Déjala correr: efecto de modificaciones hidroldgicas sobre las
tramas troficas fluviales

. 3 o ~ »
PRI SRS %
- e - 2 ¥

A

Anahi Lopez-Rodriguez

Doctorado en Ciencias Biologicas

PEDECIBA
B UNIVERSIDAD
( CURE I:Iﬂ cnvr Ca coMISION ENEE CSI E==3 DE LAREPUBLICA
PEDECIBA ol B Erian) bons p DE POSGRADO  DE VESTIGNT &%@%‘%&“aéfﬁz%mﬁmé’f ﬁiﬁ URUGUAY

MEC-UDELAR



Esta tesis fue presentada en el Programa de Desarrollo de las Ciencias Bésicas (PEDECIBA),
como requisito fundamental para la obtencion del titulo de Doctora en Ciencias Biologicas. Las
actividades fueron desarrolladas en el Departamento de Ecologia y Gestion Ambiental, Centro
Universitario Regional del Este (CURE, Maldonado) y en el Departamento de Ciencias
Bioldgicas, CENUR Litoral Norte, Sede Paysandl, ambas instituciones pertenecientes a la
Universidad de la Republica (UdelaR). Asimismo, parte de las actividades fueron llevadas a
cabo en el Departamento de Ecologia y Biologia Evolutiva (DEBE), Instituto de Investigaciones
Bioldgicas Clemente Estable, Ministerio de Educacion y Cultura.

Esta tesis fue realizada bajo la orientacion de la Dra. Mariana Meerhoff Scaffo y del Dr. Ivan

Gonzélez-Bergonzoni.

Comité Evaluador:

e Dr. Daniel Conde (Seccién Limnologia, Instituto de Ecologia y Ciencias Ambientales-
IECA-, Facultad de Ciencias, Universidad de la Republica, Uruguay)

e Dra. Valentina Franco-Trecu (Departamento de Ecologia y Evolucion, Facultad de
Ciencias, Universidad de la Republica, Uruguay)

o Dr. Fernando Pelicice (Universidade Federal do Tocantins, Brasil)

Maldonado, Uruguay - 2024



Contenido

AGRADECIHMIENTOS ....ueeviveereereeseeeseeseessssssesssssssssssessesssssssssssstsssessssssssssssasssssssnsessessssssssssssesssssssssesssssssns 5
LISTADO DE ARTICULODS ....eevieeeueitieseeseesessesessesesssssssssesssssssssesssssssssssssssssssesssssssnsssssssssntsssssssssssnsssssssssnes 7
FINANCIACION .....eevviveeeineeeeeeesesseessessessesssessessesssessessessssssessessesnsessessessssssessessessssssssesstsnssssessesnsensessesnes 8
ARTICULOS DE DIVULGACION ......eoevererneiereenesreieessessesessssssessesssessessessesssessessessssssessessessssssessessssnsessessesns 8
RESUIMEN ...eveeveiveieieseeseeseessesseesesssessessessssssessessessssssessessesssessessessssssessessssnsessessessssssessesstsnssssessesnsensessesnes 9
ABSTRACT ..veveieeereeriieeseessessessssssessesseessessessesssessessesstsnsessessessesnsessessesstessessessesssessessesstensessessessssnsessasnes 11
1. INTRODUGCCION GENERAL ....uveveeveerereeeseeseseeseessessesssessessessessssssessessssssessessesssessessessssssessessessssssssesnt 13
D0 ECOSISTEMAS FLUVIALES ..uteuttnteueuettenetnsenstnseneanessensensenssassnsanssnsenstnsenssssssssnssnsenstnsenssnsessssnsensensensensens 13
1.2. DIVERSIDAD Y FUNCIONAMIENTO DE ECOSISTEMAS FLUVIALES +.vuevneetenteeneetnesensesnsernestnssnnsesnessnesensesnsssnnernnns 13
1.3. MARCOS TEORICOS EN ECOSISTEMAS FLUVIALES «.evueeueensennsesnsetnesennssenessnesensesnsesnsssnsssnnsssnessnssenssesnsssnnssnnns 15
1.4. INTERRUPCION DE FLUJOS HIDROLOGICOS NATURALES MEDIANTE LA CONSTRUCCION DE REPRESAS ...vvvvnrerneeeneennns 17
1.5. ANTECEDENTES DEL CASO DE ESTUDIO: RIO URUGUAY ....uiieeieeeeeteeeeeieeeeeeesetenesetenneeeessnesesenesesenneesssnnesesnnnses 22
2. OBJETIVOS, HIPOTESIS Y PREDICCIONES .....ceeueeueereireisveeseeseeseessessessessssssessessesssessessesnsessessessesnsessessess 24
2.0 OBIETIVO GENERAL. .. tttuettunetuneerneernnetsneesnsesnesensessesnssssssssnsssnsssnsssssssnsessssssnstsnsesnssenesesnsernsessnsteneesnssenses 24
2.2, OBIETIVOS ESPECIFICOS .. eeeveneeetunseetsneeeesnneseesnsesesneesessnsesenesesssnsesssnssessnssesssnsseesnesessnesessnnseesssnesessnesenes 25
3. APROXIMACIONES METODOLOGICAS .....veeueiviereereieissessessesssessessessessssssessessssssessessssnsessessessssssessessess 30
Y 4 1 (oL U] o 1 33
LY 1 (0] o T 59
LT\ (oL U] o 1 J 69
T DISCUSION ....ceveneeerieeereetetessesstsssessesseessessesssssesssessessessesssessessessssnsessessesstensessessesssessessesssensessessesns 108
7.1. REVISION DE MARCOS TEORICOS Y ACTUALIZACIONES ...uuuueeeeeitettneeeeeeterusansesssstessnnsesessssssnesesessssinnseeeees 109
7.2. NUEVOS APORTES AL CONOCIMIENTO SOBRE EL FUNCIONAMIENTO DEL RIO URUGUAY......ccivviiiieiieeiiviiieeees 115
7.3. POSIBLES APORTES A LA GESTION AMBIENTAL...uuiieitttutteeeeretetsneeeeseresssnnsesesetessnnsesesessrsnesesessssmnnaeseees 117
8. CONCLUSIONES ....cceteveereeeereesseesessesssessessessessssssessesssessessessssssassesstsssessessesssessessessessesssassessesnssssassasns 119
0. PERSPECTIVAS ....c.ueitieeeereeeestessessestsssessesstsssssssssesssessessessesntessessessssnsessessesntessessessessesssessessesnssssassasns 120

10. REFERENCIAS BIBLIOGRAFICAS ......c.cceevrururreeesesssssseessssssssssesessssssssssesesssssssssssssssssssssssssssssssssessses 122



Agradecimientos

En primer lugar, quiero agradecerles a mi tutora y a mi tutor, Dra. Mariana Meerhoff y Dr. Ivan Gonzalez
Bergonzoni no solo por sus invaluables aportes a nivel académico y cientifico y por su guia a lo largo de
todo el proceso de la tesis, sino también por calidad humana, templanza y por siempre transmitirme
seguridad. A Mari, mi “madre académica”, por ser un soporte emocional, brindando no solo consejos
cientificos sino también personales, por las largas charlas de motivacion y por su amistad invaluable a lo
largo de toda mi incipiente carrera como cientifica, siempre con la palabra justa para no dejarme caer en
los momentos de mayor presién. A lvan por su amistad, por invitarme a participar de sus proyectos,
introducirme en el mundo de los is6topos y siempre estar cuando necesité alguna mano. Una combinacién
de tutores que calzé justo en el momento académico y personal que estaba transitando, y sin los cuales
este proceso dudo que hubiera podido ser tan fructifero. jMuchas gracias a ambos, por todo!

Un agradecimiento especial a todas las personas que forman y han formado parte del equipo del CURE,
con los cuales comparti horas de charlas de oficina y laboratorio desde mis inicios en la vida académica:
Franco, Guille, Checho, Mari, Clau, Clemen, JP, Juanpi, Gige, Sami, Maite B, Maite C, Lu C, Marge,
Canario, Lu S, Esteban, Fran, Lu G, Pauli, Sole, Miriam, Pache, Cami, Emi, Barbie y toda la “nueva”
camada de tomadores de café del laboratorio! Especialmente a las que transitaron todo este camino
conmigo y siempre estuvieron para dar su apoyo, ya sea desde acé o a la distancia, y sobre todo por su
amistad: a Clemen, por la ayuda en los muestreos, escuchar mis eternos audios de catarsis de la vida
cientifica y personal, y siempre brindar su apoyo y ayudar a bajar la pelota al piso; a Mai astral, por la
ayuda fundamental en los muestreos, por sus reportes astrologicos y siempre encontrar una explicacion
para todos nuestros estados; y a Marge y Lu C por siempre estar.

A las y los integrantes del Polo de Ecologia fluvial del CENUR Litoral Norte por dejarme ser parte del
grupo y sus proyectos, compartiendo muestreos y charlas: Ivan, Ivana, Christine, Joaquin, Noe y Andre.
Muy especialmente a Ivana, con la cual transitamos parte de este proceso juntas, haciéndonos el aguante
mutuamente, por las horas de laboratorio compartidas y por las largas charlas con mate de por medio.

A todas las personas que integran el Departamento de Ecologia y Biologia Evolutiva del IIBCE: Anita,
Nadia, Maca, Mari, Vero, Pauli, Toscano, Luis, y todas y todos los que de una u otra forma me hicieron
sentir parte de ese laboratorio y me brindaron un espacio para trabajar y compartir.

A todos los que participaron de los muestreos, bancandose las inclemencias del tiempo: Ivan, Mai B,
Clemen, lvana, Canario, Nico, Joaco, Mati e Inés.

A los co-autores de los trabajos, pero principalmente a Evoy, David y Sunshine por ayudarme cada vez
que lo necesité, consiguiendo materiales, informacién, fotos y por participar de forma tan entusiasta en
los trabajos.

A todo el equipo del URI, los nuevos y los viejos!

A la UdelaR, mi segunda casa, que me permitié desarrollarme como estudiante y cientifica. Por la
posibilidad de estudiar de manera gratuita, y a través del PEDECIBA realizar tanto la maestria como el
doctorado, que me permitieron estar hoy donde estoy. A la CAP por las becas otorgadas, fundamentales
para poder seguir estudiando y trabajando.

A los miembros de la CAS, Dra. Gissell Lacerot, Dr. Danilo Calliari y Dr. Daniel Conde por sus aportes
al proyecto y durante toda la etapa del doctorado, que permitieron mejorarlo sustancialmente.

A los integrantes del tribunal: Dr. Daniel Conde, Dra. Valentina Franco-Trecu y Dr. Fernando Pelicice
por aceptar ser parte y porque estoy convencida que sus aportes ayudaran a enriquecer este trabajo.

A mis amigas, las de siempre por siempre estar presentes, preguntando, apoyando y por ser un sostén
fundamental para mi y para mi familia.

A la red de cuidados que tengo la suerte de que me rodeen y hagan todo un poco mas fécil. A los vecinos
y vecinas que siempre estdn para quedarse un rato con los pequefios; a la familia de Mati siempre

5



presente; y principalmente a mi familia, mis hermanos y fundamentalmente a mis padres por siempre
confiar y ayudarme a seguir adelante, por ser padres, abuelos, transporte escolar, nifieros y todo lo que
necesito! Sin toda esta red de contencion, este camino hubiera sido muy dificil de transitar. jMuchas
gracias a todos, de verdad!

Por Gltimo, quiero agradecer a mi “Ohana” (guifio para Ine @)). A Matias porque realmente se las bancé
todas, gracias por hacerme conocer lo mas lindo de la vida, por todo lo vivido juntos y por lo que nos
queda disfrutar. A mis peques, Ine y Maurito, que llegaron en los momentos justos y me hicieron entender
que la vida es mucho mas linda y divertida con ellos. jGracias!



Listado de articulos

Incluidos en la tesis

Articulo 1

Articulo 2

Manuscrito

Articulo 3

Adicionales

Articulo 4

Articulo 5

Articulo 6

L6pez-Rodriguez A., Silva I., de Avila-Simas S., Stebniki S.,
Bastian R., Massaro M.V., Pais J., Tesitore G., Teixeirade
Mello F., D’Anatro A., Vidal N., Meerhoff M., Reynalte-Tataje
D.A., Zaniboni-Filho E. & Gonzalez-Bergonzoni 1., 2019. Diets
and trophic structure of fish assemblages in a large and
unexplored subtropical river: The Uruguay River. Water, 11,
1374. https://doi.org/10.3390/w11071374

Lbépez-Rodriguez A., Mariana Meerhoff, D’Anatro A., de
Avila-Simas S., Silva I., Pais J., Teixeira de Mello F., Reynalte-
Tataje D.A., Zaniboni-Filho E. & Gonzélez-Bergonzoni |.,
2024. Longitudinal changes on ecological diversity of
Neotropical fish along a 1700 km river gradient show declines
induced by dams. Perspectives in Ecology and Conservation.

Lbépez-Rodriguez A., Mariana Meerhoff, D’Anatro A., de
Avila-Simas S., Silva I., Teixeira de Mello F., Reynalte-Tataje
D.A., Zaniboni-Filho E. & Gonzalez-Bergonzoni 1., 2024.
Dams modify energetic pathways for fish along a large
subtropical river. A ser sometido a Ecosystems.

Torremorell, A., Hegoburu, C., Brandimarte, A. L., Rodrigues, E. H.
C., Pompeo, M., da Silva, S. C., Moschini-Carlos, V., Caputo, L.,
Fierro, P., Mojica, J.1., Matta, A.L.P., Donato, J.C., Jiménez-Pardo, P.,
Molinero, J., Rios-Touma, B., Goyenola, G., Iglesias, C., Lopez-
Rodriguez, A., Merrhoff, M., Pacheco, J.P., Teixeira de Mello, F.,
Rodriguez-Olarte, D., Barrios Gomez, M., Montoya, J.V., Lépez-
Doval, J.C., & Navarro, E., 2021. Current and future threats for
ecological quality management of South American freshwater
ecosystems. Inland Waters. 11, 125-140.
https://doi.org/10.1080/20442041.2019.1608115

Vidal, N., Teixeira de Mello, F., Gonzalez-Bergonzoni, I.,
Lopez-Rodriguez, A., Tesitore, G., Pais, J., Stebniki, S., Silva, I. &
D’Anatro, A., 2020. Long-term study of the reproductive timing of the
Neotropical catfish Iheringichthys labrosus (Litken, 1874): Influence
of temperature and river discharge. Ecology of Freshwater Fish. 29,
334-345.https://doi.org/10.1111/eff. 12518

Ferreira, V., Boyero, L., Calvo, C., Correa, F., Figueroa, R.,
Gongalves, J. F., Goyenola, G., Graca, M.A.S., Hepp, L.U., Kariuki,
S., Lopez-Rodriguez, A., Mazzeo, N., MErimba, C., Monroy, S.,
Piel, A., Pozo, J., Rezende, R. & Teixeira-de-Mello, F., 2019. A

7


https://doi.org/10.3390/w11071374
https://doi.org/10.1080/20442041.2019.1608115
https://doi.org/10.1111/eff.12518

global assessment of the effects of eucalyptus plantations on stream
ecosystem functioning. Ecosystems, 22, 629-642.
https://doi.org/10.1007/s10021-018-0292-7

Acrticulo 7 Figueiredo, B.R., Calvo, C., Lépez-Rodriguez, A., Mormul, R.P.,
Teixeira-de Mello, F., Benedito, E. & Meerhoff, M., 2019. Short-term
interactive effects of experimental heat waves and turbidity pulses on
the foraging success of a subtropical invertivorous fish. Water, 11,
2109. https://doi.org/10.3390/w11102109

Financiacion

2018-2021: Beca posgrado CAP
e 2018-2021: Alicuotas PEDECIBA
e 2022-2023: Beca de finalizacion CAP

e Proyecto CSIC I1+D_2016_577-348, Comision Sectorial de Investigacion Cientifica
(CsIC)

e Proyecto FCE_2 2016_1 126780, Agencia Nacional de Investigacion e Innovacion
(ANID)

e Proyecto CSIC grupos 1+D 2022: “Ecosistemas acuaticos en el Antropoceno:
contribucion de los ecosistemas artificiales a la biodiversidad y ciclos biogeoquimicos”

(CSIC)

e Proyecto CSIC grupos I+D 2022: “Ecologia de Rios y Bosques: la cuenca del Queguay
como modelo” (CSIC)

Articulos de divulgacion

e ;Quiénes andan en el Rio Uruguay? Nota de divulgacién escrita por Leo Lagos para la
seccion Ciencia de La Diaria, agosto 2019. Articulo enmarcado en el primer articulo
publicado de la tesis. https://ladiaria.com.uy/ciencia/articulo/2019/8/por-primera-vez-
se-realiza-investigacion-para-conocer-que-peces-hay-en-10s-1800-kilometros-del-rio-
uruguay-y-saber-de-que-se-alimentan

e Obstruyendo la diversidad. Nota de divulgacion escrita por Leo Lagos para seccién
Ciencia de La Diaria, abril 2024. Articulo enmarcado en el segundo articulo publicado
de la tesis. https://ladiaria.com.uy/ciencia/articulo/2024/4/obstruyendo-la-biodiversidad-
la-represa-de-salto-grande-ocasiona-una-perdida-de-diversidad-de-peces-del-51-
respecto-de-la-gue-tenemos-aguas-arriba/



https://doi.org/10.1007/s10021-018-0292-7
https://doi.org/10.3390/w11102109
https://ladiaria.com.uy/ciencia/articulo/2019/8/por-primera-vez-se-realiza-investigacion-para-conocer-que-peces-hay-en-los-1800-kilometros-del-rio-uruguay-y-saber-de-que-se-alimentan
https://ladiaria.com.uy/ciencia/articulo/2019/8/por-primera-vez-se-realiza-investigacion-para-conocer-que-peces-hay-en-los-1800-kilometros-del-rio-uruguay-y-saber-de-que-se-alimentan
https://ladiaria.com.uy/ciencia/articulo/2019/8/por-primera-vez-se-realiza-investigacion-para-conocer-que-peces-hay-en-los-1800-kilometros-del-rio-uruguay-y-saber-de-que-se-alimentan
https://ladiaria.com.uy/ciencia/articulo/2024/4/obstruyendo-la-biodiversidad-la-represa-de-salto-grande-ocasiona-una-perdida-de-diversidad-de-peces-del-51-respecto-de-la-que-tenemos-aguas-arriba/
https://ladiaria.com.uy/ciencia/articulo/2024/4/obstruyendo-la-biodiversidad-la-represa-de-salto-grande-ocasiona-una-perdida-de-diversidad-de-peces-del-51-respecto-de-la-que-tenemos-aguas-arriba/
https://ladiaria.com.uy/ciencia/articulo/2024/4/obstruyendo-la-biodiversidad-la-represa-de-salto-grande-ocasiona-una-perdida-de-diversidad-de-peces-del-51-respecto-de-la-que-tenemos-aguas-arriba/

Resumen

A escala global se estd observando una alteracion sin precedentes de los ecosistemas por efecto
antropico.

A pesar de la gran importancia ecoldgica de la conectividad de los ecosistemas fluviales, a
escala global se estima que solo el 37% de los rios con extensién de méas de 1000 km permanece
libre de represas construidas para diferentes fines como el abastecimiento de agua potable o la
generacién de energia hidroeléctrica, entre otros usos. La construccién de represas genera
enormes repercusiones en la biodiversidad y el funcionamiento ecosistémico, entre otros. El
Neotropico, particularmente Sudamérica, no es una excepcion. Esta region representa un punto
critico para la biodiversidad de agua dulce, particularmente de especies de peces, cuyo
conocimiento ecoldgico es aln escaso. Esto es particularmente cierto para la cuenca del Rio
Uruguay.

Particularmente para los ecosistemas fluviales, se han propuesto varias teorias que intentan
explicar su dindmica ecoldgica a lo largo del gradiente longitudinal desde las nacientes hasta su
desembocadura, incluyendo los patrones de diversidad y la distribucion de las especies y el
ensamblaje de las comunidades. En sistemas con flujos de agua naturales, se espera que las
comunidades de peces aumenten su diversidad taxondmica y funcional, asi como la complejidad
de la arquitectura de la red trofica, aguas abajo. Asimismo, se esperan cambios en los subsidios
energéticos de las redes troficas (i.e., origen espacial de la biomasa de las comunidades) a lo
largo del gradiente longitudinal, con diversos postulados al respecto. Sin embargo, las teorias
sobre funcionamiento de ecosistemas fluviales no necesariamente se aplican cuando los flujos
hidrol6gicos se ven interrumpidos por represas. Un marco tedrico que se centra en sistemas con
interrupciones del flujo hidroldgico es el Concepto de discontinuidad seriada (SDC), el cual
predice el comportamiento de las comunidades en el gradiente longitudinal, dependiente de las
distancias a las represas. Sin embargo, esta teoria no genera predicciones sobre cambios en las
redes troficas y en los sustentos energéticos de las comunidades fluviales.

