k7]. A func-
pling, in order to detect the modifications of the struc- tional feeding group analysis was also performed.
ture of the faunal assemblages due to prior alteration The taxa were classified into five functional feeding
of the water quality. The four single records were aver- groups: predators, filtering collectors, gathering collec-
aged. The final matrix was of 52 samples by nine pa- tors, shredders, and scrapers, according to the Cum-
rameters. The matrix of benthic macroinvertebrates was mins’s categorisatiof20,21]
built using densities of taxa. Taxa represented by fewer  (3) The third approach was to calculate two bio-
than 10 specimens recorded over the study were pre-logical quality indices expressed in quality classes, i.e.
viously removed from the matrix in order to overcome the Frenchndice biologique général normalisé (IBGN)
the strong dependence of ordination methods on sin-[22], used in routine by the French water agencies in
gle outlier speciefl5]. Data were standardized by total the monitoring programs, and the modified Biological
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Geographical and morphological characteristics of the study sites. Types of disturdaraceghfopogenic wastewater discharg@,ngechanical

disturbances due to the development of the tourism infrastructures

Sites Grau Roig El Tarter Canillo Encamp Escaldes Margineda Frontera
Code Gr Et Ca En Es Ma Fr
Stream Riu Valira d'Orient Riu Valira d'Orient Riu Valira Riu Valira Riu Valira Riu Gran Valira Riu Gran Valira
d’'Orient d’'Orient d’'Orient
Latitude North 423153 42234547 42°3406" 4223149 4223073 4202894 42°26'14"
Longitude East 941'50” 1°3823" 1°36'36" 1°3414" 1°3332’ 1°29'56" 1°28'30”
Altitude (m) 2100 1700 1400 1240 1120 940 850
Distance to the 3.2 9.7 16.1 20 22.9 28.9 35.1
source (km)
Stream order 3 4 4 4 4 5 5
Width (m) 6 9 5 6 5 10 10
Depth (cm) 20-30 50-60 40 50-60 50-60 50-70 50-70
Main Ski Ski - Building site/ Cement Trade tourism  Building site/
influencing trade tourism sewage trade tourism
activities
Types of 1 1 1 land2 1 land?2 land2
disturbance
Sites Castellar Cortinada Arinsal Massana Pont San Antoni Pas de la Case
Code Cs Co Ar Ms Ps Pc
Stream Riera de Tristana  Riu Valira Del Nord Riera Riera d’Arinsal Riu Valira Del Nord  Riu Arieja
d’Arinsal
Latitude North 423757 42°3411" 42°3439" 4203103 4203131 42°3256"
Longitude East 930'35” 1°3718" 1°2848" 1°29'34" 1°3715" 1°4406"
Altitude (m) 1960 1340 1530 1380 1120 2060
Distance to the 4.1 12.0 4.9 8.2 18.6 2.4
source (km)
Stream order 4 5 4 4 5 3
Width (m) 7 11 4 5 9 6
Depth (cm) 15-20 25-30 20-30 20-30 40-50 20-30
Main influencing  Mountain hiking  Fish farm/camping Ski Mountain Building site Ski/trade tourism
activities areas hiking/building
site
Types of 1 1 1 land2 2 1

disturbance

Monitoring Working Party(BMWP’) [23], adapted for
Spanish rivers.

3. Results
3.1. Ordination of the studied sites

The two inter-dates analyses, performed respectively

on the physicochemical and invertebrate datasets, sim-

ilarly classified the 13 studied sites into four groups:

group 1, Castellar-Grau Roig—Arinsal; group 2, Corti-

nada—El Tarter—Massana; group 3, Canillo-Pont San
Antoni—-Encamp; group 4, Escaldes—Margineda—Fron-
tera—Pas de la Casé&ig. 2A and B). Only the site

El Tarter shifted from group 2 to group 1 and the site Es-
caldes from group 4 to group 3 in the ordination based
on the abiotic variables by comparison to the ordination
based on the biotic variables. In both analyses, the total

amount of variance explained by the two first axes was
more than 70% with more than 55% explained by the
first axis and less than 20% by the second axis. Groups 1
and 2 (upstream sites) were separated from group 3 and
4 (mid course and downstream sites) along the F1 axis
and groups 1 and 4 were separated from groups 2 and 3
by the second axis={g. 2A and B). The projection of the
physicochemical variables on the factorial plan of the
sPCA showed that the values of all the parameters were
higher in the downstream siteSi¢. 2C). Sites from the
mid-course of the streams (group 3) exhibited the higher
values of organic disturbance (BOD, COD) as well as
of reduced forms of nitrogen compounds (NOand
NH4™). Sites from the lower course (group 4) exhibited
the higher values of conductivity, nitrate and phosphate
contents Fig. 2C). The inter-seasons analysis separated
on the F1 axis autumn samples from winter and sum-
mer samples with 45% of explained variance. Samples