El objetivo general de esta tesis fue identificar potenciales efectos de las represas sobre la
estructura y funcionamiento comunitario, usando como modelo las comunidades de peces del
Rio Uruguay. Ello implica la generacion de conocimiento basico sobre: 1- la riqueza de especies
de peces; 2- su nicho ecoldgico; 3- los cambios en el sustento energético (i.e., biomasa generada
por recursos acuaticos y terrestres) de las tramas tréficas; y la puesta a prueba de distintos
marcos teoricos y sus predicciones. La hipdtesis de trabajo fue que los cambios fisicos
generados por las represas (e.g., variacion del flujo de descarga de agua, cambios en flujos de
sedimentos y disminucion de turbidez aguas abajo) promueven cambios a escala comunitaria
aguas abajo, asi como también en el nicho ecol6gico y en el sustento energético de la biomasa
de los peces, debido principalmente a los efectos sobre los niveles basales de las tramas tréficas.
La aproximacién de la tesis incluy6 el andlisis de la estructura tréfica de las comunidades y de
los roles troficos de los peces mediante el analisis de dieta y de isétopos estables a lo largo del
gradiente longitudinal. Se realizaron muestreos de comunidades de peces en 12 sitios a lo largo
del curso principal del Rio Uruguay (aproximadamente 1700 km). Se determind la riqueza de
especies, la diversidad tréfica (mediante el calculo de métricas basados en andlisis de dieta) y el
nicho isotopico (utilizando las proporciones de isétopos de nitrdgeno y carbono) como un proxy
para el nicho ecoldgico a nivel de comunidad, con un foco particular en éareas aguas arriba y
aguas abajo de las cuatro represas existentes. Asimismo, se realizaron modelos de mezcla
isotopica bayesianos para determinar el origen de la biomasa de las comunidades de peces de
cada grupo tréfico. Para determinar los roles troficos, se analizd la dieta de cien especies de
peces (2309 contenidos estomacales) y se clasificaron en cuatro grupos tréficos, subdivididos en
ocho grupos de nivel inferior, y reportamos métricas de diversidad tréfica para cada especie.
Encontramos una alta diversidad de especies de peces y un aumento relativo de especies de
peces que consumen macroinvertebrados terrestres hacia la seccion media del rio. Por otra parte,
detectamos cambios longitudinales en la riqueza de especies y en la diversidad tréfica e
isotopica, respaldando -parcialmente- predicciones tedricas generales (por ejemplo, el Concepto
de Rio Continuo). Sin embargo, la riqueza taxondmica, la diversidad tréfica y el nicho isotépico
disminuyeron abruptamente inmediatamente aguas abajo de todas las represas, apoyando



predicciones del Concepto de Discontinuidad Seriada. Los modelos de mezcla isotdpica
bayesianos mostraron mayor sustento energético de origen al6ctono para la biomasa de los
peces en la seccion media del rio.

Estos resultados sugieren la accion de mecanismos vinculados a las grandes planicies de
inundacion en la seccion media del rio, respaldando teorias globales como el concepto de pulso
de inundacion. Encontramos también que el acople de las vias energéticas (autéctona y
aléctona) parece ser la regla para subsidiar la biomasa de los peces en este rio, mas que la
dominancia por una u otra via como se ha reportado mas habitualmente en la literatura. Sin
embargo, el subsidio aldctono parece ser particularmente importante para los depredadores tope,
consistentemente a lo largo de todo el gradiente fluvial. Las represas alteraron los patrones
longitudinales, llevando a que una u otra via (i.e., autdctona o al6ctona) perdiera relevancia en
las areas cercanas a las represas, con variantes probablemente vinculadas a las caracteristicas
locales. Por otra parte, los tramos libres de represas del Rio Uruguay resultan ser fundamentales
para la recuperacion de la diversidad ecoldgica.

El conocimiento generado en esta tesis puede contribuir sustancialmente a la gestion y
conservacion de los ecosistemas fluviales, sirviendo como linea de base en el contexto de
futuros cambios ambientales y generando nueva evidencia sobre el funcionamiento de los
ecosistemas en esta region climética escasamente estudiada. La evidencia acumulada de los
impactos negativos de las represas debe considerarse con urgencia a nivel mundial, y
especialmente en el Neotrépico, donde se proyecta la construccién de grandes represas en los
préximos afos.
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Abstract

At a global scale, an unprecedented alteration of ecosystems due to anthropogenic effects is
being observed. Despite the ecological importance of connectivity in river ecosystems, it is
estimated that only 37% of rivers longer than 1000 km remain free from dams constructed for
various purposes such as water supply or hydroelectric power generation, among others. Dam
construction has significant repercussions on biodiversity and ecosystem functioning, among
other factors. The Neotropics, particularly South America, are no exception. This region
represents a critical point for freshwater biodiversity, particularly fish species, whose ecological
knowledge is still scarce. This is particularly true for the Uruguay River basin.

Several theories have been proposed to explain the ecological dynamics of river ecosystems
along the longitudinal gradient from the source to the mouth, including patterns of diversity,
species distribution, and community assemblages. In systems with natural water flows, it is
expected that fish communities will increase in taxonomic and functional diversity, as well as
the complexity of trophic network architecture, downstream. Additionally, changes in energy
subsidies of trophic food webs (i.e., spatial origin of community biomass) along the longitudinal
gradient are expected, with various postulates regarding this. However, theories about the
functioning of river ecosystems do not necessarily apply when hydrological flows are
interrupted by dams. A theoretical framework that focuses on systems with interruptions in
hydrological flow is the Serial Discontinuity Concept (SDC), which predicts community
behaviour along the longitudinal gradient, depending on the distances to the dams. However,
this theory does not make predictions about changes in trophic networks and energy subsidies in
river communities.

The general objective of this thesis was to identify potential effects of dams on community
structure and functioning, using fish communities of the Uruguay River as a model. This
involves generating basic knowledge about: 1- fish species richness; 2- their ecological niche; 3-
changes in energy subsidies (i.e., biomass generated by aquatic and terrestrial resources) of
trophic networks; and testing different theoretical frameworks and their predictions. The
hypothesis was that physical changes generated by dams (e.g., variation in water discharge flow,
changes in sediment flows, and decreased turbidity downstream) promote changes at the
community scale downstream, as well as in the ecological niche and energy subsidies of fish
biomass, mainly due to effects on basal levels of the food webs.

The thesis approach included the analysis of trophic structure of communities and trophic roles
of fish through diet analysis and stable isotopes along the longitudinal gradient. Fish community
sampling was conducted at 12 sites along the main course of the Uruguay River (approximately
1700 km). Species richness, trophic diversity (calculated through diet analysis-based metrics),
and isotopic niche (using nitrogen and carbon isotope ratios) as a proxy for ecological niche at
the community level were determined, with a particular focus on areas upstream and
downstream of the four existing dams. Additionally, Bayesian isotopic mixing models were
performed to determine the origin of fish community biomass for each trophic group. To
determine trophic roles, the diet of one hundred fish species (2309 stomach contents) was
analyzed and classified into four trophic groups, subdivided into eight lower-level groups, and
trophic diversity metrics were reported for each species.

We found high fish species diversity and a relative increase in species consuming terrestrial
macroinvertebrates towards the middle section of the river. Additionally, we detected
longitudinal changes in species richness and trophic and isotopic diversity, partially supporting
general theoretical predictions (e.g., the River Continuum Concept). However, taxonomic
richness, trophic diversity, and isotopic niche abruptly decreased immediately downstream of all
dams, supporting predictions of the Serial Discontinuity Concept. Bayesian isotopic mixing
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models showed higher allochthonous energy subsidies for fish biomass in the middle section of
the river.

These results suggest the action of mechanisms linked to large floodplains in the middle section
of the river, supporting global theories such as the Flood Pulse Concept. We also found that the
coupling of energy pathways (autochthonous and allochthonous) seems to be the rule for
subsidizing fish biomass in this river, rather than the dominance of one pathway as more
commonly reported in the literature. However, allochthonous subsidy appears to be particularly
important for top predators, consistently along the entire river gradient. Dams altered
longitudinal patterns, leading to one or the other pathway (i.e., autochthonous or allochthonous)
losing relevance in areas near the dams, with variants likely linked to local characteristics.
Furthermore, dam-free stretches of the Uruguay River appear to be fundamental for the recovery
of ecological diversity.

The knowledge generated in this thesis can substantially contribute to the management and
conservation of river ecosystems, serving as a baseline in the context of future environmental
changes and generating new evidence about ecosystem functioning in this poorly studied
climatic region. The accumulated evidence of the negative impacts of dams must be urgently
considered globally, and especially in the Neotropics, where the construction of large dams is
projected in the coming years.
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1. Introduccion general
1.1. Ecosistemas fluviales

A escala global se est4 observando una alteracién sin precedentes de los ecosistemas naturales
por actividades antrdpicas, lo cual promueve cambios en el sistema climatico, pérdida de
biodiversidad, cambios en los ciclos biogeoquimicos, ciclo hidroldgico, entre otras
consecuencias (Vitousek et al., 1997; Rockstrom et al., 2009; Steffen et al., 2015). En el caso de
los rios, una de las alteraciones méas frecuentes y de mayor magnitud es la regulacion de los

regimenes hidroldgicos.

Los ecosistemas fluviales se caracterizan por poseer corrientes de agua orientadas a lo largo de
un eje longitudinal, desde las nacientes (zona con pendientes pronunciadas) a la desembocadura
(pendientes minimas) (Likens, 2010). Los rios son sistemas altamente conectados,
desarrollandose su conectividad en cuatro dimensiones: longitudinal (aguas arriba-aguas abajo);
lateral (conectando el canal principal con las planicies de inundacién y éreas riparias); vertical:
entre el agua subsuperficial, el rio y la atmdsfera; y temporal (variacion estacional de los flujos
de agua) (Ward, 1989). Los rios conectan el habitat acuatico con el terrestre circundante
mediante las planicies de inundacion, integrando al ecosistema acuético también recursos
provenientes del medio terrestre circundante y viceversa. Estos ecosistemas, ademas, se
encuentran insertos en una red dendritica conectada por tributarios, que drenan hacia un mismo
curso de agua principal, jugando roles clave en los ciclos biogeoquimicos al recibir, transformar
y transportar material particulado y disuelto desde las aguas continentales y los ecosistemas

terrestres hacia los océanos (Allan & Castillo, 2007; Lehner et al., 2024).

Los rios y arroyos son naturalmente dindmicos espacial y temporalmente, proporcionando
multiples servicios ecosistémicos, incluyendo la provision de recursos como agua para consumo
0 riego, recursos asociados a las pesquerias, servicios de regulacion hidrologica (e.g., mitigacion
de inundaciones), mantenimiento de habitats y biodiversidad, ademas de servicios culturales
como recreacion (Yeakley et al., 2016). Sin embargo, estas funciones ecosistémicas dependen
estrechamente de la conectividad de los procesos hidrologicos en las cuencas (Sidle & Gomi,
2024).

1.2. Diversidad y funcionamiento de ecosistemas fluviales

Todas estas caracteristicas hacen a los rios y arroyos sistemas altamente productivos y con gran
heterogeneidad de habitats a distinta escala espacial, o que permite que sustenten una gran

biodiversidad, tanto sosteniendo especies adaptadas a las caracteristicas de cada tramo o hébitat
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(Allan & Castillo, 2007) como a otras especies que inmigran desde otros sitios de la red hidrica.
La alta conectividad de estos sistemas permite también a los organismos moverse en el habitat
fluvial y en los hébitats adyacentes, conectando procesos a escala de cuencas (Pringle, 2003).
Las comunidades locales se encuentran entonces estrechamente conectadas mediante el flujo de
individuos entre comunidades conectadas a través de la red fluvial, conformando estructuras
metacomunitarias clave para el mantenimiento de la biodiversidad (Leibold et al., 2004).
Asimismo, estas comunidades locales interacttan con el ambiente circundante, lo que determina
en dltima instancia las dindmicas poblacionales y la estructura de la comunidad (Leibold et al.,
2004). Por lo tanto, la conectividad resulta fundamental para el mantenimiento de la
biodiversidad en estos ecosistemas (Borthagaray et al., 2020). Asimismo, diversas teorias
ecoldgicas, también relevantes para los ecosistemas fluviales, buscan explicar los patrones de
diversidad en las comunidades en funcidn de las caracteristicas de la matriz ecosistémica en que
se encuentran. Por ejemplo, diversas teorias plantean que el tamafio del ecosistema (MacArthur
& Wilson, 1967), su productividad (Wright, 1983), o la heterogeneidad tanto espacial como
temporal del habitat (Pringle et al., 1988), son determinantes para la diversidad a través de
diversos mecanismos. En rios, se ha planteado que la mayor probabilidad de que la diversidad
aumente hacia aguas abajo a medida que el sistema fluvial se ensancha, se basa en el aumento
de la heterogeneidad de habitats y de la productividad, lo cual permite el sustento de un mayor
numero de especies (Horwitz, 1978).

En diversos ecosistemas fluviales sin interrupciones en su hidrologia ni fragmentacion de
habitats por efecto antrépico se han descrito diversos patrones de diversidad y de la arquitectura
de las redes troficas en el gradiente longitudinal. Por ejemplo, se espera un aumento de la
riqueza (diversidad alfa) de especies de peces a lo largo del gradiente longitudinal, con
acumulacion de especies desde las nacientes a la desembocadura (e.g., Pease et al., 2012). Por
otra parte, la diversidad beta (i.e., cambios en la diversidad de especies entre comunidades que
conforman una metacomunidad) también tiende a aumentar debido a un incremento en el
anidamiento. Esto se da ya que las comunidades aguas arriba representan un subset de las
especies que se encuentran en las comunidades aguas abajo en el gradiente longitudinal (Pelaez
& Pavanelli, 2018). La diversidad beta puede estar reflejando dos fenémenos distintos, tanto el

anidamiento como el reemplazo de especies (Baselga et al., 2010; Legendre, 2014).

Complementariamente a los estudios de diversidad, los estudios de tramas tréficas son una de
las principales y mas directas aproximaciones utilizadas para comprender los patrones
organizacionales y relaciones (en este caso de consumo) entre las especies en un ecosistema
(Elton, 1929; Paine, 1980; Carpenter et al., 1985; Pimm et al., 1991). El estudio de estas
relaciones y del rol que ocupa cada especie provee el mas complejo y preciso resumen de una

comunidad biolégica y las interacciones de consumo entre los organismos, permitiendo
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aproximarnos a entender el funcionamiento a escala ecosistémica (Woodward, 2009).
Asimismo, comprender cual es el sustento energético de las tramas tréficas contribuye a
determinar la estabilidad de una comunidad local y a predecir sus respuestas ante perturbaciones
externas (Rooney & McCann, 2012).

Evidencias obtenidas de rios y arroyos sin interrupciones en su hidrologia sugieren la existencia
de un gradiente longitudinal también en la arquitectura de las redes troficas, con incrementos en
su complejidad (por aumento en la riqueza de especies y el nimero de conexiones tréficas en la
red) e incrementos en el largo de la cadena (aumentos en los niveles tréficos) desde las
nacientes a la desembocadura (e.g., Sabo et al., 2010; Winemiller et al., 2010; Pease et al.,
2012). Se ha hipotetizado que estos cambios responden a incrementos en el tamafo del
ecosistema fluvial, y a una atenuacion de los disturbios hidroldgicos en las zonas mas bajas y

con menores pendientes (Sabo et al., 2010).

1.3. Marcos tedricos en ecosistemas fluviales

Las caracteristicas propias de los ecosistemas fluviales han llevado a que se planteen una serie
de marcos tedricos que intentan describir las dindmicas y cambios en las comunidades a lo largo
de su gradiente longitudinal, enfocandose principalmente en aspectos relacionados a la
transformacion y asimilacion de la materia por parte de los organismos, haciendo especial
énfasis en las tramas tréficas y en su sustento energético (Vannote, 1980; Junk et al., 1989;
Thorp & Delong, 1994; 2002; Thorp et al., 2006). Todas estas teorias han estado en constante
revision y debate, llegando incluso a plantearse en los Gltimos afios teorias conciliadoras de los
diferentes marcos (Humpries et al., 2014). Uno de los marcos tedricos méas relevantes de las
Gltimas décadas fue el “Concepto de Rio Continuo” (RCC, por su sigla en inglés “River
Continuum Concept”), propuesto por Vannote et al. (1980), el cual plantea la existencia de un
gradiente en las condiciones fisicas desde las nacientes a la desembocadura (gradiente
longitudinal de ecosistemas fluviales). Esta teoria sostiene que, en este gradiente, la estructura
de las comunidades (principalmente de macroinvertebrados) depende de los recursos
disponibles en cada seccion del rio. Por tanto, en las nacientes se encuentran aquellas
comunidades con organismos adaptados a la ingesta de recursos al6ctonos, provenientes del
bosque ripario caracteristico de las cabeceras de los arroyos templados. A medida que el sistema
fluye hacia aguas abajo, el ingreso de material aléctono disminuye, aumentando la materia
orgénica particulada fina y la produccion de recursos basales de origen autoctono (e.g., algas

bentonicas), generando cambios en la estructura de las comunidades (Vannote et al., 1980).
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Las principales limitaciones de esta teoria se basan en que sus predicciones son enfocadas en
gran medida a comunidades de macroinvertebrados, ademas de que estd basada en evidencia
generada en sistemas templados de los Apalaches en EEUU que carecen de planicies de
inundacion (Junk et al., 1989).

Por otra parte, investigaciones realizadas en rios tropicales con grandes fluctuaciones
hidrolodgicas resaltaron la necesidad de incorporar la dimension lateral para la comprension de
las dindmicas y complejidad de los ecosistemas fluviales. Asi, se plante la teoria del “Concepto
de Pulsos de Inundacion” (FPC, por su sigla en inglés: “Flood Pulse Concept™) (Junk et al.,
1989). Este marco tedrico resalta la importancia de las planicies de inundacion, planteando que
los ecosistemas fluviales se conectan con las planicies a través de pulsos prolongados y
relativamente predecibles que incrementan el intercambio de materia, energia e informacion
genética entre el ecosistema acuatico y el terrestre. Por este motivo, se plantea que en aquellos
ecosistemas o tramos de los rios que presentan planicies de inundacion, muchas especies se
encuentran adaptadas a la utilizacién de recursos al6ctonos provenientes del medio terrestre

circundante como principal fuente de energia (Junk et al., 1989).

Como marcos conceptuales opuestos a lo planteado en las dos teorias anteriores, surgen dos
teorias: el “Modelo de Rio Productivo” (“Riverine Productivity Model”, sigla en inglés RPM)
(Thorp & Delong, 1994; revisado por Thorp & Delong, 2002) y la “Sintesis del Ecosistema
Riverino” (“Riverine Ecosystem Synthesis”, RES por su sigla en inglés) (Thorp et al., 2006).
Estas dos teorias coinciden en el planteo de que la principal fuente de energia que sustenta a las
tramas troficas en los ecosistemas fluviales tiene origen autdctono. La RPM plantea como
principal fuente de energia de las redes troficas fluviales a los recursos de origen autoctono,
independientemente de la disponibilidad de material al6ctono. Esto se deberia a que el carbono
de las algas bentdnicas es mas facil de asimilar y mas rico energéticamente que el carbono
terrestre (Thorp & Delong, 2002). Por otra parte, la RES (Thorp et al., 2006) no describe a los
ecosistemas fluviales como un continuo, sino que los entiende como una conjuncion de parches
hidrogeomorfolégicos, fuertemente asociados a la geomorfologia y al clima. Esta teoria, al igual
gue la RPM, postula que la mayor parte de la biomasa de los organismos acuaticos proviene de
recursos autoctonos, con la excepcion de algunas especies y estaciones en parches con una

entrada significativa de material de origen aldctono (Thorp et al., 2006).

En los Gltimos afios se ha postulado una teoria que integra los marcos tedricos anteriores: el
“Concepto de Onda de Rio” (“River Wave Concept”, RWC por su sigla en inglés- Humphries et
al., 2014). En ésta se plantea que la hidrologia determina la fuente principal de energia que
utilizan las comunidades acuaticas. En este sentido, a altos niveles de flujo predominara el

ingreso y asimilacion de material aléctono desde las planicies de inundacion y por tanto la
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produccion secundaria se basard en energia al6ctona. Por el contrario, cuando los niveles de
flujo sean bajos, la biomasa de las tramas tréficas serd sostenida por energia basada de recursos

autdctonos, producidos localmente en el sistema (Humphries et al., 2014).

Sin embargo, excepto RCC, la mayoria de las teorias en ecosistemas fluviales se basan casi
exclusivamente en el sustento energético, sin plantear predicciones asociadas a los cambios en

los patrones de diversidad a lo largo del gradiente fluvial.

Por otra parte, la mayoria de las diversas teorias que explican el comportamiento de los sistemas
fluviales no pueden ser aplicadas a sistemas con embalses ya que se basan en la continuidad de
la conexidn longitudinal y/o lateral del ecosistema (e.g., Vannote et al., 1980; Junk et al., 1989;
Thorp et al., 2006; Humphries et al., 2014), aspectos interrumpidos por las represas. Una teoria
que surge como modificacion al Concepto de Rio Continuo intenta explicar la dinamica de los
ecosistemas fluviales con presencia de represas: el “Concepto de Discontinuidad Seriada” (“The
Serial Discontinuity Concept”-SDC- Ward & Stanford, 1983; 1995). Esta teoria postula que los
ecosistemas fluviales presentan un gradiente longitudinal predecible en las condiciones
biofisicas, que dependen de las condiciones ambientales y de la distancia a las represas. Sin
embargo, esta teoria es bastante limitada en cuanto al alcance de sus predicciones y no permite
generar predicciones sobre los efectos que los cambios producidos por las represas generaran
sobre varias caracteristicas de la biota, principalmente en lo que refiere a cambios en las redes

troficas y en los sustentos energéticos (Ward & Stanford, 1995).

A pesar de la gran cantidad de marcos tedricos desarrollados en ecologia fluvial, es necesaria la
generacion de evidencia empirica que identifique y explique los impactos en las comunidades
locales, dado que la gran mayoria de los rios estdn sometidos a una gran presion antropogénica
y a la interrupcion de su flujo hidroldgico natural. En este sentido, los cambios en los patrones
de diversidad por efecto de las represas muy probablemente traen aparejados cambios

significativos en el funcionamiento y diversos procesos a escala ecosistémica.

1.4. Interrupcion de flujos hidroldgicos naturales mediante la construccién de
represas

A pesar del consenso sobre la importancia de la conectividad en los rios, éstos estan siendo
sometidos a uno de los principales impactos antropicos a escala global: la construccion de
represas (Vorosmarty et al., 2010; Poff et al., 2010). El represamiento de rios se encuentra en
expansion a nivel global y se espera que continle creciendo exponencialmente en las proximas

décadas, generando fuertes presiones sobre la biota de los ecosistemas fluviales (Zarfl et al.,
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2015; 2019; Fig 1), asi como sobre procesos ecosistémicos, ademés de impactos sobre las
poblaciones humanas asociadas a los rios (Flecker et al., 2022). A escala global solo el 37% de
los rios con extension de mas de 1000 km permanece libre de represas, demostrando el estado

de alta vulnerabilidad de estos sistemas (Grill et al., 2019).
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Fig. 1. Namero de represas existentes a nivel global y proyeccidn de construccién de nuevas represas al
afio 2030. Figura extraida de Zarfl et al., 2015.

La construccién de represas para diferentes fines, como el abastecimiento de agua potable o la
generacién de energia hidroeléctrica, entre otros usos (Baxter, 1977; Dudgeon, 2000; Nilsson et
al., 2005; Ormerod et al., 2010; Grill et al., 2019), altera la estructura y el funcionamiento de los
ecosistemas l6ticos al modificar las condiciones fisicas del ambiente, y promover la
transformacion de ecosistemas I4ticos en Iénticos, la fragmentacion del habitat, y cambios en la
velocidad del flujo de agua y la frecuencia e intensidad de pulsos de descarga aguas abajo
(Dudgeon et al., 2005; Allan & Castillo, 2007). Estos cambios afectan también a los
ecosistemas terrestres circundantes tanto aguas arriba como aguas abajo. Asimismo, alteran la
geomorfologia del cuerpo de agua y modifican la temperatura del agua y su concentracién de
oxigeno disuelto (Allan & Castillo, 2007). Las represas generan también retencién de material
en suspension, incluyendo nutrientes, materia organica y contaminantes que son secuestrados en
los sedimentos del embalse, lo cual altera el flujo de sedimentos aguas abajo de la represa, entre
otras perturbaciones (e.g., Baxter, 1997; Nilsson et al., 2005; Barletta et al., 2010; Cross et al.,
2011).
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Usualmente los grandes rios presentan varias represas consecutivas en el gradiente longitudinal
(i.e., cascada de represas). Esta distribucién en cascada afecta fuertemente los patrones
observados aguas abajo (e.g., Barbosa et al., 1999; Cheng et al., 2015; Santos et al., 2018;
Huang et al., 2018). Se ha observado que el efecto acumulado de los cambios en hidrologia,
retencion de sedimentos, retencion de nutrientes y procesos fisico-quimicos generado por la
cascada de las represas suele representar un mayor impacto que la suma de los efectos de

represas independientes (Castello & Macedo, 2016; Santos et al., 2018).

Algunos de los principales efectos de la construccién de represas son la modificacion de habitats
y pérdida de corredores bioldgicos (Dudgeon et al., 2005; Pelicice et al., 2015), lo que trae
como consecuencia la disminucion de la biodiversidad local y facilita la colonizacién por
especies invasoras (Dudgeon et al., 2005; Winemiller et al., 2016). La pérdida de biodiversidad
en los tramos aguas abajo de las represas se ha constatado a nivel global para diversos grupos
bioldgicos, por ejemplo, en microorganismos, macroinvertebrados, plancton y peces (Wu et al.,
2019). En el caso particular de los peces, se ha observado que la construccion de represas ha
generado la pérdida del rango geografico de distribucion de méas del 50% de las especies en
algunas de las grandes cuencas del mundo (e.g., Brasil, India, Estados Unidos y Sudafrica)
(Keijzer et al., 2024; Fig. 2).

La pérdida de biodiversidad tiene también consecuencias culturales, econdémicas y sociales, ya
gue muchas de las especies afectadas son recursos pesqueros de gran significancia econémica
y/o la principal fuente proteica de muchas localidades, por lo que se puede producir un efecto

importante sobre la economia local e incluso a nivel de los paises (FAO, 2014).
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Fig. 2. Pérdida acumulada de rango de distribucién de especies de peces (%) debido al aislamiento
producido por las represas. Cuencas con ausencia de datos de represas se muestran en gris oscuro.
Cuencas con ausencia de datos de especies de peces se muestran en gris claro. Figura extraida de Keijzer
et al., 2024.

Los cambios en las condiciones ambientales generadas por las represas tienen efectos sobre las
comunidades locales, afectando por ejemplo el ensamble de especies de peces que pueden
encontrarse (Junk et al., 1989; Barletta et al., 2010), debido principalmente a que perduran
aquellas especies que logran tolerar estas alteraciones en las condiciones fisicas del ambiente
(Cross et al., 2011). En el caso particular de los peces, se han observado disminuciones en la
riqueza de especies, en los tamafios poblacionales y en la diversidad genética en los tramos
aguas abajo de cascadas de represas, debido al aislamiento de los ambientes como consecuencia
de la fragmentacion (Ribolli et al., 2021). Asimismo, las poblaciones de peces se ven afectadas
por el bloqueo de las rutas migratorias (Agostinho et al., 2008; Pelicice et al., 2015; Granzotti et
al., 2018), y también por impedimentos fisioldgicos y comportamentales para alcanzar areas
adecuadas para la reproduccion en el nuevo ambiente Iéntico generado por las represas (Lopes
etal., 2024).

Se ha reportado también la existencia de relaciones negativas entre la abundancia y la riqueza de
especies con la presencia de cascada de represas, resultando en pérdida de diversidad en las
regiones aguas abajo (Ganassin et al., 2021). Sin embargo, también se ha reportado que los
sistemas fluviales pueden retornar a las condiciones ecoldgicas naturales (i.e., sin regulacién) a
medida que aumenta la distancia a la represa (Ward & Stanford, 1995; Stanford & Ward, 2001).
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Por otra parte, la fragmentacién de habitats debido a la construccion de represas puede resultar
en la pérdida de especies aguas abajo de las mismas. Sin embargo, también puede generar la
incorporacién de nuevas especies, alterando por lo tanto los patrones de diversidad beta,
cambiando la incidencia de los componentes de reemplazo de especies y anidamiento en el
gradiente longitudinal (Ganassin et al., 2021). En el caso del anidamiento, se observa cuando la
composicién de especies de la comunidad con menor diversidad alfa es un subset de las especies
encontradas en la comunidad con mayor diversidad alfa. Por otra parte, el reemplazo de especies
refiere a la pérdida de especies de una comunidad a otra, pero también incluye la adicion de
nuevas especies (Baselga et al., 2010). En este sentido, en ambientes altamente represados, se
han observado aumentos en la diversidad beta por aumentos en la diferencia en la composicién
de especies entre sitios, con pérdida de especies y reemplazo por nuevas especies (i.e, aumento
en el componente de reemplazo) (Herrera-Pérez et al., 2019).

Los cambios a nivel comunitario por efecto de las represas pueden generar grandes alteraciones
en los procesos a nivel ecosistémico ya que varian, entre otras cosas, las relaciones de consumo
(Carpenter et al., 1985; Cross et al., 2011) y por tanto la transferencia de materia y energia. Los
cambios en la frecuencia e intensidad de descarga de flujos de agua afectan, no solo la
estructura de la comunidad local de peces aguas abajo de la represa, sino que tienen efectos
potenciales sobre la estructura y topologia de las redes tréficas, generando efectos, por ejemplo,
sobre el largo de la trama (Hoeinghaus et al., 2008; Sabo et al., 2010; Ruhi et al., 2016). Se ha
observado que los disturbios en la hidrologia pueden disminuir el largo de la trama tréfica, ya
gue entre otras cosas se generan alteraciones de los recursos disponibles (e.g., debido al lavado
de productores primarios y secundarios locales) (Sabo et al., 2010; Ruhi et al., 2016). Algunos
estudios han encontrado disminucion o pérdida de grupos funcionales de peces, tanto aguas
arriba como aguas abajo de las represas (e.g., de Bem et al., 2021), mostrando declives de
grupos como los bentivoros-invertivoros (Granzotti et al., 2018) y detritivoros (Santos et al.,
2020), y aumentos en la proporcion de especies de peces generalistas luego de la construccién
de represas (Turgeon et al., 2019). Por otra parte, la variabilidad en los flujos de agua puede
afectar también los patrones de omnivoria y amplitud de nicho, ocurriendo dietas mas limitadas
por la disponibilidad de alimento luego de una fuerte descarga (e.g., Ruhi et al., 2016). Estos
cambios en la proporcion de grupos tréficos pueden ser un efecto directo de las alteraciones en
la disponibilidad de recursos basales, ocasionando cambios en la diversidad de items
consumidos y afectando en ultima instancia el nicho trofico y ecolégico ocupado por las

especies (Guo et al., 2023).

Asimismo, los disturbios hidrolégicos ocasionados por la presencia de represas pueden alterar

también el sustento energético de las tramas tréficas. Se ha observado que en ecosistemas
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fluviales con altas tasas de disturbios hidroldgicos tienden a encontrarse redes tréficas basadas
en recursos acuaticos (autdctonos) (Guo et al., 2023). Estas redes se asocian con especies de
rapido crecimiento y altos recambios poblacionales que puedan responder de forma efectiva
ante los disturbios (Townsend et al., 1997). Por otra parte, se ha sugerido que tanto la variacion
en la descarga de agua, asi como los cambios en la penetracion de luz, son factores
fundamentales que interactGan limitando la produccién primaria local en los sectores aguas
abajo de los rios (Roach & Winemiller, 2015). En los sistemas l6ticos aguas abajo de las
represas suele haber una disminucién de la turbidez (relativa a sitios aguas arriba), ya que en la
zona lacustre (embalse) tiene lugar una retencion de los sedimentos en suspensién. Esto permite
una mayor penetracion por luz y mayores tasas de produccion primaria acuatica aguas abajo de
la represa (Ward & Stanford, 1983; Johnson et al., 1996). A medida que se aumenta la distancia
de la represa, la turbidez aumenta y disminuye la ingesta de material acuatico (e.g., algas
producidas localmente) (Wellard-Kelly et al., 2013). lgualmente, se ha demostrado que el
fitoplancton proveniente de la zona lacustre de los embalses puede contribuir al sustento
energético acudtico de la trama tréfica aguas abajo de la represa, aunque en menor medida que
la produccion acuatica local (Doi et al., 2008).

1.5. Antecedentes del caso de estudio: Rio Uruguay

A pesar de que se conocen muchos de los impactos del represamiento de rios, hay evidencia
pobre sobre los efectos de las represas sobre las tramas troficas acudticas en general y sobre el
tipo de recursos que sustenta la biomasa de los consumidores, en particular. Cabe destacar que
el tema se encuentra activamente en debate al dia de hoy en la literatura especializada (e.g., Guo
et al., 2023; Leal et al., 2023). La construccién de represas ha generado alteraciones en la
geomorfologia y en la hidrologia de la mayoria de las grandes cuencas hidrograficas de América
del Sur (Agostinho et al., 2007; Winemiller et al., 2016; Torremorell et al., 2021), y Uruguay no
escapa a esta problematica, con una gran cantidad de embalses ya construidos para diferentes
fines (MVOTMA, 2012; FAO, 2016). Un estudio reciente remarca que Uruguay es el segundo
pais de América del Sur en nimero absoluto de represas construidas, superado Unicamente por
Brasil, con un total de 878 represas, de las cuales solo de cuatro se tiene informacion precisa de
ubicacion y datos de su construccién y de la cuenca (Zhang & Gu, 2023).

En particular en Sudamérica, principalmente en Brasil, se ha estudiado en abundancia el efecto
de las represas sobre los peces, pero basandose principalmente en patrones de diversidad y en
especial en especies migradoras (e.g., Agostinho et al., 2008; Pelicice et al., 2015; Agostinho et
al., 2016; Loures & Pompeu, 2018; Pelicice et al., 2018; Ganassin et al., 2021).
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El Neotropico, considerado un hotspot de diversidad de peces (Lévéque et al., 2007; Reis et al.,
2016) y donde ademas se estan dando la mayor cantidad de alteraciones antropicas, tiene una
gran cantidad de represas proyectadas para las siguientes décadas (Agostinho et al., 2016;
Winemiller et al., 2016; Pelicice & Castello, 2021; Flecker et al., 2022). El funcionamiento de
los ecosistemas fluviales del neotrdpico y la biologia de la mayoria de las especies permanece
sin conocerse (e.g., Reis et al., 2003; Reynalte-Tataje et al., 2012; Lopes et al., 2019; Vidal et
al., 2020). Por su parte, el conocimiento sobre los ensambles de peces presentes en los rios
sudamericanos se enfoca casi exclusivamente en la taxonomia y distribucion de especies
(Barletta et al., 2010; Reis et al., 2016).

Esto resulta particularmente notable en uno de los mayores rios de Sudamérica: el Rio Uruguay.
El Rio Uruguay es el segundo tributario mas grande de la cuenca del Rio de la Plata. Se origina
en Brasil en las confluencias de los rios Canoas y Pelotas, sus tramos medio y bajo separan a
Argentina de Uruguay y tiene su desembocadura en el Rio de la Plata (Saccol-Pereira, 2008),
recorriendo un total de 1800 km. El Rio Uruguay se divide en tres secciones basadas en sus
caracteristicas geologicas: alto, medio y bajo Rio Uruguay. En las Gltimas dos décadas, en el
alto Rio Uruguay se ha dado el desarrollo hidroeléctrico méas importante, con la construccion de
tres represas. En la actualidad, un total de 4 represas hidroeléctricas operan en este rio: tres en el
alto Rio Uruguay: Machadinho (capacidad: 1140 MW/h; operativa desde 2002), It4 (capacidad:
1450 MW/h; operativa desde 2000), y Foz de Chapecé (capacidad: 855 MW/h; operativa desde
2010), y una en el bajo Rio Uruguay: Represa de Salto Grande (capacidad: 1890 MW/h;
operativa desde 1979). Las secciones medias y la parte alta del medio Rio Uruguay permanecen
hasta el momento sin interrupciones en su hidrologia, alcanzando una seccion de ca. 1000 km
de aguas corrientes. El Rio Uruguay alto se caracteriza por su canal estrecho y la ausencia de
planicies de inundacion, aungue en la zona mas alta se observa gran presencia de bosque ripario
(Reynalte-Tataje et al., 2012). La parte media del rio, se caracteriza por grandes extensiones de
planicies de inundacion y presencia de vegetacion riparia (principalmente en la parte alta de esta
seccidn). El bajo Rio Uruguay, por su parte, tiene presencia de bosque ripario en su seccion mas
hacia el norte, asi como también secciones de islas y humedales marginales en su parte media,

principalmente en la margen argentina.

A pesar de ser un rio muy importante en Sudamérica, la escasa informacion disponible sobre los
peces del Rio Uruguay se limita a estudios sobre la biologia reproductiva de algunas especies
(Zaniboni-Filho et al., 2017; Pachla et al., 2019; Vidal et al., 2020). Por su parte, la mayoria de
los estudios de ecologia tréfica se han limitado a descripciones de dieta de algunas especies
clave (e.g., Gonzalez-Bergonzoni et al., 2010; Masdeu et al., 2011; Gonzalez-Bergonzoni et al.,

2023). En cuanto al sustento energético de las redes troficas, la informacion es mas escasa adn
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con un estudio localizado en tres sitios del bajo Rio Uruguay (Gonzélez-Bergonzoni et al.,
2019). Sin embargo, en los ultimos afios se ha incursionado en el estudio de los impactos de las
represas localizadas en el alto Rio Uruguay sobre la abundancia, biomasa y composicion de
especies (de Bem et al., 2021) y sobre la diversidad genética (Ribolli et al., 2021). A pesar de
este incremento en los estudios en el Rio Uruguay, aun desconocemos en gran medida el
funcionamiento del rio en toda su extensién en el gradiente longitudinal, ya que el conocimiento
generado es fragmentado y no abarca la totalidad del gradiente. Asimismo, falta informacion
sobre la ecologia trofica, el rol de las especies en las redes tréficas y los principales sustentos
energéticos, asi como también el potencial impacto de las represas sobre las comunidades de

peces y redes tréficas presentes en el rio.

Con los mencionados antecedentes, y en el contexto global, y particularmente de Sudamérica de
incremento en la construccién de represas, generar evidencia empirica de la variacion en el
gradiente longitudinal y del potencial efecto de las represas hidroeléctricas sobre mdaltiples
dimensiones de diversidad (i.e., diversidad taxonomica, trofica, de fuentes alimenticias y
ecoldgica) en el Rio Uruguay cobra gran relevancia. Cabe destacar que en el Rio Uruguay se
proyecta la construccion de dos represas hidroeléctricas mas, resaltando la urgencia de los
estudios en este rio. En este contexto, toda la informacion generada permitira acercarnos a un
mejor entendimiento de los ecosistemas fluviales, particularmente el Rio Uruguay, y en
consecuencia a un manejo mas efectivo e idealmente una disminuciéon de los impactos
generados por su fragmentacion y modificacion (Barletta et al., 2008; Barletta et al., 2010; Ruhi
etal., 2016; Flecker et al., 2022).

2. Objetivos, hipoétesis y predicciones
2.1. Objetivo general

El objetivo general de esta tesis fue identificar potenciales efectos de las represas sobre la
estructura y funcionamiento comunitario, usando como modelo las comunidades de peces del
Rio Uruguay. Ello implica la generacion de conocimiento basico sobre: 1- la riqueza de especies
de peces; 2- su nicho ecoldgico; y 3- los cambios en el sustento energético (i.e., biomasa
generada por recursos acuaticos y terrestres) de las tramas tréficas; y la puesta a prueba de

distintos marcos tedricos y sus predicciones.

Este objetivo general se dividio en 3 objetivos especificos, y cada uno de ellos corresponde a un

capitulo de la tesis (Fig. 3).
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2.2. Objetivos especificos

1.1) Identificar taxondmica y funcionalmente a las especies de peces del Rio Uruguay,

analizando su dieta y generando una clasificacion estandarizada en grupos tréficos.

1.2) Describir la variacion espacial de la estructura tréfica a lo largo del gradiente longitudinal,
particularmente entre las tres grandes zonas: Rio Uruguay alto, Rio Uruguay medio y Rio
Uruguay bajo (Fig. 4 y 5).