Y. Younes-Baraillé et al. / C. R. Biologies 328 (2005) 963-976 967

2:16.9% 35
(54 H29
-38

%

%U ps'tream \

R

Low seasonal
variability

F1:67.1%
Downstream

High seasonal

variability

Low seasonal
ariability

F2: 14%|

pH

Conductivity

Downstream

Ammonium

‘: Season cycle

Fig. 2. Factorial map of the inter-date analys&}lfased on the physicochemical variabl&, lfased on the faunistic variables (full names of the
sites are provided ifiable J), (C) projection of the physicochemical variables on the factorial map of the standardized PYJActorial map of
the inter-season analysis based on the faunistic Aatutumn,W: winter, S: summer.

from autumn 1998 and summer 1999 were separated on0.37 mg ! in sites from group 2, 0.34 to 0.82 mgf

the F2 axis to samples from autumn and winter 99, with in sites from group 3 and 0.43 to 0.97 mglin sites

41% of explained variancé-{g. 2D). from group 4. The standard errors on the mean (SEM),
The analysis of the physicochemical data showed in- calculated on the weekly measurements of the physico-

creasing values for all the parameters from upstream chemical variables, were higher for all the parameters

sites to downstream site$gble 2. in the sites from group 4, especially in Pas de la Case
Mean values of conductivity ranged from 49 to (Table 9. Sites of group 3 exhibited the highest SEM

69 pScnt! in sites from group 1 and from 110 to values for conductivity, BOD and ammonium, followed

268 uScm? in sites from group 4. The same pattern by those of groups 2 and 1.

was observed for the organic compounds with for exam-

ple mean values of BOD ranging from 0.2 to 0.7 my | 3.2. Structure of the communities

O, in sites from group 1 and from 1 to 4 mgli O, in

sites from group 4. For the nitrogen compounds, means  Values of taxa richness, diversity and equitability in-

values of ammonium ranged, for example, from 66 to dices decreased downstredhalfle 3. The sites located

147 pg it in sites of group 1, from 54 to 373 ugd upstream, i.e. Grau Roig, Castellar, and Arinsal, shel-

in sites of group 2, from 430 to 553 pgl in sites tered respectively 25, 22 and 27 families, whereas only

of group 3, and from 525 to 67 700 pgH in sites of 19 families were recorded at Frontera and only 12 below

group 4. Similarly, mean values of phosphates ranged the wastewater treatment plant of Pas de la Case. The

from 0.12 to 0.17 mg1! in sites from group 1, 0.19to  sites of group 1 had values of indices of diversity rang-
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Table 2

Average values, SEM (standard error on the mean), minimum and maximum values for the nine physicochemical parameters measured. Grou
according to the between analysi$) & upstream nonpolluted site®)(= little polluted sites, 8) = downstream polluted site4) = strongly

polluted sites

Sites Temperature pH (pH  Conductivity COD BOD Nitrate Nitrite Ammonium Phosphate
(group) (°C) unit) (Scmly  (MgO; (MgQO; (MgN-NO3 (WgGN-NG; (MgN-NH;  (mgP-PQ
-1 -1 ) -1 -1 -1

Gr (1) Average 5.8 7.49 49 43 05 191 9 90 014
value
S.E.M. Q056 003 2 Q6 0.2 0.19 2 23 002
Minimum 1.0 7.6 39 30 0.1 0.1 5 50 01
value
Maximum 11.3 7.9 82 50 0.1 22 5 100 01
value

Et (1) Average 5.2 7.36 69 81 17 113 15 373 ®7
value
S.E.M. Q47 003 4 10 0.4 0.16 3 115 0098
Minimum 2.3 7.1 40 70 0.1 13 5 100 01
value
Maximum 10.6 7.6 93 140 5.0 13 20 800 06
value

Cs (1) Average 5.7 7.41 55 43 0.7 0.93 12 147 (0114
value
S.E.M. 051 003 2 Q9 0.3 011 4 34 0024
Minimum 4.0 75 44 30 0.1 13 5 50 01
value
Maximum 125 7.6 66 80 0.1 18 5 1600 (07
value

Ar (1) Average 8.3 8.02 67 49 0.2 0.36 23 66 012
value
S.E.M. Q048 004 4 19 0.1 0.08 3 10 0019
Minimum 6.6 81 32 20 0.1 0.1 10 50 01
value
Maximum 15.8 86 93 50 0.1 0.1 50 50 01
value

Co (2) Average 7.0 7.59 73 25 17 116 27 54 019
value
S.E.M. Q50 003 2 Q4 0.9 0.10 17 2 0045
Minimum 4.7 7.9 42 Q1 0.1 0.1 5 50 01
value
Maximum 135 8 85 50 0.1 13 5 50 02
value

Ms (2) Average 8.3 8.02 164 40 12 183 16 181 @®0
value
S.E.M. Q48 004 6 Q8 0.5 011 5 51 0042
Minimum 6.6 81 36 Q1 0.1 01 5 50 01
value
Maximum 15.8 8.6 202 70 0.1 18 5 50 10
value