Hipdtesis 1. De acuerdo al Concepto de Rio Continuo, las caracteristicas ambientales de los
diferentes tramos de los ecosistemas fluviales determinan el ensamble de peces y la estructura
trofica que predomina en cada sitio. En particular, el cambio a lo largo del gradiente
longitudinal (nacientes-desembocadura) en las condiciones ambientales genera cambios en la
disponibilidad de los recursos alimenticios y, por tanto, en los grupos troficos de peces que

dominan tanto en abundancia como en biomasa.

En ese contexto, se predice que, en la region del Rio Uruguay alto y medio, debido a la mayor
presencia de monte ripario y planicies de inundacion (Fig. 5), predominaran aquellos grupos
troficos adaptados al consumo de material de origen terrestre. Por el contrario, en el Rio
Uruguay bajo, donde el rio se ensancha, la velocidad del rio disminuye y el flujo turbulento
decrece, se espera encontrar grupos troficos con mayor consumo de productores primarios

locales.

2) Evaluar los potenciales efectos generados por las represas sobre la diversidad ecolégica de
los peces a lo largo del gradiente longitudinal del Rio Uruguay. En particular, determinar los
cambios sobre: la riqueza de especies, la diversidad beta y sus componentes (anidamiento y
recambio de especies), la diversidad trofica (n° de conexiones tréficas) y sobre la diversidad de

nicho isotopico, como proxy de nicho ecoldgico.

Hipdtesis 2. Los cambios ambientales a lo largo del gradiente fluvial longitudinal, como el
aumento del area del rio y la heterogeneidad ambiental, asi como también la pendiente menos
pronunciada, promueven una mayor diversidad a maltiples niveles. Esta se expresa en una
mayor riqueza taxonémica de especies, mayor diversidad beta (por aumentos en el
anidamiento), y mayor diversidad de items alimenticios y aumento en el nicho ecologico de los
peces. Sin embargo, los cambios fisicos generados por las represas (e.g., interrupcion del flujo
de agua, variacion en los flujos de descarga, cambios en flujos de sedimentos y disminucion de

turbidez aguas abajo), interrumpen el gradiente longitudinal generando disminuciones de la
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diversidad en sus mdaltiples dimensiones, debido principalmente a las disminuciones de las

fuentes alimenticias.
En particular, se predice que estos cambios promoveran:

1- Menor riqueza de especies de peces de niveles tréficos superiores, ya que son los
organismos con mayores requerimientos energéticos.

2- La disminucién de la riqueza de especies migradoras aguas abajo, ya que la presencia
de barreras impide el flujo de las mismas.

3- Un aumento de la diversidad beta aguas abajo de las represas por aumentos en el
componente de reemplazo y una disminucion del anidamiento, ya que la fragmentacién
del habitat puede resultar en la pérdida de algunas especies y la adicion de nuevas
especies.

4- Una menor diversidad de items consumidos por los peces. Esto se deberia a que los
cambios en los recursos basales generados por las represas pueden disminuir los
recursos disponibles, generando disminuciones en el nimero de conexiones tréficas.

5- Una disminucion del nicho ecolégico utilizado por las especies. Esto se deberia a que
los cambios en las condiciones ambientales pueden resultar en una menor
heterogeneidad ambiental y cambios en la disponibilidad de recursos basales,
provocando cambios en los hébitats disponibles y disminucion de la diversidad de

fuentes de alimentacion.

3) Evaluar el origen de los recursos (autoctono o aléctono) que subsidian energéticamente la
biomasa de los peces a lo largo del gradiente longitudinal del Rio Uruguay, evaluando los

potenciales efectos generados por las represas ubicadas sobre este rio.

Hipdtesis 3: En aquellos sitios con alta turbidez y gran ingreso de material del ambiente terrestre
circundante los productores primarios experimentan limitaciones para su crecimiento, por lo que
se predice que la biomasa de los peces sera principalmente subsidiada por carbono de origen
aldctono. Por el contrario, las represas incrementan el tiempo de residencia del agua y generan
reducciones en su velocidad, ademas de la retencion de sedimentos en las areas del embalse,
reduciendo el transporte de sedimentos aguas abajo y permitiendo una mayor penetracion por

luz, lo que favorece la acumulacion de biomasa de los productores primarios acuaticos.

Como resultado, se predice que, en las regiones aguas debajo de las represas, la contribucion a

la biomasa de los peces provendra mayoritariamente de recursos autoctonos.
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CAPITULO 1:
Relevamiento y
descripcion de de especies
y grupos tréficos en
gradiente longitudinal

CAPITULO 2:
Diversidad alfa, beta,
diversidad tréficay
ecoldgica en gradiente
longitudinal

EFECTO DE
REPRESAS EN
PATRONES EN
GRADIENTE
LONGITUDINAL

.

CAPITULO 3:
Subsidios energéticos en
gradiente longitudinal

EFECTO DE
REPRESAS EN
PATRONES EN
5, .z, GRADIENTE

Fig. 3. Resumen grafico de los objetivos especificos, cada uno de los cuales corresponde a un capitulo de

la tesis.
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Fig. 4. Ubicacion de los 12 sitios de muestreo y de las represas localizadas sobre el Rio Uruguay. En
blanco: sitios del Rio Uruguay Alto; verde: sitios del Rio Uruguay Medio; azul: sitios del Rio Uruguay
bajo. Se muestran las tres zonas en las que se suele dividir de acuerdo a su funcionamiento a los embalses
generados por las represas (figura extraida de Thornton et al., 1996), ejemplificadas en el Embalse de
Salto Grande.
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Fig. 5. Imagenes satelitales de los 12 sitios de muestreo, en las
fechas en las que se realizd el muestreo, separados por las tres grandes regiones en las que se divide el
Rio Uruguay. Los nimeros en el angulo superior izquierdo de cada figura, corresponden a los nimeros
asignados a los sitios de muestreo en el gradiente longitudinal desde las nacientes (sitio 1) a la
desembocadura (sitio 12).
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3. Aproximaciones metodoldgicas

La tesis se centrd en comprender los patrones de diversidad y la distribucién de las especies y el
ensamblaje de las comunidades, ya que esto resulta fundamental para poder comprender su
funcionamiento (Loreau, 2000; Tilman et al., 2014), en condiciones naturales y bajo los efectos
de distintas presiones antrdpicas y, por tanto, potencialmente para la generacién de estrategias
de conservacion o mitigacion de impactos (Baselga et al., 2010; Gutiérrez-Cénova et al., 2013;
Socolar et al., 2016).

La tesis se centr6 en la comunidad de peces como modelo, por su desproporcionada importancia
ecologica, social y econdmica. Para ello, la aproximacién seguida fue empirica, mediante la
realizacion de camparfias de muestreo para colectar peces y realizar posteriormente analisis de
dieta, de nicho ecoldgico y de sustento energético.

Para el estudio de las redes tréficas acuaticas suelen ser usados los peces ya que ocupan una
gran diversidad de nichos tréficos, conectan distintos habitats en un ecosistema, y son capaces
de circular materia y energia desde los recursos basales (autéctonos y al6ctonos) hacia niveles
superiores de la red (Power, 1990). Los peces poseen la capacidad de desplazarse entre
diferentes hébitats y conectar diferentes ecosistemas a través de la busqueda de refugio, la
reproduccion, y particularmente la alimentacion, por ejemplo, resuspendiendo material del
fondo dejandolo disponible en la columna de agua o alimentandose de material terrestre
proveniente de las margenes de los rios (Power, 1990; Vander Zanden & Vadeboncoeur, 2002).

Existe una amplia variedad de métodos que sirven para estudiar las interacciones tréficas entre
los organismos de una comunidad. La combinacién de estudios de dieta directa (analisis de
contenido estomacal) con analisis de fuentes de asimilacion de carbono (C) y nitrégeno (N) (a
través de andlisis de is6topos estables) permite una buena resolucion y por tanto una
comprension mas completa de las interacciones tréficas (Post, 2002).

El estudio de dieta permite generar informacion sobre los habitos alimenticios de las especies, lo
gue ayuda a la comprension mas extensa del funcionamiento de los ecosistemas (Woodward et
al., 2009). Asimismo, el andlisis de la dieta de los peces permite la clasificacion en grupos
funcionales y troficos, informacion que resulta clave para comprender la estructura tréfica de las
comunidades y sus variaciones espacio-temporales (Gonzalez-Bergonzoni et al., 2012).

Por otra parte, los andlisis de isétopos estables de Carbono y Nitrégeno pueden tener
importantes aplicaciones a estudios de flujos energéticos dentro de las redes tréficas (Post,
2002; Layman et al., 2007a) y para comprender el nicho ecoldgico de las especies, usando como
proxy al nicho isotdpico (Newsome et al., 2007). Los andlisis de is6topos estables se basan en el

hecho de que la proporcion entre los isétopos estables de C y N en los tejidos de los
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consumidores refleja la proporcion de esos is6topos en los tejidos de las principales presas
consumidas (Fry, 2006; Layman et al., 2012).

Por lo tanto, mediante la utilizacion de herramientas estadisticas robustas como los modelos de
mezcla isotOpica bayesianos, se puede llegar a estimar la proporcién de la biomasa de
consumidores subsidiada por los diferentes recursos basales (Parnell et al., 2013) a partir de las
sefales isotdpicas en los tejidos de los consumidores y de todas las potenciales presas, corregida
por el fraccionamiento tréfico correspondiente (cambio predecible en la sefial isotopica que
ocurre en cada paso de asimilacién, e.g., Post, 2002; Bunn et al., 2013). Ademas, a partir del
nicho isotopico de cada especie y mediante el uso de herramientas estadisticas de modelos
bayesianos de nicho isotopico (e.g., métricas de Layman y area de elipses) se pueden estimar
métricas de nicho tréfico como lo son: diversidad de fuentes de C y N consumidas y diversidad
tréfica (e.g., Jackson et al., 2011; Layman et al., 2012). En este sentido, la variabilidad en el
nicho isotdpico de los organismos releja la variabilidad en los recursos asimilados (Newsome et
al., 2007).

Para cumplir con todos los objetivos, se realizé un muestreo de peces en 14 sitios a lo largo del
gradiente longitudinal del Rio Uruguay (3 sitios en el Rio Uruguay Alto, 5 en el Rio Uruguay
Medio y 6 en el Rio Uruguay Bajo). Se tomaron muestras de misculo de peces y potenciales
fuentes alimenticias para el andlisis de isétopos estables de Carbono y Nitrégeno.
Lamentablemente, las muestras de is6topos estables de dos de los sitios del Rio Uruguay bajo se
perdieron al momento del procesamiento, por lo que los andlisis de isétopos se realizaron en un
total de 12 sitios. Igualmente, es importante resaltar que las muestras que se perdieron
correspondian a dos sitios ubicados muy proximos a los sitios 10 y 11, por lo que consideramos

gue la pérdida de esas muestras no compromete nuestros resultados.

En todos los sitios se realizo la identificacion de las especies presentes, evaluando la riqueza de

especies (diversidad alfa).

Para cumplir el objetivo 1, la clasificacion en grupos tréficos se realizo a través de analisis de
contenido estomacal de 15 individuos por especie por sitio (considerando amplio rango de
tallas). Para esta clasificacion, se agrup6 la informacion de dieta de cada individuo perteneciente
a una especie de los diferentes sitios en los que estuvo presente. Finalmente se calculd la
abundancia relativa, biomasa y riqueza de especies de cada grupo tréfico en cada una de las tres

secciones del rio (Capitulo 1-Articulo 1: Lépez-Rodriguez et al., 2019).

Para el objetivo 2, basados en la informacion de diversidad alfa, se calculd la diversidad beta
(total, reemplazo de especies y anidamiento) a lo largo del gradiente longitudinal y entre sitios

continuos. A partir del anlisis de contenido estomacal (Capitulo 1, Lopez-Rodriguez et al.,
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2019), se realizaron matrices de dieta para reconstruir las tramas troficas en cada sitio de

muestreo, calculando métricas de diversidad tréfica (i.e., nUmero de conexiones troficas).

Se realiz6 también el calculo de nicho isotopico a través de modelos Bayesianos y se utilizo el
area de elipse corregida por el tamafio de muestra (SEAc) como indicador de nicho ecoldgico de
los peces. Se ajustaron modelos de regresion lineal entre la riqueza de especies, la diversidad
beta (y sus componentes) y la diversidad tréfica (nimero de conexiones) con la posicion de cada
sitio en el gradiente longitudinal.

Finalmente, para el analisis del nicho ecoldgico testeamos en el marco bayesiano la probabilidad
de que el SEAc fuera mayor en un sitio que en otro (comparando sitios de interés; i.e., pre-post

represa) (Capitulo 2- Lopez-Rodriguez et al., 2024).

Para el objetivo 3, a partir de la clasificacion en grupos troficos del Capitulo 1 y la informacion
de las sefiales isotopicas de Carbono y Nitrogeno de las especies de peces y de los recursos
basales, se determiné la contribucion de los recursos basales a la biomasa de los peces de cada
uno de los grupos tréficos en cada uno de los 12 sitios de muestreo. Se calcul6 la contribucion
relativa de los recursos basales (autoctonos y aldctonos) a la biomasa de los peces de dos
formas: la contribucién de los recursos a la biomasa de los peces y la contribucién media de
cada recurso basal a la biomasa de las especies pesada por la biomasa de cada especie en cada
sitio de muestreo. Se realizaron regresiones lineales entre la contribucion media de los recursos
por sitio y la contribucidn pesada por la biomasa con las distancias a las nacientes para evaluar
patrones en el gradiente longitudinal. Por otra parte, para evaluar potenciales efectos de las
represas se realizaron GLM comparando la contribucién media de los recursos autdctonos a la

biomasa de los peces entre los sitios pre y post represa (Capitulo 3- Lépez-Rodriguez et al. in

prep).
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Abstract: The Neotropics represent a hotspot for freshwater biodiversity with vast number of fish
species of scarce ecological knowledge. This holds true for the Uruguay River, where fish assemblages
and their diets remain unexplored. Fish assemblages were surveyed in 14 sites along the river
main course, from headwaters to mouth (approximately 1800 km), with the aim to identify the
trophic roles of fishes and to describe trophic structure of these assemblages, following standardized
sampling campaigns and laboratory procedures. One hundred species (2309 gut contents) were
analysed and classified into four trophic groups subdivided into eight lower-level groups: Piscivore,
piscivore-invertivore, detritivore, omnivore-detritivore, omnivore-invertivore, omnivore-planktivore
and omnivore-herbivore. The trophic structure of the assemblages varied along the river, with the
relative species richness of fish consuming terrestrial invertebrates increasing towards the middle
river section, probably driven by the large floodplains in that areas, supporting global theories such
as the flood pulse concept. This study describes the feeding habits of fish along the Uruguay River,
being the first dietary description for 29 species. This knowledge is essential for management and
conservation, serving as baseline in the context of future environmental changes while generating
novel evidence on the functioning of ecosystems in this scarcely studied climatic region.

Keywords: trophic groups; Uruguay River fish; feeding habits; trophic guilds; fish feeding ecology

1. Introduction

The knowledge about trophic structure of communities is essential to understand some of the main
relationships among species in ecosystems [1-3]. Information of the feeding habits of species permits a
holistic understanding of ecosystem functioning [4]. In aquatic ecosystems, fish are used to describe
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food webs since they occupy a great diversity of trophic niches and circulate matter and energy from
basal resources to the highest levels of the web [5,6]. They are also capable to move between different
habitats within the water body and even connect different ecosystems through feeding interactions,
for example by feeding on allochthonous material from the riverbanks and riparian zones [5-7] or by
migrating between rivers and the sea. The analysis of fish diets is also important to better understand
the behaviour of the species [8,9]. Large-scale trophic groups’ classification is the basis to understand
the trophic structure of assemblages and their natural spatial or temporal variability (e.g., [10,11]).
In fluvial ecosystems, longitudinal gradients in fish assemblage trophic structure are often found,
where the relative importance of different trophic groups shifts from headwaters to mouth, possibly
following changes in energy availability and habitat structure (e.g., [12-17]). Some evidence suggests
that the trophic structure of the fish assemblages changes from dominance of small compressed-bodied
benthivorous fishes in headwaters towards higher importance of omnivores-herbivores, planktivorous
and piscivorous strategists in the lower sections [12-15]. However, most of this evidence comes from
streams and low order river ecosystems (e.g., river orders 1-5), but longitudinal patterns in fish trophic
structure in large river ecosystems remain largely unexplored.

Moreover, most of the theories that aim to explain river functioning have been generated in
temperate regions of the northern hemisphere. Despite that the Neotropical region represents one of
the largest hotspots for freshwater fish biodiversity [18,19], the functioning of its riverine ecosystems
and the biology of the vast majority of the species remains understudied [20,21]. Besides, while
most Neotropical fish assemblage studies focus on tropical and subtropical rivers, with marked flow
seasonality (e.g., Amazonas River, Parana River, Orinoco River [22-25]), less research effort has been
made in large irregular flow rivers of southern subtropical areas (see [26-28]). Particularly within the
La Plata River basin, most studies describing aspects of fish biology focused on the large Parana River
(e.g., [29-31]) while its smaller tributary—a 1800 km long and 6000 m?/s river bearing at least 10 species
of long-distance migratory fish of commercial importance—the irregular-flow subtropical Uruguay
River remains largely unstudied in its total extension [32]. Research on this region is highly necessary
given that, as most freshwaters in South America, it faces a growing biodiversity loss rate [19,29,33].

The knowledge about South America’s fish assemblages is based almost exclusively on taxonomical
records and species distribution analyses [19,34]. The scarce information available for the Uruguay River
is not the exception, consisting mostly on scientific notes reporting length-weight relationships [10,35],
or new records of a few rare species [36,37]. Moreover, most fish ecology research made in the Uruguay
River has been focused on few commercially important migratory species such as sabalo (Prochilodus
lineatus), boga (Megaleporinus obtusidens) and dorado (Salminus brasilinsis) (e.g., [26,38]). Most of these
migratory species migrate between Parana, Rio de la Plata and Uruguay Rivers to use different feeding
and reproduction grounds along the fluvial gradient; but several local species exist along the river
as well [26]. Regarding fish trophic ecology, and to the extent of our knowledge, only few studies
describing the diet of limited key species exist (e.g., [39-42]).

The objective of this study was to report the fish species present in the Uruguay River, describing
their diets with the aim of reaching a standardized and objective classification in trophic groups.
Furthermore, this study was also aimed to describe the spatial variation in the trophic structure
of assemblages from upper to lower river sections, facilitating the comprehension of the structure
and functioning of the unstudied fish assemblages in this large subtropical river serving as baseline
information for management purposes.

2. Materials and Methods

2.1. Study Area and Fish Sampling

This research was conducted in the Uruguay River, the second largest tributary of the La Plata
River drainage basin. This river rises at the confluence of the Pelotas River and the Canoas River in
Brazil, and extends for 1800 km to its mouth in the La Plata estuary shared between Uruguay and
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Argentina [43]. The drainage basin covers three countries: Brazil, Argentina and Uruguay, with the
largest area in the states of Santa Catarina and Rio Grande do Sul, Brazil [44]. According to geological
characteristics, the Uruguay River could be divided into three main regions; upper, middle and lower
sections. The Yucuma Falls in Brazil represent the division between the upper and middle section,
while the Salto Grande Dam (Uruguay) divides the middle from the lower section of the river [45].
The hydrology of the Uruguay River is determined by the precipitation patterns in the upper two-thirds
of the catchment (upper and middle sections) and, as opposite to the Parana River, does not show
a seasonal pattern in flow, being highly irregular [46]. The hydrological conditions differ between
the three sections, with a steeper slope and faster current velocities in the upper than in the middle
section. On the other hand, the river flow in the lower section is constrained by the hydroelectric dam
of Salto Grande [26]. The dominant substrates in the upper and middle region of the river are typically
hard rocks, whereas in the lower section, sandstone substrate prevails [43]. In all the extension of the
Uruguay River four hydroelectric dams were built (three in the upper section, and one in the lower
section). The middle section remains largely hydrologically undisturbed.

Fish samplings were performed during austral autumn of 2017 (May—early June) in 14 sites of the
main course of Uruguay River, from its headwaters (States of Santa Catarina and Rio Grande do Sul,
Brazil) to the mouth (Colonia, Uruguay). Three locations were sampled in the upper river section, five
in the middle section, and six in the lower section (Figure 1, Tables S1 and 52). Sampling locations were
chosen considering available monitoring programs along the river easing logistics for this study. Atall
sites, littoral habitats of depths from 1-4 m were sampled to cover for a similar range of environmental
variability in each area. In large river ecosystems, littoral areas usually host the highest biodiversity.
Furthermore, the autumn season was chosen to sample because during that season, a higher diversity
of fish size ranges might be expected as the spawning of most species of the region usually occur in
spring-summer and then, both juvenile and adults of most species could be collected during autumn.

In the middle and lower sections of the river, fish collections were carried out using multi-mesh
Nordic gillnets. In each site, four sets of benthic gillnets were placed in the littoral zone (1.5-2.0 m deep
areas at 50-100 m away from the shore) and four in a deeper zone (2-5.0 m deep) about 500 m away
from the shoreline. Each Nordic gillnet was 30 m long by 1.5 m high and were composed of 12 mesh
sizes (5.0, 6.25, 8.0, 10.0, 12.5, 15.5, 19.5, 24.0, 29.0, 35.0, 43.0, and 55 mm knot to knot). Gillnets were set
from sunset to sunrise (c.a. 12 h). The same sampling effort was performed in each site. Fish sampling
and handling procedures were approved by the Honorary Commission of Animal Experimentation
(CHEA) in Uruguay (Permit ID 309).

In the upper river section, due to a different standardization of the ongoing monitoring programs
subsidizing this study, a set of gill and trammel nets were used, with mesh sizes ranging from 15.0 to
80.0 mm knot to knot, instead of Nordic gillnets. However, time of net set was comparable as net were
also set overnight. Gillnets ranged from 20 to 120 m in length and from 1.6 to 8.0 m in height; while
trammel nets varied between 30 to 40 m in length with 1.8 m height. Both set of nets were placed in the
littoral zone in the evening and removed in the following morning, being set for approximately 12 h.
At each site, additional sampling was performed with seine nets and cast nets (both with mesh size of
8.0 mm) in the littoral zone.

In addition to our own sampling campaigns, some commercially important large fish specimens
were also obtained from local fishermen in the middle and lower sections of the river, as to complete
the sampling wherever these species (known to be present along all the river) were not captured.
Furthermore, tocomplement the diet description of some rare species (i.e., with less than five individuals
collected during sampling) gut content data from two previous sampling campaigns arrayed in spring
2014 and autumn 2016 in the lower section of Uruguay River was used (Table S1).

In the field, fishes were identified to the lowest taxonomic level possible (i.e., species level in most
cases), measured (total and standard length in cm) and weighed (total fresh biomass in g). For the gut
content analysis, the stomach and intestines of 15 individuals per species and site, considering a wide
size range (or all individuals obtained, when <15 were caught) were removed and preserved in 10%
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formalin for posterior laboratory analysis. A previous study in Uruguayan streams using prey species
accumulation curves has established that 15 individuals usually suffice to represent well the richness
of diet items [47]. Individuals were selected to cover all length classes obtained at each site (Table S1).

Machadinho

Dam

X 1s. MO

Yucuma Falls ¢ . Itdpam
_ Fozde MR

ALE  chapeco

Dam

Uruguayana _

BEL
Concordia ¢ Salto
Salto Grande Dam
GVvY O
CPAY
NB
°.

(Buenos Aires
tMontevideo

Figure 1. Location of the 14 sampling sites of the Uruguay River. The Uruguay River sampling sites are
coloured according to the different sections; red: Upper; blue: Middle, and white: Lower. MB: Barracao,
at the confluence of Canoas River and Pelotas River; MR: Marcelino Ramos; MO: Mondai; Ale: Alecrim;
SB: Sao Borja; BU: Bella Union; IZ: Isla del Zapallo island; Bel: Belén; GVY: Guaviyu; Pays: Paysandy;
NB: Nuevo Berlin; FB: Fray Bentos; LC: Las Canas, and PG: Punta Gorda, at the mouth of the Uruguay
River. Major towns (orange) and waterfalls and dams (white star) are represented in the figure.

Gut content analysis (GCA) was performed in the laboratory. The occurring food items were
classified broadly into eight item types as follows: Detritus, plankton (zooplankton and phytoplankton),
periphyton (diatoms and filamentous algae), aquatic macroinvertebrates (insects, molluscs, and
macrocrustaceans), terrestrial macroinvertebrates (terrestrial insects and arachnids), fish remains
(entire fish, scales, fins and fish remains) aquatic macrophytes, and terrestrial vegetal matter (seeds,
fruits and vegetal tissues). Zooplankton and phytoplankton were pooled because phytoplankton
was only present in few individuals along with large amounts of zooplankton. The absolute volume
of each food item was measured using standardized Hyslop’s indirect volumetric method. With
this information, the relative contribution of each food item type to the diet of individuals was
calculated [48].

The frequency of occurrence was calculated as the number of occurrences of a food item in the
guts of a given species divided by the total number of individuals analysed. Then, the Index of Relative
Importance (IRI) of each item for each species was calculated, considering the unit volume of food
items weighted by its frequency of occurrence and expressed as percentage [49]:

IRI = (Vix Fi)/(ZVi x Fi) x 100

where: Vi = volume of the food item i and Fi = frequency of occurrence of the food item i. Data from
empty guts and those that only had indeterminate prey items were excluded from the analysis.

For the trophic classification of species, data from each individual belonging to a species from
the different river sections was pooled. This procedure was applied in order to obtain a broader view
of diet plasticity and to minimize the potential effect of the short time scale and the strong habitat
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specificity typically considered by GCA [50]. This procedure was followed to use variability in space
along the whole river as a proxy of the potential variability across time and different habitat scenarios
for a given species. For the classification purpose, the term “omnivores” was used to define species
feeding at contrasting trophic levels, such as primary producers and consumers of any kind. This is a
pragmatic use of the definition that allows a rather conservative but unequivocal visualization of this
feeding strategy [11], but acknowledging that omnivores are strictly those feeding on more than one
trophic level [51,52].

2.2. Data Analysis

Fish species were grouped and diets were compared using a cluster analysis, following the
Bray—Curtis ordination method and Euclidian distance as an index of dissimilitude. This kind of group
analysis is commonly used in studies of trophic ecology (e.g., [53]). To complement the cluster analysis,
the data was visualized in a principal component analysis (PCA). To test for significant differences in
the diet composition between the groups that emerged from the cluster analysis, a non-parametric
Permutational Multivariate Analysis of Variance (PERMANOVA; Bray Curtis index; with 999 random
permutations) was performed [54]. PCA analysis and the PERMANOVA test without data from
detritivore and piscivore fish groups were also run to better visualize and classify the omnivore fish
groups. A special focus on this group was made because of the known high relative richness of
omnivore species in subtropical and tropical systems [11]. All the statistical analyses were conducted
using the free statistical software PAST and the “vegan” package in R (R Development Core Team [55]).

Afterwards, the relative biomass, abundance and species richness of each trophic group was
estimated for each sampled site within each river section. In this way, an aim to describe potential
changes in trophic structure of assemblages between the upper, middle and lower river sections was
made. The relative abundance, biomass and species richness data was used instead of total numbers, to
avoid a potential bias given by the slightly different sampling methodologies (different distribution of
net mesh sizes) displayed in the upper river section. To analyze potential changes in trophic structure
between these sections we performed PERMANOVA tests (« = 0.05; Bonferroni-corrected P-values),
using metrics for each trophic groups as response variables (i.e., relative biomass, relative abundance,
and relative species richness), and the sampling sites within a river section as a replicates. Furthermore,
changes in the relative biomass, abundance and species richness of each particular trophic group
among river section were tested using Analysis of Variance (One way ANOVA) or Kruskall Wallis,
depending on the accomplishments of data homoscedasticity and normality.

To compare the generality of the results, a bibliographic review of dietary descriptions for the
same species in other locations was performed using the Google Scholar search engine. For the dietary
review of each species, the terms “species name” + “feeding” + “diet” were used as keywords, and we
considered the first ten results obtained. This information can help identify the diet plasticity of many
species and also the gaps of information for certain species (Table 1).

3. Results

One hundred species were recorded in the main course of Uruguay River belonging to nine
orders, with the Characiformes and Siluriformes being the most represented (42% and 41% of all the
species, respectively) (Table S1). Most were native species, with the record of only one exotic species
(Oreochromis niloticus, Nile tilapia) collected in the upper river section (Table 1).

From a total of 2309 stomachs analysed, 1890 (82%) were used in the feeding groups classification.
The remaining stomachs were empty or with indeterminate dietary content.
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Table 1. Diet and trophic classification of fish species sampled along a longitudinal gradient in Uruguay River. The values for each dietary item type in each species
represent the index of relative importance, which combines the frequency of occurrence and the relative volume of each dietary item to describe the diet of a species.
For nand size ranges analysed see Table S2. Previous trophic classification of species for other systems surveyed from literature is shown in the last column and in
References Table 1. NA = No data available. The species with * have not been grouped due to unique dietary characteristics.

Entire Fish £5 s Aquatic Terrestrial
Trophic Group Fish Species & Fish % o Detritus Plant Periphyton  Plankton Trophic Groups in Literature
Rt Invertebrates Arthropods Macrophytes Bt
Ageneiosus militaris 0842 004 0,106 0.m <0.001 <0.001 <0.001 0 Piscivore [42]
"“’;;"‘;' a”';‘:;.'"l:""“' 09% <0.001 <0.001 0 0 <0.001 0 0 Camivore [42)/Piscivore [41,56,57]
Cynopotamus argenteus 0995 <0.001 0.001 0 <0.001 0.003 0 <0.001 Piscivore [42]
Catathyridium jenynsi 1 0 0 0 0 0 0 0 NA
Cynopotamus kincaidi 0999 0.001 0 0 0 0 0 0 Piscivore [58]
Crenicichla scofti 1 0 0 0 0 0 0 0 Benthi-piscivore [47]
Piscvore Crenicichla wittata 0999 0 0.002 0 0 <0.001 0 0 Piscivore [59]
Galeocharax humeralis 0987 0.002 0.001 0 0.003 0.006 0 0 Piscivore [60]
Hoplias lacerdae 1 0 0 0 0 0 0 0 NA
Carnivore-piscivore
Hoplias malabaricus 1 0 0 0 0 0 0 0 [61,62)/Piscivore
[63-65]/Carcinophagous [66]
Lycengraulis grossidens 0854 003 0.1 0.004 0 0.094 0 i
Luctopimelodus pati 0923 0.008 0.06 0 0.005 0.005 NA
. A o Carnivore-Piscivore
!l 5 0. 0 0. 0 0.0 0.00
Oligosarcus jenynsii 788 209 03 <0.001 [69-72)/Piscivore 73]
Oligosarcus oligolepis 0.98 0 0.02 0 0 0 Omnivore-Benthivore [74]
A Piscivore [60])/Carnivore-Piscivore
Pellona flavipinnis 0.936 0.064 0 0 0 0 [75)/Camivore [76]
Pseudopimelodus 1 0 0 0 0 0 NA
mangurus
Pygocentrus nattereri 0831 0 0 0 0 0.169 0 0 Piscivore [60,77,78]
Parastegophilus sp. 1 0 0 0 0 0 0 0 NA
Piscivore . . Lepidophagous-invertivore
Roeboides affinis 092 006 0.016 0 0 0.003 0 60 Lopidophagous [79]
Roeboides microlepis 0786 0.002 0.02 0023 0 0.17 0 Pisavore [60,80]
. TP Opportunistic piscivore
Raptiodon vulpinnus 0987 0.005 0.007 0 0 0 0 [42)/Piscivore [64,81]
; gy Pisdvore
. 075 i p i
Salminus brasliensis 0912 0.005 0 0 0.07 0.007 0 [60,81)/Camnivore-piscivore [82
Serrasalmus maculatus 0984 0.002 <0.001 0 0.013 0 0 Omni-piscivore [77]
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Batang Hal Aquatic Terrestrial Aquatic Temastriql
3 Fi 5 Fi 2 Pesi 5 Sy
Trophic Group ish Species & |s'h Tiveitebuatis  Awthropods Detritus Macrophytes Plan't eriphyton Plankton Trophic Groups in Literature
Remains Remains
Ageneiosus inermis 0.59 0.401 0 0 0.009 0 0 0 Carnivore-insectivore [83]
Gymmnotus sp. 0417 0.167 0.417 0 0 0 0 0 Insectivore [84]
Megalonema platanum 0.562 0.009 0.397 0.032 0 0 0 0 NA
Piscivore-invertivore Potamotrygon 06 04 0 0 0 0 0 0 NA
brachyum
Omni-pisicvore [81]/Carnivore
Pimelodella gracilis 0.144 0.196 0.148 0295 <0.001 0.203 0.011 0.003 [85]/Omnivore [86]/Insectivore
(Aqg) [87]
. Piscivore [60]/Omni-piscivore
Pimelodus maculatus 0293 0.352 0.076 0.065 0.011 0.203 0 <0.001 [88,89Omnivore [90]
Piscivore-invertivore -4 ";’,"’“”"“’ us 0572 0.249 0 0 0 0179 0 <0.001 NA
Rhamdia quelen 0294 0.323 0.007 0304 0.072 0 0 St [%]/?;;’]mvore-p vors
Sorubim lima 0405 0.595 0 0 0 0 0 0 Piscivore [92]
Cyphocharax platanus 0 <0.001 0 0999 0.001 <0.001 0 <0.001 NA
Cyphocharax saladensis 0 0 0 1 0 0 0 0 Detritivore [93]/Tliophagus [94]
Cyphocharax spilotus 0 0.012 0 0987 0 0.001 0 0 Detritivore [95]
Detritivore-Algivore
Cyphocharax voga 0 0 0 1 0 0 0 0 [62]/Detritivore [93,96]/Mliophagus
[97]
Hyposlonmig 0 0 0 1 0 0 0 0 NA
aspilogaster
Detritivore-alguivore
353 Hypostomus [62]/Miophagous
Deteifivom commersoni : g0 0 0 L o 2 9 [98)/Periphyton-feeder-detritivore
[99]
Hypostomus isbrueckert 0 0 0 1 0 0 0 0 NA
Hypostomus laplatae 0 0 0 1 0 0 0 0 NA
Hypostomus Detritivore
luteomaculatus 0 0 a . . 0 U g [84]/Detritivore-algivore [100,101]
Hyposdomis 0 0 0 0999 0 <0.001 0 0 NA
roseopunctatus
Eipasiais 0 0 0 0977 0 0 0.016 0.007 NA
uruguayensis
Foricenyatiing 0 0.028 <0.001 0923 0 0.042 <0.001 0.008 Omnivore [102]

melanochelius
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Entire Fish Acnats Temestrial Avaats Terrestrial
Trophic Group Fish Species & Fish qua Detritus qe Plant Periphyton Plankton Trophic Groups in Literature
g Invertebrates Arthropods Macrophytes A
Remains Remains
Loricariichiiys 0 0 0 1 0 0 0 Detritivore [103,104]
platymetopon
Oreochromis niloticus 0.013 0 0.014 0908 0.064 <0.001 0 Omnivore [105]
Prochilodus lineatus <0.001 <0.001 <0.001 0971 0.028 0 <0.001 D“’“‘“""'ﬁ([f;”fgi']""hag"“s
Detrtionm Fotmipring 0 0 0998 0 0 0.002 Detritivore [60,106]
squamoralevis
Rineloricaria paroa 0.003 0 0997 0 0 0 Detritivore [107]
Stenichiering <0.001 0 0999 <0.001 0 0 Detritivore [108,109]
brevipinna
Steindachnerina 3 =
Suscalui 0 0 0 1 0 0 0 0 Iliophagous [103]
2 - Omnivore-detritivore
Apareiodon affinis <0.001 0.013 <0.001 0.78 <0.001 0.057 0.149 <0.001 [81/Algivore [110,111]
Characidivum tenue 0 0.023 0.276 0.69 0 0.011 0 0 NA
Benthivore [40,103,112,113]
Omnivore-detritivore  lheringichthys labrosus 0.004 0.266 0.006 0.650 0.006 0.053 0.001 0.014 /Necto-benthonic-insectivore
[114]/Invertivore [115]
Loricariichthys anus 0 0.201 0 0779 0 0.019 0.001 0 Detritivore [95]
Pimelodella australis 0.05 0.112 0.025 0.705 0 0.107 0 0 Benthi-herbivore [74]
Rhinodoras dorbygni 0.005 0.201 0.012 0.632 0.004 0.145 <0.001 <0.001 NA
Brochylyricnrin 0 1 0 0 0 0 0 0 Carnivore (mollqsk consumer)
chauliodon [116]
Omnivore-Invertivore Omnivore-herbivore
(Aq) Bryconamericus [47]/Omnivore
iheringii Q004 0:568 9 oon 2 17 2 4 [62]/Benthophagus-omnivore
[73]/Benthivore [117]
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Entire Fish. Aquatic Terrestrial Aquatic Tercestrial
3 Fi ) Fi F 5 A o e
Trophic Group ish Species R& 1s.h Tiverebisatis; ‘Asirpuda Detritus Macrophytes Plan-t Periphyton Plankton Trophic Groups in Literature
emains Remains
) Omnivore-planktivore
Hoplosternum littorale 0 0.436 0.007 0 0 0.028 0 0.529 [144]/Scavengers [145]
Omnivore-planktivore :::;’;:f:"" 0 0.214 <0.001 0.024 0 0.008 0 0.754 NA
: ; Omnivore [146,147]/Benthivore
Odontostilbe pequira 0 0.009 0.009 0 0 0.074 0 0.907 [148)/Herbivore [149]
: Microphagus-carnivore
o Platanichthys platana 0 0 0 0 0 0.024 0 0.976 [150)/Omnivore [151]
Birgpime oiics <0001 0.027 0.049 0219 0.007 0.057 <0.001 0.640 NA
valenciennis
Omnivore (terrestrial vegetation)
Astyanax lacustris 0.002 0.013 0.148 0.001 0.001 0.836 <0.001 <0.001 [73)/Omnivore-herbivore
[95)/Omnivore [152]
Astyanax obscurus 0.017 0.197 0.393 0 0 0.393 0 0 Invertivore (Terr.) [73]
Omnivore-herbivore
Astyanaeeppialf [95]/Omnivore
. . yanaxonp: 0.002 0.078 0337 0.005 0.072 0.501 0.006 <0.001 [138,153,154]/Zooplanktivore
Omnivore-Herbivore fasciatus 3 4
[155]/Omnivore-zooplanktivore
(Tern) [156]
— Brycon orbignyanus 0.001 <0.001 0.095 0 0 0.903 0 0 NA
T Insectivore [66]/Omnivore
Geophagus brasiliensis 0 0 0 0225 0 0.775 0 0 [95,157-159/Invertivore [95]
Pimelodus albicans 0.117 0.016 0.397 0.002 0 0.468 0 0 NA
Herbivore
Pterodoras granulosus 0.002 0.003 0 0.190 0.176 0.628 0 0 [60}/Omnivore-Invertivore
[160)/Omnivore [39,161]
Schizodon nasutus 0 0.001 0 <0.001 0.024 0.975 0 0 Herbivore [68,114,162,163]
o Trachyelopterus teaguei 0.050 0.005 0.258 0.003 0 0.685 0 0 NA
* Schizodon platae 0 0 0 0 1 0 0 0 Herbivore [164]
* Otocinclus arnoldi 0 0 0 0222 0 0 0.778 0 NA
= oo RS a2
Pseudoc orynopoma 0 0 1 0 0 0 0 0 ll’\.’d&(l\- ore lt. 2,140} Generalist
doriae insectivore [141]
Trachydopterus Camivore-insectivore
¢ \ )
45 0027 0.079 0.768 0 0 0127 0 0 [142)insectivore [143]
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Figure 2. Cluster analysis showing trophic classification of 100 fish species along the Uruguay River. The
text in the main tree branches corresponds to the broad scale trophic classification into four large trophic
groups. Within each group, a statistically significant separation into more detailed sub-groups is made
and marked with numbers and different text font colours. The final eight trophic groups are: I: Piscivore;
II: Piscivore-invertivore; III: Detritivore; IV: Omnivore-detritivore; V: Omnivore-invertivore—(Aq.);
VI: Omnivore-planktivore; VII: Omnivore-invertivore—(Terr.); and VIII: Omnivore-herbivore—(Terr.).
The two species with * were excluded from groups due to their unique diet composition. Species

abbreviations are shown, for full species names and detailed dietary characterization see Table 1.
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Figure 3. Principal component analysis: (a) showing all fish species assemblages in trophic groups
according main food item in diet; PCA axes 1 and 2 explained 40% and 27% of the variance, respectively;
(b) PCA (without the piscivore and detritivore groups) showing omnivorous fish specialization and
grouped in trophic groups; PCA axes 1 and 2 explained 43% and 24% of the variance, respectively.
Each colored polygon represents one trophic group. To see the full name of the species, see Figure 2

and/or Table 1.