Ca(3) Average 6.8 7.97 207 54 24 3.50 51 493 B2
value
S.E.M. Q45 005 10 06 0.7 0.18 9 79 0359
Minimum 4.3 81 82 120 30 4.4 20 500 03
value
Maximum 11.0 83 284 140 27.0 5.7 30 2600 ®
value

En (3) Average 6.8 7.93 196 88 43 337 43 553 (0715}
value
S.E.M. Q51 004 9 10 0.7 0.18 6 132 0062

(continued on next page)
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Table 2 €ontinued)

Sites Temperature pH (pH  Conductivity COD BOD Nitrate Nitrite Ammonium Phosphate
(group) (°C) unit) (Scmly  (MgO; (MgQO; (MgN-NG3 (UgN-NG  (ugN-NH;  (mgP-PQ
() -1 s} () -1 -1

En (3) Minimum 6.4 7.8 92 140 0.1 57 60 100 (024
value
Maximum 125 83 259 60 3.0 57 140 800 ®
value

Ps (3) Average 8.4 7.87 149 98 2.7 2.38 44 430 4
value
S.E.M. Q48 010 6 10 0.4 011 7 58 0031
Minimum 8.3 7.3 96 80 01 18 5 50 03
value
Maximum 15.0 8.2 190 130 7.0 26 120 800 (05}
value

Es (4) Average 6.6 7.85 110 64 10 210 63 525 ™3
value
S.E.M. Q56 006 8 Q6 0.2 0.17 13 155 0106
Minimum 4.4 7.7 93 70 01 22 60 200 02
value
Maximum 139 87 326 170 20 4.4 60 500 25
value

Ma (4) Average 8.3 755 152 14 6.0 2.87 154 1503 @1
value
S.E.M. Q52 003 7 12 10 0.18 36 252 0069
Minimum 4.0 7.4 116 70 4.0 22 140 900 ®
value
Maximum 14.7 77 175 440 260 4.0 160 4200 10
value

Fr(4) Average 8.7 7.65 155 1% 4.0 315 142 798 ®1
value
S.E.M. 053 004 5 25 05 017 18 118 40
Minimum 6.7 7.6 105 70 0.0 31 20 50 04
value
Maximum 13.6 82 205 230 20 35 330 1300 ®
value

Pc (4) Average 6.4 7.42 268 167 7.0 2.65 82 10379 ®7
value
S.E.M. Q45 004 21 23 12 0.25 14 2042 ®79
Minimum 0.3 6.1 67 Q1 0.1 0.1 5 50 01
value
Maximum 135 79 706 670 44.0 145 560 67700 33
value

ing between 0.14 and 4.53; between 0.42 and 0.74 for the indices of structure, between 2 and 11 for the IBGN
the indices of structure, between 13 and 15 for IBGN in- index, and between 7 and 62 for the BMW\irdex.

dex and between 73 and 139 for the BMViRlex. The Regarding the seasonal variability of the faunistic in-
values for the sites of the group 2 were ranging between dices, no seasonal trends were observed for the sites lo-
0.12 and 4.05 for indices of diversity, between 0.19 cated in upper (group 1) and extreme low course (Fron-
and 0.79 for the indices of structure, between 11 and tera and Pas de la Case) of the streams, while diversity
16 for the IBGN index, and between 105 and 126 for and equitability indices were lower in summer and win-
the BMWP index. The values for the sites of the third ter in the sites located in the middle course (group 3
group were ranging between 0.06 and 2.94 for indices and Massana in group 2) and in the low course (Mar-
of diversity, between 0.02 and 0.48 for the indices of gineda and Escaldes) of the streaifeie 3. Pollutant-
structure, between 2 and 14 for the IBGN index and be- sensitive taxa, such as Athericidae and Rhyacophilidae,
tween 16 and 188 for the BMWIHhdex. The values for ~ were present at the upstream sites: Grau Roig, El Tarter,
the sites of the group 4 were ranging between 0.02 and Castellar, Cortinada and Arinsal, and disappeared com-
1.53 for indices of diversity, between 0.01 and 0.20 for pletely in the downstream site§agble 4. The Ple-



970 Y. Younes-Baraillé et al. / C. R. Biologies 328 (2005) 963-976

Table 3
Number of taxa, Fisher, Shannon, Simpson, and Margalef indices of diversity, equability and biological index values at each site and each seasc
(Water quality classes are indicated into brackets after the biological index values)

Sampling Dates Taxa no. Fisher ~ Shannon Simpson Margalef Equitability IBGN BMWP
sites index index index index
Pas de la Autumn-98 4 053 016 096 015 008 2 (HC) 7(V)
Case (Pc)

Winter-99 5 068 004 099 004 002 2 (HC) 13 (V)

Summer-99 8 ®0 007 099 007 002 3 (HC) 28 (IV)

Autumn-99 5 049 005 099 004 002 2 (HC) 21 (Iv)
GrauRoig  Autumn-98 14 01 266 211 264 Q70 13 (1B) 73 (I
(Gn

Winter-99 16 269 294 016 289 074 14 (1B) 99 (II)

Summer-99 20 30 253 034 247 058 15 (1B) 132 (1)

Autumn-99 18 296 275 022 270 066 14 (1B) 114 ()
El Tarter Autumn-98 21 202 251 032 248 057 15 (1B) 111 (1)
(Et)

Winter-99 17 272 200 038 196 049 13 (1B) 79 (1)

Summer-99 23 350 189 038 186 042 13 (1B) 119 ()

Autumn-99 24 b2 200 044 198 044 15 (1B) 133(l)
Canillo Autumn-98 13 164 095 074 094 026 13 (1B) 61 (Il
(Ca)

Winter-99 15 226 120 060 118 031 13 (1B) 61 (Il

Summer-99 16 5 191 038 186 048 10(2) 77 (1)

Autumn-99 17 232 062 082 061 015 13 (1B) 81 (Il
Encamp Autumn-98 11 161 149 048 147 043 12(2) 48 (lll)
(En)

Winter-99 11 134 034 091 033 010 5(3) 50 (I11)

Summer-99 6 ®7 023 094 022 009 2 (HC) 16 (IV)

Autumn-99 13 167 063 081 062 017 12(2) 57 (Il
Escaldes Autumn-98 9 159 062 084 058 020 4 (HC) 35 (IV)
(Es)

Winter-99 4 055 007 099 006 003 2 (HC) 7(V)

Summer-99 9 ®7 018 094 017 006 3 (HC) 31 (V)

Autumn-99 4 051 012 097 012 006 2 (HC) 12 (V)
Margineda  Autumn-98 6 072 009 099 008 003 11(2) 26 (IV)
(Ma)

Winter-99 7 102 014 097 013 005 3 (HC) 20 (IV)

Summer-99 7 a3 005 099 005 002 3 (HC) 16 (IV)

Autumn-99 8 101 017 096 016 006 5(3) 36 (II1)
Frontera Autumn-98 14 165 027 094 027 007 5(3) 62 (1)
(Fn)

Winter-99 6 066 003 100 002 001 2 (HC) 13 (V)

Summer-99 7 a7 012 098 011 004 4 (HC) 16 (V)

Autumn-99 9 106 023 094 023 007 4 (HC) 35(1V)
Casteliar Autumn-98 18 23 281 019 275 067 14 (1B) 103 (1)
(Cs)

Winter-99 14 25 277 020 273 073 13 (1B) 85 (1)

Summer-99 19 21 152 060 149 036 14 (1B) 114 (1)

Autumn-99 20 D1 283 019 280 066 14 (1B) 114 (1)
Cortinada Autumn-98 22 405 351 012 343 079 15 (1B) 124 (1)
(Co)

Winter-99 24 359 198 042 195 043 16 (1B) 140 (1)

Summer-99 20 24 239 028 235 055 15 (1B) 105 (1)

Autumn-99 24 1 246 031 245 054 16 (1B) 1601

(continued on next page)
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Table 3 €ontinued)

Sampling Dates Taxa no. Fisher ~ Shannon Simpson Margalef Equitability IBGN BMWP
sites index index index index
Pont San Autumn-98 18 84 196 039 193 047 14 (1B) 188"
Antoni
(Ps)
Winter-99 7 078 006 099 006 002 3 (HC) 28 (IV)
Summer-99 16 34 136 063 128 034 9(2 80 (1)
Autumn-99 16 199 026 094 026 007 13 (1B) 90 (Il
Arinsal Autumn-98 20 23 178 046 179 042 15 (1B) 132 (1)
(Ar)
Winter-99 19 310 251 025 247 059 14 (1B) 99 (Il
Summer-99 22 43 323 014 313 Q72 15 (1B) 139 (1)
Autumn-99 20 4 307 017 300 071 14 (1B) 114(1)
Massana Autumn-98 16 310 221 034 214 055 11(2) 94 (Il)
(Ms)
Winter-99 18 280 Q078 080 Q76 019 13 (1B) 97(1)
Summer-99 16 B4 258 021 267 066 11(2) 96 (Il)
Autumn-99 21 b7 261 026 256 059 15 (1B) 126 (1)