The combination of the IRI values of each dietary item (detailed in Table 1) used in the cluster
analysis allowed classifying species into four coarse-level trophic groups: Piscivore (32% of the species),
detritivore (24% of the species), omnivore-invertivore (aquatic) (20% of the species, being omnivores
mostly feeding on aquatic macroinvertebrates) and generalist-omnivore (23% of the species being
omnivores mostly feeding on terrestrial material) groups (Figure 2, Table 1). When visualising this
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data in principal component analysis (PCA) the separation of this same four broad trophic groups was
as clearly evident as in the cluster analysis of Figure 2, with the first two axis explaining 67% of the
variation in the data (PC1 = 40% and PC2 = 27%) (Figure 3a). The PERMANOVA test gave strong
statistical support to this broad level classification into four groups, showing significant differences in
the IRI index value for the multiple dietary items between every group (F3 95 = 58.22; P = 0.001).
Furthermore, data exploration using both PCA and cluster analysis suggested the suitability of
increasing the resolution of the four broad trophic groups. For instance, piscivore and detritivore
groups could be separated into two groups each (Figures 2 and 3a, Table 1), including the strictly
piscivorous and detritivorous groups of species, and those that while feeding mostly on fish and
detritus respectively also include other diet items to a lesser extent (Figure 3, Table 1). To perform this
finer scale classification a PCA using exclusively the omnivorous groups was made to better resolve
and classify them into four trophic subgroups (Figure 3b). In this case, 67% of the variation in the data
was explained (PC1 = 43% and PC2 = 24%). The PERMANOVA test also showed consistent statistical
support to this finer separation of omnivores into four subgroups (F; 41 = 16.16; P = 0.001).
Altogether, the ordination methods supported the separation into eight trophic groups:

L Piscivore: Diet dominated by entire fishes, fish remains, scales and fins.

1L Piscivore-invertivore: Diet dominated by fishes, fish remains, scales and fins, with inclusion of
aquatic macroinvertebrates and terrestrial arthropods.

1L Detritivore: Diet dominated by detritus.

IV. Omnivore-detritivore: A combination of vegetal and animal sources, with dominance
of detritus.
V. Omnivore-invertivore (Aquatic): A combination of species with either a diet largely dominated

by aquatic macroinvertebrates and generally a minor inclusion of vegetal components.

VL Omnivore-planktivore: Combination of vegetal and animal sources, with dominance of
planktonic items (mostly zooplankton).

VII.  Omnivore-invertivore (Terrestrial): A combination of species with either a diet largely
dominated by terrestrial arthropods and generally a minor inclusion of vegetal components.

VIII.  Omnivore-herbivores (Terrestrial): Diet dominated by terrestrial seeds and fruits, but with
minor inclusion of terrestrial arthropods.

Finally, a one-way PERMANOVA performed with all eight subgroups supported the trophic
classification, showing significant between each group (Fg 91 = 101.42; P = 0.001). Two species were
excluded (although appeared related to the Omnivore-planktivore group in the cluster analysis) due to
their unique diet: Otocinclus arnoldi, that fed mostly on periphyton with minor inclusion of detritus,
and Schizodon platae, with a diet almost entirely composed of aquatic macrophytes (Table 1).

The trophic composition of the assemblages did not differ significantly between the three river
sections in term of relative biomass (PERMANOVA F; 117 = 1.4, P = 0.18), relative abundance
(PERMANOVA F; 111 =1.03, P = 0.41) or relative species richness (PERMANOVA F; 11, = 1.18, P=0.31)
of trophic groups. The three sites in the upper portion of the river were particularity variable in its
trophic composition in terms of relative abundance and biomass (Table S1, Figure 4). Moreover, no
significant difference in the relative biomass, abundance or species richness of any of the trophic groups
was found between the three river sections; the only exception being the relative species richness of
the omnivores species feeding on terrestrial invertebrates, which was greater in the middle than in
the lower Uruguay River section (ANOVA F, 13 = 12.6; P = 0.001; 6 species in the middle vs. 3 in the
lower section).
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Figure 4. Longitudinal variability in trophic structure of the fish assemblages in sampled locations of
Uruguay River from upper (MB, MR, IMO) to middle (Alecrim, Sao Borja, Bella Unién, Isla del Zapallo,
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In terms of relative abundance of individuals, the assemblages along the river were generally
dominated by omnivore-detritivore (26 + 11% of total abundance, mean and Standard Deviation),
followed by the omnivore-invertivore feeding mostly on aquatic prey (20 + 15%, mean and SD) and
the piscivores (16 + 11%, mean and SD). Meanwhile, detritivore and omnivore-herbivore groups
represented about 10% of the total abundance each, whereas the remaining trophic groups represented
less than 5% of the total abundance (Table S1, Figure 4).

In contrast, both in terms of relative biomass and relative species richness, the trophic structure of
the assemblages was clearly dominated by the piscivore group (representing 27 + 13% of total biomass
and 24 + 10% of total richness), followed by the omnivore-invertivore group that feed on aquatic
macroinvertebrates (representing 26 + 16% of the total biomass and 20 + 10% of the total richness). The
omnivore-detritivore conformed the third most important group (18 + 11% of total biomass), while the
remaining groups represented 10% or less of the total biomass. In terms of relative species richness,
omnivore-detritivore groups occupied the third place in importance, representing 20 + 10% of all the
species present on average. Each of the remaining trophic groups hosted about 10% of the total species
number or less (Table S1, Figure 4). Remarkably, the trophic group with less relative biomass, density
and species richness was the omnivore-planktivores—composed by five species feeding on copepods,
cladocerans and/or ostracods mostly (see Table 1)—present in only one third of the upper and middle
river section localities, but being always present in the lower river section.

4. Discussion

A total of one hundred species were recorded in a single sampling campaign comprising
14 localities spread along the main course of Uruguay River. This elevated taxa number illustrates
the high biodiversity of the river, especially because this is a 12-h gillnet sampling in each site (in
comparison with larger studies), but approximates to the total number of species historically registered
for the river [43,165]. Moreover, the species richness seems to be at a similar level than that found
for tropical rivers of comparable discharge. For example a study performed within a river stretch of
a similar length in the Teles Pires River, located in Central Brazil and with similar characteristics to
the Uruguay River (1600 km extension, c.a. 4000 m3/s of average discharge) in a year of sampling,
90 species were collected [82]. Another example is the Miranda River, a tropical river located in
Pantanal, Brazil, where 101 species were recorded over two years of sampling [166].

Moreover, the abundance and the movement of migrating species is controlled by seasonality,
spatial and temporal environmental variability, and the hydrological regime [167]; therefore, it is not
likely that all species that inhabit the main course of the river would be collected at the same time.
However, according to previous sampling experience (e.g., [28]) and general literature for the region
(e.g., [168,169]) we argue that our sampling was representative of the most common and frequent
species in the river.

This study represents the first standardized fish assemblage description published and trophic
classification of the species of the entire Uruguay River. Regarding the fish species present registered, it
becomes of particular interest to highlight the presence of one exotic invasive fish species that represents
a global threat to native biodiversity in the upper Uruguay River: The Nile Tilapia (Oreochromis niloticus).
This species is one of the most commonly used in freshwater pisciculture production worldwide [170],
and often generates great negative ecological consequences, particularly competing with native
species [170]. The proliferation of these and other exotic species could affect local biodiversity by
predation and competition with native species that share the same trophic niche.

Furthermore, this is the first dietary description for 29 fish species, despite that some of them are
of elevated importance in fisheries (e.g., Luciopimelodus pati, being one of the most captured species
by artisanal-commercial fisheries in the region) [171-173] and aquaculture (e.g., Hoplias lacerdae with
lack of published field diet studies) (e.g., [174]). The other species with a previously unknown diet are
rare species that are not usually collected in large numbers (e.g., Otocinclus arnoldi and most of the
Hypostomus species). All this new information contributes to the knowledge of the trophic structure
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of fish assemblage. Moreover, when reviewing literature of the previously studied species, it most
generally falls within a similar trophic classification; but one (Leporinus striatus) shows contrasting diet
differences. L. striatus analyzed in this study lie well within the omnivore-invertivore trophic group,
with important contribution of aquatic invertebrates (mostly invasive golden mussel, Limnoperna
fortunei) to its diet. However, previous studies describe the species as an herbivore. This evidence
suggest that the trophic classification of this species should be reassigned in the Uruguay River
following our study. The reason behind this change might be the contrasting food availability between
study sites (Amazon River Basin vs. Uruguay River) after the invasion of the golden mussel into the
Uruguay River. The invasive golden mussel is nowadays known to represent a key dietary item in some
Anostomid fish species (e.g., M. obtusidens and L. striatus), formerly classified as herbivorous ([175],
Gonzalez-Bergonzoni et al., in Prep).

Regarding the general trophic classification made here, it must be held in mind that the Uruguay
River has a great spatial and temporal variability along its length, which could mean a high intra-specific
variability in diet—particularly in the species with feeding plasticity—responding to flood pulses,
seasonality, or local habitat conditions (e.g., [176,177]). This kind of spatial and individual size variability
was not considered in the current analyses, because the main objective of this study consisted in
a broad-scale classification for each species that surpassed local particularities or a particular life
stage. Although diet analysis of some rare species that only presented one or few individuals was
also performed, those were still kept into the analyses because their diets were sometimes completely
unknown in the region. The aspects outlined above mustbe taken into account if an objective to describe
food webs at a fine resolution or at a local level is to be addressed. However, a broad classification
of fishes into feeding groups such as this one is an important tool in ecology, allowing comparisons
among different environments, river basins or regions, based on fish assemblage structure [178].

The trophic structure of fish assemblages did not generally differ among the three river sections,
being the piscivores dominant in terms of relative biomass and richness and the omnivore-detritivore
dominant in terms of abundance. This partly reflects the contrasting size structure of species within
those trophic groups, being the piscivores usually larger and with higher biomass in the assemblage.
Much of the dominance in abundance of the omnivorous-detritivorous group responds to the high
frequency and abundance of the Iheringichthys labrosus species, sampled along of most of the river length.
This ubiquitous species is highly plastic in its diet [40] and digestive morphological features [179],
being a constantly dominant species across the entire river.

The observed significantly higher relative species richness of omnivorous species feeding on
terrestrial invertebrates towards the middle section of the river may correspond to the dominant
environmental characteristics of that zone. In particular, the middle section hosts several large
floodplains in which the river channel contacts grasslands and forest areas during floods where
terrestrial invertebrates become highly available (e.g., [180]). In this context, it needs to be mentioned
that sampling took place during a high river flow scenario, with significant floods, particularly in
the middle and lower stretches. Most of the species within this trophic group have morphological
adaptations to feed on the water surface (e.g., supra-terminal mouth), where arthropods derived from
the land drift in the water surface. This evidence generally agrees with large river theories (e.g. “The
flood pulse concept”) in which increased land-water contact increases terrestrial subsidies for fish
biomass [180]. Moreover, it matches well with the observed in studies arrayed at diverse scales, where
the terrestrial food intake of fish increase whenever the land-water interphase increases, e.g., towards
flooded forests (e.g., [181]), or towards stream ecosystems with riparian forests [182]. Thus, this study
finding probably remarks that terrestrial carbon input and flow in aquatic ecosystem food webs might
be increased in regions with high terrestrial-aquatic habitat connectivity.

The relative importance of trophic groups such as piscivore and omnivore-herbivore did not
increase downstream as previously evidenced for smaller fluvial ecosystems (at least at the coarse level
defined here) [12-14]. The change in the scale of analysis (large river vs. middle size rivers and streams
in the evidence fueling most river theories) may account for the absence of strong changes in the fish
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assemblage trophic structure from headwaters to mouth, probably because, even in the upper section,
the system may be already large and productive enough to sustain high trophic diversity. However,
and remarkably, the omnivorous-planktivorous fish trophic group was far more frequent in the lower
than in the middle and upper sections, probably reflecting that the river velocity and turbulent flow
decrease downstream as the river widens up allowing establishment of planktonic communities (as
postulated by Horwitz 1978, and Vannote 1980 [12,13]).

Several anthropogenic factors may affect fish assemblages, such as the agrochemical inputs
from the basin, fisheries, industrial and domestic sewage [183] and habitat fragmentation caused by
hydroelectric dams [27,184]. This anthropogenic intervention in freshwater ecosystems typically results
in the reduction of local biodiversity and affected community structure, particularly of fish [185,186].
For example, the low species richness and high spatial variability in the relative representation of
different trophic groups in the upper Uruguay River might well be attributed to the presence of three
hydroelectric dams between sampling sites (being this, a well-known impact of dams) [27,184,187].
Unfortunately, as there is a lack of baseline information on fish trophic structure it became impossible
to disentangle the anthropogenic and natural effects driving fish trophic structure along the Uruguay
River gradient. In a global scenario of increased anthropogenic pressure to aquatic ecosystems, and
particularly of river fragmentation by dam construction [186,188-190] there is an increasing need for
the generation of appropriate information about the ecology and biology of fishes, particularly in South
America, to achieve better understanding of the ecosystems and improve management plans for the
entire continent [34].

This research contributes with basic knowledge that allows interpreting how food webs are
structured within this ecosystem, enabling predictions about the roles of particular trophic groups and
fish species in the system. Moreover, a proper management of natural resources (such as many of this
species that are target for fisheries) demands baseline knowledge on trophic interactions between species,
previously inexistent along the entire Uruguay River. Future standardized monitoring programs along
the river longitudinal gradient may increase the understanding of these observed patterns across
seasons and long temporal scales including the effects of climate variability. Furthermore, in a global
scale, the information about trophic classification of fishes generated in this study contributes to the
knowledge of ecosystem functioning in this scarcely studied region, and may allow for comparisons
with other climate regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/7/1374/s1,
Table S1: Fish assemblage trophic structure along a longitudinal gradient in Uruguay River. Sites are arranged
from headwaters to mouth from left to right columns in the table. Values represent the relative abundance /
relative biomass (%) of each species and trophic group (as the sum of all species within a group) at each study site.
Values are only shown for the species collected in standardized samplings; species presence is marked with “X” in
the case of individuals obtained from local fishermen or in previous samplings. The species with * have not been
grouped due to unique dietary characteristics, Table S2: Fish species sampled along a longitudinal gradient in the
Uruguay River. Taxonomic identification, minimum-maximum standard length (and number of guts analyzed)
for each species and site are shown. Sites are arranged from headwaters to mouth from right to left columns in
the table. Note that for some species the number of fish is very low and were kept in the analysis for being rare
species from which information is highly novel. Use that information with special care.
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In naturally flowing waters, communities are expected to increase their taxonomic and functional diver-
sity as well as increase the complexity of food web architecture along the longitudinal gradient from
headwaters to mouth. However, these theories do not necessarily apply to dammed rivers. We analysed
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four existing dams. We estimated trophic diversity metrics based on diet analysis, and isotopic niche
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dams in the upper Uruguay River, fitting expectations from the Serial Discontinuity Concept. The dam-free
stretches of the Uruguay River allowed the recovery of ecological diversity as fish richness and trophic and
isotopic niche increased. The negative impacts of dams should urgently be considered in the Neotropics,
where many large dams are projected.

Introduction

Several theories have been proposed to explain the function-
ing of river systems, predicting changes in communities and the
architecture of food webs along the longitudinal gradients (e.g.,
Vannote et al., 1980; Junk et al., 1989; Thorp et al., 2008). One of
the earliest theories, known as the River Continuum Concept (RCC)
(Vannote et al., 1980), predicts longitudinal gradients in commu-
nity composition, food webs, and ecosystem-scale processes from
headwaters to mouth. Evidence from different climatic regions
shows increasing ecological diversity (e.g., increase in species rich-
ness and number of links in trophic webs) from headwaters to
mouth (e.g, Pease et al., 2012). However, most large river basins in
different parts of the world have been significantly altered in their
hydrology and geomorphology due to dam construction (Dudgeon
et al., 2005) and South America is no exception (Agostinho et al.,
2007; Winemiller et al, 2016). The Serial Discontinuity Concept
(SDC) (Ward and Stanford, 1983; 1995) arose as a modification of
the RCC to explain the functioning of flow-regulated ecosystems.
This theory postulates that fluvial ecosystems have a predictable
longitudinal gradient in biophysical conditions, which depend on
environmental conditions and the position, functioning, and dis-
tance to dams (Ward and Stanford, 1983; 1995). Often, river
stretches are interrupted by a series of consecutive dams. The spa-
tial distribution of barriers along the longitudinal gradient of the
river (i.e., dam cascades) can strongly affect downstream ecolog-
ical patterns (e.g., Barbosa et al., 1999; Santos et al., 2018). The
cumulative effects of such series of dams on changes in hydrology,
sediment and nutrient retention, and physico-chemical processes
represent a stronger impact than the combined effects of inde-
pendent dams (Santos et al.,, 2018). These environmental changes
can affect local communities, including shifts in fish composi-
tion (Barletta et al., 2010), and the structure of food webs (Ruhi
et al, 2016). Some studies have found pauperization of some
functional groups upstream and downstream of dams (e.g., de
Bem et al., 2021), and an increase in the proportion of general-
ist species of fishes after dams (Turgeon et al., 2019). Declines
in downstream diversity, population sizes, and genetic diversity
in upstream reaches of the dam cascade due to isolation caused
by habitat fragmentation have also been reported (Ribolli et al,
2021). Moreover, habitat fragmentation due to dams could resultin
species loss butalso theaddition of other species downstream of the
dams, thus altering beta diversity (i.e., changes in species diversity
between communities within a region) by modifying longitudinal
patterns of turnover (degree of species replacement) and nested-
ness (subset of species present in the most diverse site) (Ganassin
etal, 2021).

The presence of dams also affects the availability of basal food
sources, leading to changes in the ecological niche utilized by the
species (Guo et al., 2023). Stable isotope analyses (SIA) facilitate
the study of global changes in ecological niches using, for example,
isotopic niches areas as proxies of trophic diversity in food webs
(Newsome et al., 2007) over a relatively long-time span (as stated
originally by Layman et al., 2007a). In particular, SIA has enabled
the identification of changes in community functioning indirectly
induced by the presence of dams (primarily changesin hydrological
flows affecting basal resources) (Guo et al., 2023).

The aim of this work was to determine the changes in ecologi-
cal fish diversity, as a combination of different metrics of diversity

(i.e., species richness, beta-diversity, trophic and isotopic diver-
sity) along the fluvial gradient of a major South American river, the
Uruguay River, within the framework of existing theories for reg-
ulated and unregulated rivers. We hypothesized that, in contrast
to expectations from unregulated systems, dams would promote a
decline in ecological niche, species diversity and a higher species
turnover along this long river longitudinal gradient.

Methods
Study area

This research was conducted along a stretch of approximately
1700 km of the main course of the Uruguay River, which originates
in Brazil and whose middle and lower sections separate Argentina
and Uruguay (for more information see Appendix S1 in Supporting
Material [SM]). Four hydroelectric dams operate along the Uruguay
River: three in the upper section: Machadinho (1140 MW/h capac-
ity; opening date: 2002), Ita (1450 MW/h; opening date: 2000), and
Foz de Chapecé6 (855 MW/h; opening date: 2010), and one in the
lower section, Salto Grande Dam (1890 MW/h; opening date: 1979)
(Table S1in SM).

The middle as well as the final section of the upper section of
the river remain largely undisturbed in terms of hydrology, with an
unfragmented section of ca. 1,000 km. The upper Uruguay River and
the upper part of the Middle Uruguay River are characterized by a
channelized system (sites 1, 2, 3, 4) without floodplains and a few
low-flow tributaries. The largest floodplains and main tributaries
occur in the lower part of the Middle (sites 5,6, 7,8)andin the Lower
sections (sites 9, 10, 11, 12) of the Uruguay River. The latter has
high productivity, associated with floodplains and the formation of
marginal pools (Zaniboni-Filho and Schulz, 2003) (Appendix S1 in
SM).

Fish sampling

Fish communities were sampled during the austral autumn of
2017 (May-earlyJune)at 12 sites along the main course. Three sites
were sampled in the upper river section, five in the middle, and four
in the lower section (Fig. 1; Table S2 in SM). Some of the sites are
located in the areas of influence of the dams, in transition zones
between the lentic-lotic environment (e.g., sites 1, 2 and 8), while
others are located in running sections (Table 1). The sampling sites
were chosen considering available monitoring programs along the
river to facilitate logistics.

In the upper section of the Uruguay River (sites 1-MPB, 2-MR, 3-
IMO, Brazil), ongoing monitoring programs utilized a combination
of gillnets and trammel nets (Appendix S1, SM). Both sets of nets
were deployed in the littoral zone in the evening and left in place
for ca. 12 h. Also, a seine net trawl and 3 casts of cast nets (with a
mesh size of 8.0 mm) were placed in the littoral zone during the
daytime. The fish community of the middle and lower sections was
sampled using multi-mesh Nordic gillnets (Appendix S1 in SM). At
each site, eight sets of gillnets were placed, four in the littoral zone
and four in the pelagic zone at 2-5.0 m depth, and left in place for
ca. 12 h from sunset to sunrise. Whenever possible, commercially
important large fish specimens were obtained from local fishermen
(atsites 6, 7, 8, 11, and 12) to supplement the sampling, wherever
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Fig. 1. Location of the 12 sampling sites along the Uruguay River. From headwaters to mouth: site 1-MPB: Barracdo; Site 2-MR: Marcelino Ramos; Site 3-IMO: Mondai; Site
4-ALE: Alecrim; Site 5-SB: Sdo Borja; site 6- BU: Bella Unién; Site 7-1Z: Isla del Zapallo; Site 8-BEL: Belén; Site 9-GVY: Guaviy; Site 10-PAY: Paysandd; Site 11-LC: Las Cafas;
Site 12- PG: Punta Gorda. The location of sampling sites is represented by black circles; the location of dams is represented by white circles. Sites 1 to 5 are in Brazil, sites 6

to 12 were sampled from the Uruguayan side of the river.

these species (known to be present along the entire river) were not
captured with the Nordic multi-mesh gillnets.

All fishes collected were identified in the field to the lowest
taxonomic level possible (Table S3 and S4 in SM).

Sampling for stable isotope analyses

Flank muscle samples were collected from N = 5 individuals
(or all individuals if less than 5) per species per site, aiming to
cover a wide range of body sizes (Table S3 in SM). After process-
ing (Appendix S1 in SM), samples were sent to the Center for Stable
Isotopes, University of New Mexico for stable isotopes analysis. The
results of stable isotopes ratios were expressed as %. (parts per
thousand) and were calculated using the standard formula:

_ [( Rsample
85X = [(m) = 1] +1000

where 3X represents 3'°N or 3'3C, R sample is the ratio of heavy
to light isotopes of element X and R standard is that isotopic ratio
in a standard. The C:N ratio was verified with laboratory results,
and if greater than 3.5, the lipid isotopic signal was arithmetically

corrected using the equations suggested for aquatic animals by Post
et al. (2007).

Taxonomic richness and B-diversity

The number of species captured at each sampling site (« diver-
sity) was used to describe longitudinal patterns. Based on the
presence-absence matrix of species per sampling site (Table S4 in
SM), we calculated beta () diversity and its components (turnover
and nestedness) for both the entire system (i.e., multiple beta
diversity) and between particular pairs of sites (i.e., pairwise beta
diversity), using the Serensen dissimilarity index (Baselga and
Orme, 2012; Appendix S1, SM). The pairwise beta diversity analysis
results in three matrices: the Serensen dissimilarity index matrix
(Bsor) that represents the total compositional variation (between
0 and 1); the Simpson dissimilarity index matrix (3sim) that indi-
cates changes of species due to species turnover, and the nestedness
matrix (Bnes) resulting from Bsor — Bsim. From these matrices,
we analyzed pairwise beta diversity at two levels: (1) across the
entire longitudinal gradient, comparing pairs of sites with refer-
ence to site 1 at the headwaters (hereafter referred as “pairwise
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Table 1
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Sampling sites and dams' location, fish species richness with change relative to the upstream site (%) and probability of differences in SEAc between sites along the longitudinal

gradient of the Uruguay River.

: Distance Width oo Ne % kianabitty
Site Characteristics A up>down
(km) (m) Species change <
community
Near the confluence of the Canoas
and Pelotas rivers. Headwater of the
Uruguay River. Lentic-lotic
1-MPB 0 290 transitional environment 15 1>2=10.93
Machadinho Dam 63
2- MR 84 420 Lentic-lotic transitional environment 18 120.0 2>3=10.99
Ita Dam 204
Foz de Chapeco 248
Dam
Lotic environment. 125 km
downstream from the Foz do
3-IMO 374 470y, (Bapest Damand 70 fom 10 444 3>4=0.02
downstream from the Itd Dam
4- Alecrim 642 830 Lotic environment 14 140.0 4>5=0
5- Sdo Borja 896 1250 Lotic environment 19 1357 5=6=0.74
6- Bella Union 1162 1900 Lotic envirnoment 32 1 68.4 6>7=0.96
7- Isla del Zapallo 1202 1750 Lotic Environment 43 1344 7>8=0.42
Lentic-lotic transitional
environment. 65 km upstream from ) -
8- Belen 1236 2100 1o Salto Grande Dam 37 | 139 8>9=0.96
Salto Grande Dam 1301
Lotic environment. 65 Km
d t from the Salto Grand
9- Guaviya 1367 1600 o ISHEA THOM e Sao Brande 21 | 432 9>10=0
10- Paysandu 1435 1170 Lotic environment 26 1238 10>11=0.99
11- Las Canas 1561 6200 Lotic environment 32 123.1 11>12=0
Lotic environment. Near the mouth
12- Punta Gorda 1644 1200 of the Uruguay River in the Rio de 35 194

la Plata

Distance = distance from each site tosite 1, located at the headwaters of the Uruguay River (km); the green arrow represents species gained; the red arrow represents species
lost. Probability up > down" = Probability that a given site has a higher SEAc than the site immediately downstream. Significant probabilities (i.e., higher than 90%) in Bayesian

analysis are shown in bold. Dotted lines indicate the presence of dams.

“Probability in Bayesian statistics models is a degree of plausibility of occurrence of a specific event, based on prior distribution that depends on previous knowledge.

beta diversity”); and (2) step-wise beta diversity, comparing pairs
of neighboring sites (e.g., site 1 vs. 2; site 2 vs. 3, and so on along
the entire longitudinal gradient).

Trophic web metrics, trophic and ecological niche diversity
analyses

Based on the information from the stomach content analysis
conducted by Lopez-Rodriguez et al. (2019), the relative abun-
dance of each food item consumed was calculated for each species
at each sampling site. This information was used to calculate
the trophic position of each fish species/site, following the mod-
ified equations of Winemiller (1990) (Appendix S1 in SM). The
trophic positions of the consumed items were estimated according
to the literature. Food webs were reconstructed and the number

of nodes in the food web, number of trophic links, and linkage
density (number of links/species) were calculated (Appendix S1
in SM). Due to the high correlation between these three metrics
(Fig. S1 in SM), we chose to work with trophic links, since this
is the trophic diversity metric most widely used in the literature
(e.g., Pease et al,, 2012) and hereafter refer to it as trophic diver-
sity.

The isotopic niche breadth calculation was performed within a
Bayesian model framework (Jackson et al., 2011; Appendix S1 in
SM)). Since a large isotopic niche area implies a wide diversity in
the use of the environment by the consumers, it is considered more
accurate to use the standard ellipse area corrected for sample size
(SEAc) as an indicator of ecological niche diversity (Newsome etal.,
2007). We used isotopic signatures from consumers (fish) as input
for the models.
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Fig. 2. Changes in fish ecological diversity at community level along the longitudinal gradient of Uruguay River: a. Species richness; b. Trophic diversity (number of trophic
links); and c. Mean standard ellipse area (SEAc- refering to the isotopic niche breadth), at each sampling sites. Boxes indicate the SEAc with Bayesian models and 50, 75, and

95% credibility intervals. Dashed lines indicate the location of dams.

The parameters of the Bayesian model were: 95% confidence intervals, number of chains = 2; iterations = 200000; burning = 10000, and thins = 10, and the ellipse built

considered 40% of data points, as implied by SEAc.

The combination of diet analysis and SIA provides different tem-
poral information, from the last few hours (diet analysis; Munoz
et al., 2009) to the past 15-60 days (SIA in muscle; Buchheister and
Latour, 2010).

Statistical analyses

We adjusted linear regressions between captured species rich-
ness with the positions of each site along the longitudinal gradient
of the river. To assess changes in species richness betweenssites, we
calculated the percentage change (gain or loss) between a given site
and the site immediately upstream. As a complementary approach,
we fitted linear regression models between beta diversity and its
components (turnover and nestedness) with the position in the
longitudinal river gradient, both for values obtained from pairwise
comparisons between each site and the reference site (site 1), as
well as between neighbouring sites. Prior to the analyses, data in
the dissimilarity matrix were standardized.

For trophic diversity (number of trophic links) we also fitted
linear models.

For the ecological niche analyses, we pairwise tested the prob-
abilities of SEAc being higher in one site than in another site of
interest (e.g., pre vs. post dam) (Jackson et al., 2011).

All the statistical analyses were done using the open-source
Statistical Software Package R (R Development Core Team).

Results

92 fish species were collected in total from all sampled sites,
accounting for 1364 samples for stable isotopes and 2309 for
dietary analysis (Table S3 in SM).

In general, fish species richness (alfa diversity) increased along
the longitudinal gradient (R? = 0.49; p = 0.01) but showed sharp
declines in the sites located downstream of the dams. The great-
est loss of species occurred downstream of the dam between sites
2 and 3, with a loss of 44% of the species, and downstream of the
Salto Grande Dam, between sites 8 and 9, with a loss of 43% of
the species (Table 1; Fig. 2a). The migratory species Megalepori-
nus obtusidens and Prochilodus lineatus occurred from site 5 and
downstream, while Salminus brasiliensis was found at site 7 and
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Fig. 3. Changes in pairwise beta-diversity and its components (turnover and nestedness) along the longitudinal gradient of the Uruguay River: a. Pairwise comparison
between each site and the first site (site 1) at the headwaters; b. Step-wise: pairwise comparison between each site and the neighbor site, located downstream. Dashed lines

indicate the presence of dams between those sites.

distributed downstream along the rest of the longitudinal gradient
(Table S3 in SM).

Remarkably, despite the sampling effort being greater in the
upper section (by performing three different methods), we found
lower species richness there than in the middle and lower sec-
tions. Also, despite the relatively low number of sampling points
in space and time, the patterns found were strong and aligned with
expectations.

Of the three different beta-diversity estimation, two of them,
multiple beta-diversity and turnover, provided support to the
hypothesis that longitudinal trends in diversity existed and were
interrupted by dams. Multiple beta-diversity (Bsor, estimated as
the multiple comparison of all possible pairs of sites) was high (Bsor
=0.82), with turnover being the component with the highest contri-
bution (Bs;y = 0.72), while nestedness had a low contribution to the
difference in species composition between local communities along
the gradient (Bngs =0.10). In the analysis comparing each site with
the reference site (i.e., site 1), pairwise beta diversity also increased
along the longitudinal gradient, showing a marginally significant
relationship with the distance to the headwaters (R = 0.259; p =
0.06). Turnover also significantly increased along the longitudinal
gradient (R? =0.305; p = 0.04), but nestedness did not show a clear
pattern (R = 0.110; p > 0.05) (Fig. 3a; Table S5 in SM). The high-
est pairwise beta diversity (i.e., the highest differences between
communities) and species turnover were found between sites 1
and 9 (downstream of Salto Grande Dam). In contrast, beta diver-
sity and species turnover from the step-wise comparison between

consecutive sites decreased along the longitudinal gradient, with
a significant relationship with the distance to the headwaters (R?
=0.864; p < 0.001 and R? = 0.571; p < 0.004, for total beta diver-
sity and species turnover, respectively), while nestedness again did
not show a significant pattern with the distance to the headwaters
(R% = 0.044; p > 0.05) (Fig. 3b; Table S5, SM). In this case, the high-
est beta-diversity and turnover were observed between sites 2 and
3 (i.e., the sites separated by two dams), whereas the lowest beta
diversity was observed in the stretch between sites 6 and 8.

Trophicdiversity (expressed as the number of trophic links) fol-
lowed a similar pattern to taxonomic richness, i.e., a general trend
of increase along the longitudinal gradient showing interruptions
in the areas with dams. The number of trophic links recorded in
the network ranged from 31 to 289, with the minimum reported
at sites 2 and 3 and the maximum at site 12, showing an increase
along the longitudinal gradient (R =0.55, p=0.006), and decreased
after the dams (i.e., from 36 to 31 between site 1 and 2, with the
strongest decline observed after the Salto Grande dam, from 238 to
105 trophic links) (Fig. 2b).

In the case of isotopic niche area, SEAc presented a strong
decrease in the upper reaches coinciding with the presence of the
dam cascade (99% probability of having a higher SEAc in site 2
than in site 3, site located downstream the dam cascade), followed
downstream by increases and a more even distribution of the iso-
topic niche in the middle and lower stretches of the river (Table 1;
Fig. 2c). Similarly to species richness and trophic diversity, the SEAc
showed a reduction after Salto Grande, with a 96% probability of
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SEAc being higher in the pre-Salto Grande site thanin the post-Salto
Grande location.

Discussion

The general longitudinal patterns found (i.e., increased species
richness, beta-diversity and turnover of species, trophic diversity,
and ecological niche diversity) support the general framework pro-
posed by the River Continuum Concept (Vannote et al., 1980).
However, we also found clear evidence of the negative impacts of
dams on fish diversity as predicted by the SDC (Ward and Stanford,
1983; 1995), shown by the sharp declines in species richness,
trophic diversity, and ecological niche diversity in the sections
immediately downstream of the dams, as well as the changes in
turnover in paired sites around dams.

Similar evidence partially supporting the RCC was found
in the Tennessee River (USA) and major tributaries (23 reser-
voirs), where fish species richness and the number of functional
attributes increased longitudinally (ca. 1500 km) despite being
highly dammed (Besson et al., 2023). However, fish species richness
and abundance often decrease at sites located further downstream
of a cascade of dams, as found in three Brazilian basins (Iguagu,
Paranapanema, and Sao Francisco River basins) (Ganassin et al.,
2021). The decrease in species richness after the dams may be a
consequence of the changes in environmental conditions (Pelicice
et al, 2018). In the dam cascades located in the upper Uruguay
River, we observed an abrupt reduction in species richness from
site 2 to site 3, with the latter having the lowest species richness of
the entire river. This likely reflects the limitation of fish migration
upstream of the dams, as suggested elsewhere (e.g., de Bem et al.,
2021; Ribolli et al., 2021). In this sense, we observed the presence
of migratory species in the middle reach of the Uruguay River, from

Perspectives in Ecology and Conservation xxx (xXxXxx) XXX-XXx

site 5 to the mouth, which are sites located downstream of the dam
cascades. This had been observed in previous studies where rich-
ness of migratory species increased towards downstream reaches
of dammed rivers (Pelicice et al., 2018).

The negative impacts on fish ecological diversity indicators,
along with their recovery as the distance to the dams increased,
align with the predictions of the Serial Discontinuity Concept (SDC)
and its modifications (Ward and Stanford, 1983; 1995), thus sup-
porting our hypothesis.

Furthermore, the predominant influence of species turnover on
beta diversity among all sites support the notion that dams act as
environmental filters, promoting species sorting (Lopez-Delgado
et al.,, 2020) and the introduction of new ones. The step-wise
beta-diversity decreasing along the longitudinal gradient suggests
that the variation in species composition among neighboring sites
decreased as the river potentially receives new species from trib-
utaries in the longitudinal gradient. However, we observed that
the highest beta-diversity and turnover occurred downstream of
the dam cascade in the upper part of the river. There, we observed
the effects of dams preventing the accumulation of species, alter-
ing the downstream composition as found in other dammed rivers
(Agostinho et al., 2008).

These findings align with our findings at the species richness
level, underscoring the impact of dam-induced habitat fragmen-
tation on beta diversity (Edge et al, 2017). Similar patterns
have been observed in studies on fish (e.g., Lansac-Toha et al.,
2019; Ganassin et al.,, 2021) and macroinvertebrates (Wang et al.,
2021a).

Empirical evidence shows that taxonomic diversity is usually
highinsites located inahighly connected longitudinal gradient (i.e.,
more central locations), but beta diversity is often low as species
compositions are similar due to the absence of dispersal restric-

Box 1: Synthesis of factors that may operate promoting changes in isotopic signal and ratios, either due to local char-
acteristics without changes in fish diet (i.e., processes that may be considered artifacts in SIA), or by processes leading
to true changes in diet and energy acquisition and flow within communities. Several of these factors can respond to
direct or indirect environmental changes promoted by dams.

Type of variability

Factors leading to higher isotopic
diversity of consumers

Mechanisms

Literature example

Potentially operating in this
study

Biotic factors

Abiotic factors

Type of variability

Abiotic factors

High taxonomic and functional
diversity of basal resources.
Different origins of similar basal
resources (e.g., detritus).

Higher fish taxonomic richness

Long movement of fish

High environmental heterogeneity at
different spatial scales

High environmental heterogeneity in
time

Lower isotopic diversity of consumers
Low environmental heterogeneity
{including hydrological
homogenization)

Pollution

A greater variety of resources may be
consumed by individuals

Resources of different origins (e.g., C3
vs. C4 dominant terrestrial vegetation
producing detritus) are consumed by
individuals within a species and/or
individuals from different species at the
community level.

Often correlates with high functional
richness, and/or differential use of
space. E.g., more specialist species can
use more resources.

Implies the integration during weeks of
different and distant resources with
potentially different isotopic ratios.
Greater variety of resources offered by
different habitats at one time (e.g.,
riffles and pools, floodplain lakes
connected to the river)

Greater temporal variability of isotopic
ratios of benthic algae due to changing
flow, either naturally or by dam
operation

Mechanisms

Dams may promote homogenization of
limnological conditions in the transition
zone and reservoir homogenizing
isotopic values of resources.

Loss of sensitive taxa and
homogenization of basal resources

Layman et al., 2007a

Fry, 2006

Layman et al., 2007b

Rasmussen et al., 2009;
Wang et al., 2021b

Silva-Azevedo et al., 2021

Trudeau and Rasmussen,
2003; Wang et al., 2021b

Literature
Turner et al., 2015

Wang et al., 2021b

yes

yes (mainly inthe
uninterrupted stretch and
near the river mouth)
yes (mainly in the middle
and lower sections)

Potential
yes
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tions (Gianluca et al., 2017; Henriques-Silva et al., 2019). These
central communities seemed to be present in our study system
in the dam-free areas, primarily between sites 6 and 8, where we
found high alpha diversity and low differences in community com-
position. These stretches may also act as species hubs that facilitate
biodiversity recovery (Pachla et al., 2022).

The longitudinal patterns in the isotopic niche area were less
clear than those observed with alphaand beta-diversity. Several not
mutually exclusive factors might be operating on the variability of
the isotopic signal. A series of both biotic and abiotic factors directly
or indirectly promoted by dams (not analyzed in this work), can
promote either high or low isotopic diversity (Box 1). The main abi-
otic factors potentially affecting ecological diversity include spatial
and temporal environmental heterogeneity (Layman et al., 2007b;
Turner etal,, 2015) and hydrological heterogeneity determined by
variability in water flows (Trudeau and Rasmussen, 2003). Biotic
factors mainly include a high diversity of basal resources, a local
increase in species richness, and the use of a wide diversity of envi-
ronments and food sources (Delong et al., 2011). Also, the arrival of
individuals that move long distances allows for the incorporation
of isotopic signals from diverse environments, increasing the iso-
topic niche area in a given location (Rasmussen et al., 2009; Wang
et al,, 2021b). This phenomenon could well explain the higher iso-
topic niche area found for the fish community at the areas near the
river mouth and at site 5, where fish could freely move and assim-
ilate resources with potentially contrasting isotopic values along a
stretch of 1000 km. Some of these factors could have operated in
the long unregulated and thus highly variable stretch in the middle
section of the Uruguay River.

The dimensions of our river (ca. 1800 km long, with an average
discharge above 4000 m3/s) and the scale of our study allowed us
to detect the recovery of the system after the negative impacts of
dams.

Our results suggest that the dam-free stretches of the Uruguay
River play a crucial role in maintaining the river's ecological diver-
sity, as suggested by the recovery of ecological niche areas, mainly
in the middle section. Fish passage constructions often fail as
upstream movements are allowed but the return of adults and
their offspring is not (Agostinho et al., 2007). Therefore, the main-
tenance of long dam-free reaches and undammed tributaries in the
watershed is key to maintaining fish diversity in impacted rivers
(Lopez-Delgadoet al., 2020). Tributaries can provide food resources
and serve as a refuge and feeding areas (Santos et al., 2020; Pachla
et al., 2022) and can be used as spawning areas for migratory fish
(Reynalte-Tataje et al.,, 2012) and nursery (Corréa et al., 2011).