coptera Perlidae, Perlodidae, Leuctridae and Nemouri- ties along the longitudinal gradient. In the upper sites,
dae, and the Trichoptera Brachycentridae followed this Grau Roig, El Tarter, Castellar, Cortinada, and Arin-
pattern too. sal, the five trophic categories were represented, while
A progressive reduction in the density of some taxa in the mid-course sites, Canillo, Encamp, Escaldes,
along the longitudinal gradient until their disappear- Margineda, Massana and Pont San Antoni, predators
ance in the downstream sites was also observed. Thisand filtering collectors disappeareétig. 3). In the
was the case for the Baetidae, which were presentdownstream sites, Pas de la Case and Frontera, all the
in the upstream reaches with a density of more than trophic categories disappeared, except gathering collec-
4080 ind nT2 in Grau Roig, Castellar, Arinsal, El Tarter, tors, largely represented by Oligochaeta, whose propor-
Cortinada, a density from 520 to 21040 indfnin tion increased downstream parallel to the degradation
the mid-elevation sites (Massana, Canillo, Encamp), of of the water quality. They dominated the communities
less than 6860 indn? in the downstream sites (Pont  at Pont San Antoni, Escaldes, Margineda, Frontera and
San Antoni, Escaldes) and disappeared at Margineda,Pas de la Case where they represented more than 95%
Frontera and Pas de la Case. The same pattern was obef the invertebratesHg. 3).
served to a lesser extent for Chironomidae, as wellas for  Replacement of pollutant-sensitive taxa by pollutant-
the Heptageniidae, Simuliidae, Limoniidae, and Thau- tolerant taxa within a trophic group was also observed.
maleidae, which almost disappeared in the Riu Gran This was the case in the Rius d’Arinsal and Del Nord at
Valira (Table 4. In contrast, some taxa increased in den- the mid-elevation sites (cites ones) where, for example,
sity from the upstream to the downstream sites, however Perlodidae, Rhyacophilidae, and Planariidae (pollutant-
disappeared in the highly disturbed sites. Psychodidaesensitive predators) were progressively replaced down-
typically followed this pattern, with respectively densi- stream by Glossiphoniidae (pollutant-tolerant preda-
ties of 4 and 8 indm? in Grau Roig and Cortinada, tors) (Fig. 3 Table 4 — except accidents related to the
and 24 and 34 ind ? in Encamp and Pont San Antoni  drift. No seasonal changes were observed in the trophic
(Table 4. In the highly polluted sites Pas de la Case structure of the benthic macroinvertebrate assemblages
and Frontera, densities decreased again (14 intlan of the studied sites.
Frontera and 2 ind ? at Pas de la Case). Strongly dis-
turbed sites such as Margineda, Frontera and Pas de [88.3. Biological indices
Case were numerically dominated by Oligochaeta (re-

spectively 11175, 16 192 and 12 908 ind#- annual The calculation of the IBGN and BMWHPscores
density) and, to a lesser extent, by Nematodes and Glos-led to classify the studied sites in three groups differ-
siphoniidae Table 4. ing in their seasonal patterns of biological qualifya{

The functional feeding group analysis showed a ble 3): (1) sites with a good biological quality through-
modification of the trophic structure of the communi- out the year (Class 1 of IBGN — Class | of BMWP
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Table 4
Occurrence of the macroinvertebrate taxa recorded in the sampling sites
Taxa Pc Gr Et Ca En Es Ma Fr Cs Co Ar Ms Ps
TURBELLARIA Planariidae + + + + + + + +
NEMATODA + + + + +
OLIGOCHAETA + o+ + o+ + + o+ + o+ 4+ + o+ +
HIRUDINEA Glossiphoniidae + + + + + + + + 4
MOLLUSCA Ancylidae + + + + + + + + + + +
Bythinellidae + + + + + + + +
Lymnaeidae + + +
Neritidae +
Valvatidae +
HYDRACARINA + + + + + + + + + + +
EPHEMEROPTERA Baetidae + + + + + + + + + + + + +
Ephemerellidae + + + + +
Heptageniidae + + + + + + + + +
Leptophlebiidae + +
PLECOPTERA Leuctridae + + + + + + + + + + + +
Nemouridae + + + + + + + + + 4
Perlidae + + + + +
Perlodidae + + + + + + + + + + + +
Taeniopterygidae +
COLEOPTERA Dryopidae +
Elmidae + + + + + + + + +
Hydraenidae + +
TRICHOPTERA Brachycentridae + + + + + + + + + + +
Glossossomatidae + + +
Goeridae + + +
Hydropsychidae —+ + + + + + 4 + +
Limnephilidae + + + + + + + +
Psychomyiidae + + +
Rhyacophilidae + + + + + 4 + +
Sericostomatidae + + +
DIPTERA Athericidae + + + + + +
Blephariceridae + + + 4 + +
Ceratopogonidae  + + + +
Chironomidae + 4+ + + + + 4+ + 4+ + + + +
Dixidae +
Dolichopodidae +
Empididae + + +
Limoniidae + 4+ + + + + + 4+ + + + +
Psychodidae + + + o+ o+ o+ o+ + o+ o+ + +
Simuliidae + 4+ + + + + + 4+ + + + +
Thaumaleidae + + + + + + + + + + +
Tipulidae + —+
Taxa number Total taxe: 42 12 25 30 19 18 14 15 19 22 31 27 25 26

namely Grau Roig, El Tarter, Castellar, Cortinada, and in the middle section of the streams (group 3, Mas-
Arinsal; (2) sites whose biological quality remained sana and Margineda) exhibiting seasonal variations of
bad throughout the year (classes 3 and HC of IBGN, the biological quality and sites located downstream
classes IV and V of BMWP), namely Escaldes, Frontera (group 4) exhibiting a bad biological quality through-
and Pas de la Case; (3) sites whose biological quality out the year.
changed seasonally (Canillo, Encamp, Massana, Pont
San Antoni, Margineda). 4. Discussion

This pattern was similar to that observed for the di-
versity indices with sites located in the upper course  Results showed a degradation of the physicochem-
of the streams (groups 1 and 2) exhibiting a good ical and biological qualities of the Andorran streams
biological quality throughout the year, sites located as altitude decreased. In addition, sites from the mid-
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Fig. 3. Variations of the trophic structure of the invertebrate assemblages.

section of the streams exhibited a degradation of the sites of high altitude undergo for their part seasonal dis-
physicochemical and biological qualities during sum- turbances due to seasonal tourism activities. Tourism
mer and winter by comparison to the autumn period.  increases locally the organic load and the phosphate and
The deterioration of the ecological quality of the An- nitrogen release. Increase in fine particle load directly
dorran streams had to be related to the strong increase irdownstream of the ski stations was already mentioned
the tourists’ number for the last decades. If the ecologi- by Molles and Gosfl]. Although the organic load was
cal degradation of the mid- and low-altitude sections of high in most of the studied sites located in the upper sec-
the streams was initiated by the concentration and in- tions, the impact on the fauna was not so strong because
tensification of human settlements in these zones, theof a continuous and important renewal of the water mass
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due to high current velocities and dilution by water from Mid-altitude sites, like Canillo, Encamp, Escaldes,
unpolluted tributaries. As a result, the exposition of the Pon San Antoni, Margineda, showed seasonal fluctua-
fauna to the pollutants was not long enough to deeply tions of the environmental conditions, with higher pol-
affect the benthic macroinvertebrate communities and lutant loads during winter and summer and a consec-
the pollution was transported downstream, where it was utive seasonal adaptation of the benthic macroinverte-
added to local pollution. In the downstream sites the brate assemblages. The flow regime had to be consid-
pollution increased progressively due to the combina- ered to explain these fluctuations, with the low water
tion of local and upstream sources. This strong charge level in summer and winter favouring the concentration
in pollutants was partially assimilated by the streams in of the pollutants and the high water level in spring and
the mid-elevation sites as shown by the high concen- autumn favouring conversely the dilution of the pol-
trations of reduced compounds in these sites howeverlution and its drift toward downstream. This partially
not assimilated in the lower sites because the temper-explains why the sites located in the mid reaches present
ature remains unfavourable for the aerobic microbial contrasted benthic macroinvertebrate assemblages over
activity and consequently for the mineralization of the the year. The faunistic assemblages were characterized
organic matter. In addition, the increase of suspendedby a simplification of their structure during the win-
matter loads due to the construction of new tourism in- ter and summer periods and by a partial restoration to
frastructures (stabilisation of stream banks, enlargementthe pristine state in spring when snowmelt washed the
of the roads, and construction of new buildings) in the superficial polluted sediments downstream and allowed
cities located downstream and to the multiplication of the recolonization by drifting macroinvertebrates. Over
wastewater discharges caused by tourist activ[@d$ the year, two phases can be distinguished: a ‘critical pe-
scraped the biofilm, also reducing the primary produc- riod’ in winter and summer and a ‘period of recovery’
tion and the nutrients assimilation. in autumn.

Modifications of the benthic macroinvertebrate as- Biomonitoring of mountain streams, based on a four
semblages were mainly characterized by a reduction of seasons sampling protocol of benthic macroinverte-
the taxa richness and a progressive dominance of a lim-brates and the use of biological indices, appears sat-
ited number of specialised pollutant-tolerant taxa. isfying. The standardization of the sampling techniques

The results obtained here confirm those found on the allows comparisonf25]. There is no ideal and univer-
Lladure [4], another Pyrenean torrent, where four re- sal index to assess the ecological quality of a stream
action types of the fauna to organic disturbance were [26]; however, despite accepted limitations like the low
described: (1) loss of sensitive taxa due to slight organic sensibility to slight degradation of the water quali2y,
pollution, (2) progressive reduction in the density of cer- 28], the use of biological indices is justified and widely
tain taxa and their disappearance at the most pollutedadopted in biological surveillance programs. The bio-
sites, (3) increase in the overall density of certain taxa logical indices (IBGN and BMWP) used in this study
for weak organic loads, (4) proliferation of pollutant- reflected the dynamics of the modifications of the ben-
tolerant taxa straight at the sewage point. thic macroinvertebrate assemblages due to chronic dis-

In addition to the simplification of the faunal as- turbance like in Pas de la Case or seasonal disturbance
semblages resulting from polluting impacts, the trophic like in Encamp or Margineda. Considering the high
structure of the communities also changed, reflecting variability of the environmental conditions in mountain
the modifications of the nature of the food resources streams, weekly physicochemical surveys coupled to bi-
available. The modification of the trophic community ological assessment methods appear to be complemen-
structure has to be related to a continuous accumulationtary [29,30]. This is especially true because these two
of fine organic deposits used by gathering collectors, approaches survey events operating at different scale of
and to the development of biofilms used by scrapers. time [31]. Except in the case of acute pollution, long-
Predators, the more specialised group, appeared to baerm modifications of the communities are caused by
most sensitive. Their disappearance from the mid- and repeated or chronic expositions to pollutants, whereas
low-elevation sites was directly related to the rarefac- changes in physicochemical composition of water are
tion of the specific preys, and to the change in habitat instantaneous.
conditions like streambed becoming covered with fila- In Andorra, none of the studied sites got a maximal
mentous bacteria and algae. The loss of filtering collec- score. Despite the objectives of good ecological qual-
tors in the downstream sites had to be associated withity of the streams fixed by the environment agency of
the increasing load of suspended matter, which clogged Andorra, the ecological quality of the streams is get-
filtering systems. ting worse since the assessment made by Prat i&]al.
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Recently, new wastewater treatment plants had been in- [6] M.L. Garrigue, Etude des communautés de Diatomées
stalled in order to improve the ecological stand of the épilithiques de I'Ariege et de I'Oriege en milieu naturel et
hydrographic network. However. these installations are artificiel. Influence in vitro de I'enrichissement en chlorure

. . . . d’ammonium, de la température et de l'intensité lumineuse,
not sufficient to face the pollution produced by the in- DEA, université Toulouse-3, France, 1994.

creasing number of inhabitants, the highly fluctuating (7] r. Griffon, Etude préliminaire des peuplements de Chironomi-
seasonal number of tourists and the mechanical distur- dae (Diptera) comme bioindicateurs de la qualité des eaux de la
bances due to the construction of tourism infrastruc- Haute-Ariege, DESU, université Toulouse-3, France, 1995.
tures. The benthic invertebrate communities in polluted (81 N- Prat, M.I. Bautista, G. Gonzalez, M.A. Puig, La xarxa hidro-

. . . grafica, in: R. Folch (Ed.), El patrimoni natural andorra, Ketres,
mountam stream; show a good gdaptqt_lon to the widely Barcelona, Spain, 1979, pp. 261-309.
fluctuating conditions. The rapid resilience of these [g] N. Prat, M.I. Bautista, G. Gonzalez, M.A. Puig, Eutrofitzacié
communities is favoured by the predictable discharges dels rius d’Andorra, Bull. Inst. Cat. Hist. Nat. 45 (Sec. Zool. 3)
of melted snow, which initiates dilution processes and (1980) 107-114.

by the recolonization from unpolluted tributaries. How- [0 M-A. Puig, Contribucio a T'estudi de Tecologia comparada
dels Plecopters i Efemeropters d’Andorra, Bull. Inst. Cat. Hist.

ever, this pattern does not apply if pollution becomes Nat. 45 (1980) 77-87.

chronic. [11] G. Pefia, Factores que determinan la distribucion de los simulidos
Recently, a new danger appeared: the increasing use vy quironomidos (Diptera) de la red hidrografica andorrana, in:
of artificial snow to provide and maintain attractive ski- Actas del primer congreso espafiol de limnologia, 1983, pp. 197~
205.

INg con<_j|t|ons. Such a practice, Inﬂuer_]ce the natural [12] D. Chessel, S. Doledec, A.D.E version 3.6: Hypercard Stacks &
flow regime of the streams as the water is pumped from Programs Library for the Analysis of Environmental data, URA
the streams to make the artificial snow, reducing the CNRS 1451, université Lyon-1, User's manual, 1993.

stream flow in winter and increasing floods of melted- [13] S. Doledec, D. Chessel, Rythmes saisonniers et composantes

snow in spring. Further long-term investigations should Staﬁo?”e”es en Imi"eu aq‘{atig_ue-d'- Des_cgllotionAd’tU”Gg'aT Cé’EOb'I
: : servations complet par projection de variables, Acta GEcol. GEcol.
be carried on this problem. Gen. 8 (3) (1987) 403426,
[14] S. Doledec, D. Chessel, Rythmes saisonniers et composantes
Acknowledgements stationnelles en milieu aquatique. Il. Prise en compte et élimi-
nation d’effets dans un tableau faunistique, Acta Ecolo. Ecol.

. Gen. 10 (3) (1989) 207-232.
Many thanks to the Government of Andorra for its [15] B. McCune, J.B. Grace, Analysis of Ecological Communities,

financial support and to the Medi Ambient Department MjM Software Design, Gleneden Beach, OR, USA, 2002.

for supplying the physicochemical data. We are also [16] R.A. Fisher, A.S. Corbet, C.B. Williams, The relation between

greatly indebted to all the people who helped on the the number of species and tr_]e numbe_r of individuals in a random

field, in particular to Francis Dauba (ENSA, Toulouse). sample of an animal populatlpn, J. Anim. Ecol. 12 (1943) 42-58.
. . . . [17] C.E. Shannon, A mathematical theory of communication, Bell

To Julia Hunt, who so kmdly improved the English, and Syst. Tech. J. 27 (1948) 379-423, 623-656.

to the reviewers for their useful comments, many thanks [1g] E.H. Simpson, Measurement of diversity, Nature 163 (1949) 688.

too. [19] R. Margalef, Diversidad de especies en las communidades natu-
rales, Publ. Inst. Biol. Appl., Barcelona 9 (1951) 5-27.
[20] K.W. Cummins, M.J. Klug, Feeding ecology of stream inverte-

References brates, Annu. Rev. Ecol. Syst. 10 (1979) 147-172.
[21] K.W. Cummins, M.A. Wilzbach, Field procedures for analysis

[1] M.C. Molles, J.R. Gosz, Effects of a ski area on the water quality of functional feeding groups of stream macroinvertebrates, Eco-
and invertebrates of a mountain stream, Water, Air Soil Pollut. 14 logical Research Division, Office of Health and Environmental
(1980) 187-205. Research, 1985.

[2] C. Bornard, M. Bournaud, C. Lascombe, D. Maucet, Utilisa- [22] AFNOR, Détermination de I'indice biologique global normalisé
tion de la macrofaune benthique et de paramétres de la dérive (IBGN), Association francaise de normalisation, NF T 90-350,
pour la détermination de I'état de pollution d’un cours d’eau de 1992.
montagne. Riviere Le Maudret (Isere), Paris, Comm. Sci. Eau, [23] J. Alba-Tercedor, A. Sanchez-Ortega, Un método rapido y sim-
secrétariat d’Etat & I'Environnement, 1983. ple para evaluar la calidad biologica de las agas corrientes basado

[3] M. Margreiter-Kownacka, The influence of organic pollution on en el de Hellawell (1978), Limnetica 4 (1988) 51-56.
the macroinvertebrate communities of mountain streams, Verh. [24] I.LA. Wright, B.C. Chessman, P.G. Fairweather, L.J. Benson,
Int. Ver. Limnol. 22 (1985) 2324-2326. Measuring the impact of sewage effluent on the macroinverte-

[4] H. Décamps, J.-Y. Pujol, Influences humaines sur le benthos d'un brate community of an upland stream: The effect of different lev-
ruisseau de montagne dans les Pyrénées, Bull. Ecol. 8 (3) (1977) els of taxonomic resolution and quantification, Aust. J. Ecol. 20
349-358. (1995) 142-149.

[5] M. Lafont, Incidences écologiques des rejets des stations de [25] L.C.V. Pinder, M. Ladle, T. Gledhill, J.A.B. Bass, A.M.
sports d’hiver sur les cours d’eau d'altitude, EtudesnGroupe- Matthews, Biological surveillance of water quality. 1. A com-

ment du CTGREF d'Antony (France), 1975. parison of macroinvertebrate surveillance methods in relation to



976 Y. Younes-Baraillé et al. / C. R. Biologies 328 (2005) 963-976

assessment of water quality, in a chalk stream, Arch. Hydro- pollutions faibles, Bull. Soc. Hist. nat. Toulouse 117 (1981) 221—
biol. 109 (1987) 207-226. 237.

[26] M. Lafont, M. Coste, J.G. Wasson, B. Faessel, Comparaison de [29] H B.N. Hynes, The Biology of Polluted Waters, Liverpool Uni-
quatre indices biologiques pour apprécier 'impact de la pollution versity Press, 1963.

dans les cours d’eau frangais, Nat. Can. 115 (1988) 77-87. T .
[27] L. Leclercq, B. Maguet, Deux nouveaux indices diatomiques et [30] G.F. Jargensen, Use of biotic indices as a tool for water quality
: ' analysis in rivers, Verh. Int. Ver. Limnol. 20 (1978) 1772-1778.

de qualité des eaux courantes. Comparaisons avec différents in- i ) ) , )

dices existants, Cah. Biol. Mar. 28 (1987) 303-310. [31] A. Eulin, C. Gruarin, H. Laville, R. Le Cohu, Evaluation de la
[28] M. Viaud, P. Lavandier, Comparaison de quelgues indices usuels qualité de I'eau de la Garonne par référence spéciale aux indices

d’évaluation de la qualité des eaux appliqués a la détection de diatomique et chironomidien, Ann. Limnol. 29 (1993) 269-279.



	Impact of the longitudinal and seasonal changes  of the water quality on the benthic macroinvertebrate assemblages  of the Andorran streams
	Introduction
	Methods
	Studied sites
	Data collection
	Statistical analysis

	Results
	Ordination of the studied sites
	Structure of the communities
	Biological indices

	Discussion
	Acknowledgements
	References