Conclusions

Our results contribute to enriching theoretical frameworks such
as RCC and SDC by evidencing a general pattern of longitudinal
increases in fish species richness, betadiversity and ecological func-
tions, but also clear negative effects of dams, mainly of the cascade
of dams in the upper section of the river. Our findings highlight the
need to consider diverse dimensions of diversity (e.g., species rich-
ness, beta-diversity, trophic diversity, ecological niche), as dams’
effects go beyond the loss of species. The size and flow of this river,
as well as the focus on the entire longitudinal gradient, enabled
us to detect ecosystem recoveries within the dam-free section. In
the Neotropics, numerous large dams are projected in the com-
ing decades (Winemiller et al., 2016; Pelicice and Castello, 2021).
Notably, in the Uruguay River, two additional consecutive hydro-
electric dams, Garabi (planned operational power: 2700 MW/h) and
Panambi (1800 MW/h), are scheduled in the middle section (1000
km stretch where the river currently flows freely), coinciding with
the highest ecological diversity of fish. This calls for attention from

Perspectives in Ecology and Conservation xxx (XXXX) XXX-XXX

the relevant authorities in the different countries involved. The
Uruguay River is situated at a triple multinational border, which
also implies that environmental monitoring data may be collected
at different times and at a specific number of sites and may imply
differences in fishing techniques and effort. Through this work, we
identified the need to establish and sustain standardized transna-
tional monitoring programs to generate scientific knowledge that
properly informs policy and management.
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Abstract

The world's rivers face significant anthropogenic pressures that are leading to loss of biodiversity and
major changes in ecosystem functioning. Understanding the role of autochthonous and allochthonous
subsidy pathways in supporting fish biomass is crucial for determining which ecosystems to prioritize for
biodiversity conservation. Most theoretical frameworks addressing fluvial ecosystem functioning have
limitations, as some are based on low-order ecosystems in temperate regions, or, alternatively, on large
rivers with seasonal flow variation and the presence of floodplains. Most theories also fail to consider the

impacts of dam construction, a major anthropogenic stressor currently affecting most rivers worldwide.

Our study aimed to assess the energetic subsidies to fish biomass along a large subtropical river (Uruguay
River), using stable isotope analysis and fish biomass data from 12 sites along the longitudinal gradient.
Additionally, we tested the potential effects of the four current dams on fish energy subsidy by comparing
the contribution of autochthonous and allochthonous pathways between pre- and post-dam sites. We
found that the coupling of energy pathways seems to be the rule in this river, rather than the dominance of
one pathway over the other. The total biomass of the fish community along the Uruguay River was
sustained by coupling both energetic pathways in a similar proportion, with a slight predominance of
allochthonous subsidy, but showing an increase in the relative importance of autochthonous subsidy as
the river increased in width in the only long unregulated reach. Allochthonous material was particularly
important in subsidizing the top of the food web.

Dams appeared to alter the longitudinal patterns, with one pathway losing relevance around dam sites.
The direction of such changes seemed, however, to depend on local environmental characteristics. These
changes in energetic pathways coincide with observed impacts on fish trophic and taxonomic diversity
observed in previously published research in this same river system, providing further evidence of the
effects of dams on both fish community structure and functionality. Also, we provide empirical evidence
of the importance of both energy sources for maintaining food webs and, therefore, ecosystem-scale
processes.

Keywords: Uruguay River; habitat fragmentation; fish biomass; fuelling resources; allochthonous

support; autochthonous support
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1. Introduction

The rivers of the world, particularly those in the neotropics, represent one of the most
productive ecosystems globally (Dudgeon et al., 2005; Lévéque et al., 2008). Additionally, they
are among the freshwater ecosystems facing the greatest anthropogenic pressures (Dudgeon,
2000; Agostinho et al., 2008; Ormerod et al., 2010; Vorosmarty et al., 2010), mainly due to the
exponential growth of dam construction and the planning of many more in the coming decades
(Agostinho et al., 2007; Winemiller et al., 2016; Pelicice & Castello, 2021; Flecker et al., 2022).

The effects of dams on the environment impact local communities (Junk et al., 1989; Barletta et
al., 2010), with primarily those species able to tolerate the physical conditions of the
environment persisting (Cross et al., 2011), as well as by altering available resources, thereby
affecting food webs (Sabo et al., 2010; Ruhi et al., 2016). Therefore, understanding the patterns
of energy circulation, especially the transformation of organic matter and its uptake into food
webs, is crucial for maintaining biodiversity (Winemiller et al., 2010). As a consequence, the
relative importance of autochthonous (i.e., originated via instream- productivity such as benthic
algae) and allochthonous (i.e., arising from terrestrial subsidies of organic matter) basal
resources in supporting riverine food webs has been a topic of debate for decades (e.g., Vannote
et al., 1980; Junk et al., 1989; Thorp & Delong, 1994; Humphries et al., 2014; Guo et al., 2022;
Leal et al., 2023).

Several theoretical frameworks have been proposed on this topic. One of the earliest theories in
recent fluvial ecology, the River Continuum Concept (RCC) (Vannote et al., 1980), connects the
physical and geomorphological characteristics of running waters with biodiversity patterns and
community dynamics. It describes predictable longitudinal shifts in community composition,
food webs, and ecosystem-scale processes from headwaters to mouth. According to this theory,
headwaters are strongly influenced by riparian vegetation, which contributes with allochthonous
organic matter (detritus) to the system but reduces algal production due to restriction of light
penetration by dense canopy cover. Consequently, headwater food webs are subsidized by
allochthonous resources, and this allochthonous subsidy decreases along the longitudinal
gradient, with an increase in the relative contribution of benthic algae (autochthonous fuelling)
in the middle and lower reaches due to increased openness and better light conditions (Vannote
et al., 1980). However, some limitations of this theory include its focus mainly on
macroinvertebrate communities and constructing generalized predictions based solely on
temperate low-order systems (streams). Additionally, this theory does not incorporate the lateral
dimension (i.e., connection with floodplains) in fluvial ecosystems (Junk et al., 1989). This led

to the development of the Flood Pulse Concept (FPC), which suggests that fluvial ecosystems
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are connected to their floodplains through prolonged and often predictable pulses, increasing the
exchange of matter and energy between terrestrial and aquatic ecosystems, thus shaping the
assemblages of local communities. According to this theory, most of the energetic subsidy for
riverine food webs comes from terrestrial organic matter (Junk et al., 1989). The Riverine
Productivity Model (RPM) (Thorp & Delong, 1994; 2002) and the Riverine Ecosystem
Synthesis (RES) (Thorp et al., 2006; 2008) contradict the Flood Pulse Concept (FPC) in that
assumption. According to these theories, the biomass subsidizing consumers in rivers has a
predominantly autochthonous origin. The RES proposes that the only exception would be for
some species and seasons in patches with a significant input of terrestrial detritus, such as
shallow areas with dense canopy cover (Thorp et al., 2006).

In the last decade, a theory that reconciles previous theoretical frameworks has been proposed:
The River Wave Concept (RWC-Humphries et al., 2014). It postulates that in river sections with
high flow biomass will be mainly subsidized by carbon from the terrestrial environment, as
under these conditions autotrophic production should be limited by low light input (Humphries
et al.,, 2014). The same is expected in periods of flood pluses. All these theories present
limitations, as some originated in low-order ecosystems in temperate regions (e.g., Vannote et
al., 1980) or on large rivers with seasonal flow variation and the presence of floodplains (e.g.,
Junk et al., 1989; Thorp & Delong, 1994; Thorp et al.,, 2006; Humphries et al., 2014).
Furthermore, these theories propose contrasting scenarios, all of them suggesting that river
geomorphology and its interaction with the hydrological regimes are drivers of changes in the

energy sources of riverine food webs.

However, all these theories have been formulated for systems without interruptions in their
hydrology. The importance of hydrology and of dams-promoted environmental modifications as
key determinants of food webs has been widely recognized (e.g., Bunn & Arthington, 2002;

Humpries et al., 2014), indicating the need to address these gaps.

The construction of dams alters the structure and functioning of running waters by modifying
the physical conditions of the environment, both in the riverine ecosystem and the surrounding
terrestrial habitats (Bunn & Arthington, 2002; Dudgeon et al., 2005). The primary changes in
the biophysical environment are associated with reductions in water flow variability and overall
changes to the hydrological regime, decreased transport of matter and nutrients downstream of
the reservoirs (due to increased retention in reservoir sediments), and alterations in water
transparency (e.g., Baxter, 1977; Nilsson et al., 2005; Barletta et al., 2010; Cross et al., 2011).
Dams also reduce both longitudinal and lateral connectivity, decreasing the input of

allochthonous material from the surrounding environment and interfering in the energy transfer
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trough the food web (Cross et al., 2011) and across habitats. All these changes can have effects
on the available resources that support trophic pathways in dam-affected sites (Sabo et al., 2010;
Winemiller et al., 2010; Roach & Winemiller, 2015; Ruhi et al., 2016).

Some studies have investigated the origin of biomass fuelling food webs in dammed rivers,
analysing riverine regions upstream and downstream of dams, as well as the lacustrine zone of
the reservoir, showing contrasting results. The energetic subsidy for consumers in reservoirs and
downstream areas often derives from autochthonous organic matter (e.g., Hoeinghaus et al.,
2007; Doi et al., 2008; Roach, 2013; Wellard-Kelly et al., 2013; Pease et al., 2019), while other
studies have observed allochthonous subsidy in food webs in reservoirs or downstream regions
(e.g., Wang et al., 2014; Kaymak et al., 2015; Felden et al., 2020). Despite the contrasting
evidence, a review conducted by Guo et al. (2023), analyzing studies comparing regulated vs.
unregulated rivers as well as pre-post dam sites (both spatially and temporally), observed that in
hydrologically regulated systems due to the presence of dams, the trophic web support is

predominantly of autochthonous origin.

Despite significant progress has been made in recent years, the debate about the potential effects
of dams on changes on the origin of resources subsidizing fish biomass continues among
ecologists (e.g., Guo et al., 2023; Leal et al., 2023). Several knowledge gaps have been
identified, including the need for more work at higher biological organization levels (e.g.,
community and all trophic network levels) (Guo et al., 2023).

In this context, the objective of this study was to describe the origin of energetic subsidies to the
fish biomass in the longitudinal gradient of a large subtropical river in South America (Uruguay
River), combining stable isotope analysis and information on the biomass of fish species that
comprise the community at each sampling site. Additionally, we tested the potential effects of
the four dams located in this river on fish energy subsidy by comparing the contribution of
autochthonous and allochthonous resources between pre- and post-dam sites. In this context, we
hypothesized that dams located on the Uruguay River have an effect on the availability of food
resources for fish, as a result of increased water residence and reductions in water velocity and
suspended sediments in the reservoir and its tail, and as a result of the reduced downstream
sediment transport and thus allowing greater penetration of light, favouring local primary
production (autochthonous basal resources). Therefore, we expected that in regions of the
Uruguay River affected by dams, the greater contribution to fish biomass would come from
aquatic carbon (i.e., autochthonous origin). Furthermore, we also expected that the accumulation
of effects caused by the presence of cascade dams would accentuate the expected effects of a
single dam, thus we expected to find low proportion of species subsidizing by allochthonous

pathway.
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2. Methods
2.1. Study area

This research was carried out along an approximately 1700 km stretch of the main course of the
Uruguay River, the second largest tributary of Rio de la Plata River drainage basin, spanning
1,800 km from its origin in Brazil, in the confluence of Canoas and Pelotas rivers, to its mouth
in La Plata River (Saccol-Pereira, 2008). Its middle and lower sections serve as the boundary
between Argentina and Uruguay. The Uruguay River can be divided into three main sections
based on its geological characteristics: upper, middle, and lower. The Yucuma Falls in Brazil
are the natural division between the upper and middle sections, while the Salto Grande Dam
marks the boundary between the river’s middle and lower sections (Zaniboni-Filho & Schulz,
2003). Over the past 20 years, the upper section of the Uruguay River has seen a development
of hydroelectric dams, with the construction of three dams in that section of the river. Along the
entire longitudinal gradient spanning 1800 km, there are four hydroelectric dams in operation.
Three of these dams are located in the upper section: Machadinho (capacity: 1140 MW/h;
operated since 2002), Ita (capacity: 1450 MW/h; opening date: 2000), and Foz de Chapecd
(capacity: 855 MW/h; opened in 2010). In the lower section, there is the Salto Grande Dam
(capacity: 1890 MW/h; opened in 1979). The upper Uruguay River is situated within a confined
subtropical valley, and it is characterized by the absence of floodplains in its landscape
(Reynalte-Tataje et al., 2012). The final sections of the upper part of the river and the middle
Uruguay River largely remain undisturbed in terms of hydrology, with an unfragmented stretch
spanning approximately 1,000 km. The middle section of the Uruguay River is characterized by
a long, undisturbed section with a significant presence of riparian forest on both margins
(Argentina and Brazil). In the upper part of this section, we find on the right margin, in
Argentina, the Yaboti Biosphere Reserve, and on the left margin, in Brazil, the Turvo State
Park, some of the last relicts of the Atlantic Forest Biome (Zaniboni-Filho & Schulz, 2003). In
the lower part of the middle section, as the river enters in the pampa’s biome, extensive
floodplains can be observed. The lower section of the Uruguay River begins downstream of the
Salto Grande Dam. In this section, in the upper part, there is an area with a significant presence
of native riparian forest along the Uruguay River (Saladero Guaviyu). In the middle part of the
lower Uruguay River, there are urban areas as well as sections of islands and marginal wetlands,
primarily along the Argentine bank. Towards the lower part, the river begins to widen until it

reaches its mouth in the Rio de la Plata Estuary.

The fish communities in the main rivers in the La Plata River basin have a high species and
functional richness, including resident and migratory species (Menni, 2004; Bertaco et al.,

2016). In particular, the Uruguay River is characterized by commercially important species,
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such as Prochilodus lineatus (Prochilodontidae, local name sabalo or grumata), Megaleporinus
obtusidens (Characidae, local name boga or piava) and Salminus brasiliensis (Characidae, local

name dorado) (LOpez-Rodriguez et al., 2019).

2.2. Fish sampling

Fish communities were sampled at 12 sites along the main course of the Uruguay River, during
the austral autumn of 2017 (May-early June). Three sites were sampled in the upper river
section, five in the middle, and four in the lower section (Fig. 1). Some of the sites are located in
areas influenced by dams, representing transition zones between lentic and lotic environments
(e.g., sites 1, 2, and 8), while others are situated in flowing sections with diverse characteristics
of the surrounding terrestrial environment (Table 1). The selection of sampling sites took into
account available monitoring programs along the river to facilitate logistical operations. We
sampled during autumn because a higher diversity of fish size ranges and stage in the life cycle
could be expected, as most species usually spawn in spring-summer and thus both juveniles and

adults could be collected during autumn (Pachla et al., 2022).

In sites 1, 2 and 3 (sites located in the upper section of the Uruguay River in Brazil), ongoing
monitoring programs employed a combination of gillnets and trammel nets (gillnets mesh sizes
ranging from 15.0 to 80.0 mm knot to knot and lengths that varied between 20 and 120 m, with
heights ranging from 1.6 to 8.0 m; trammel nets had inner mesh sizes ranging from 15.0 to 80.0
mm and outer meshes of 200.0 mm knot to knot, with lengths between 30 and 40 m and a height
of 1.8 m). Both sets of nets were deployed in the littoral zone in the evening and left in place for
approximately 12 hours. Additionally, at all three sites, a seine net trawl and three casts of cast
nets (with a mesh size of 8.0 mm) were conducted in the littoral zone during the daytime. In the
middle and lower sections of the Uruguay River, we employed multi-mesh Nordic gillnets (30
m long and 1.5 m high, consisting of 12 mesh sizes ranging from 5.0 to 55 mm knot to knot) to
sample fish communities. At each site, eight sets of gillnets were placed in the littoral zone, with
four sets positioned at depths of 1.5-2.0 m and four in deeper waters (pelagic zone: 2-5.0 m
deep), leaving them in place from sunset to sunrise (approximately 12 hours). Fish assemblage
and taxonomic richness data are detailed in Lopez-Rodriguez et al. (2019). Additionally, we
supplemented our sampling efforts by obtaining commercially important large fish specimens
from local fishermen (at sites 6, 7, 8, 11, and 12) whenever these species, known to inhabit the
entire river, were not captured using the Nordic multi-mesh gillnets.

All collected fish were identified in the field to the lowest possible taxonomic level, measured

for total and standard length in cm, and weighed for total fresh biomass in g.
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In Uruguay, fish sampling and handling procedures were approved by the Honorary
Commission of Animal Experimentation (CHEA, Permit ID 309). In Brazil, procedures were
approved by the ethics committee of the Federal University of Fronteira Sul, Brazil (permit ID
23.205.004977/2015-90).
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Fig. 1. Location of the 12 sampling sites along the Uruguay River. From headwaters to mouth: site 1-
MPB: Barracdo; Site 2-MR: Marcelino Ramos; Site 3-IMO: Mondai; Site 4-ALE: Alecrim; Site 5-SB:
Séo Borja; site 6- BU: Bella Union; Site 7-1Z: Isla del Zapallo; Site 8-BEL.: Belén; Site 9-GVY: Guaviyu;
Site 10-PAY:: Paysand(; Site 11-LC: Las Cafias; Site 12- PG: Punta Gorda. The location of sampling sites
is represented by black circles; location of dams is represented by white circles. Sites 1 to 5 are in Brazil,
sites 6 to 12 were sampled from the Uruguayan side of the river.
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Table 1. Sampling sites and dams’ location along the longitudinal gradient of the Uruguay River. Riparian
cover: % of riparian cover in a radius of 2km for site (information extracted from Google Earth). Dotted

lines indicate the presence of dams.

Site Width (m) Characteristics Riparian cover
Near the confluence of the Canoas and Pelotas rivers. 67 %
1- MPB 290 Headwater of the Uruguay River. Lentic-lotic transitional
environment. No floodplains.
Machadinho Dam
2- MR 420 Lentic-lotic transitional environment 17%
I1ta Dam
Foz de Chapecé Dam
3-IMO 470 Lotic environment. 60 km downstream from the Foz do 7%
Chapec6 Dam and 170 km downstream from the It& Dam
i i 0,
4- Alecrim 830 Lotic environment. Presence of pools. Turvo State Park 56 %
(riparian forest and canopy)
5- Séo Borja 1250 Lotic environment. Floodplains and pools 23%
6- Bella Union 1900 Lotic environment. 10 %
7- Isla del Zapallo 1750 Lotic Environment. Floodplains. 17%
8- Belen 2100 Lentic-lotic transitional environment. 65 km upstream 3%
from the Salto Grande Dam. Tail of the Salto Grande Dam
Salto Grande Dam
i i 0,
9- Guaviy( 1600 Lotic environment. 65 Km downstream from the Salto 26 %
Grande Dam
10- Paysandu 1170 Lotic environment 22%
= Lotic environment. 65 km downstream from the protected 5%
11- Las Cafias 6200 National Park Area: Esteros de Farrapos (riparian forest)
Lotic environment. Near the mouth of the Uruguay River 10 %

12- Punta Gorda 1200

in the Rio de la Plata

2.3. Sampling for stable isotope analyses

During the sampling campaign, a subset of each fish species collected at each site was selected

for stable isotope analysis (SIA). When feasible, flank muscle samples were collected from N=5

individuals per species per site, with the aim of covering a broad size range. If 5 individuals of a

species were not captured, flank muscle samples were collected from all individuals caught per

species per site.

Moreover, during the field campaigns, samples from potential resources for fish were obtained:

basal resources, i.e., fine and coarse particulate organic matter (FPOM and CPOM), periphyton,

and terrestrial vegetation (Post, 2002). FPOM was collected by filtering 20 L of water through a
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68-um-mesh sized net to be able to remove zooplankton and CPOM. Moreover, three replicates
for CPOM of terrestrial origin (i.e., terrestrial vegetation detritus) were collected by hand from
the river bottom in areas spread about 100m around the littoral areas sampled. Terrestrial
vegetation was also obtained manually from the trees along the riverbank. Additionally,
periphyton were collected scrapping hard substrates surfaces from the river bottom around the

sampling area, also per triplicate.

All samples (fish and potential resources) were stored frozen at -20°C for subsequent
laboratory analysis. The samples were cleaned to remove extraneous materials and prepared
following standardized protocols (Levin & Currin, 2012). Once cleaned, the material was oven-
dried for 48 hours at 60°C, weighed, and encapsulated in tin capsules (0.5-1.5 mg for animal
tissues and 2.0-5.0 mg for organic matter, vegetation and algae) and sent to the Center for Stable
Isotopes, University of New Mexico facilities, USA, for stable isotopes analysis. The results of
stable isotopes ratios were expressed as %o (parts per thousand) and were calculated using the

standard formula;

0X [( R sample ) 1] 1000
= _— ) — *
Rstandard

where 38X represents 3°N or §'°C, R sample is the ratio of heavy to light isotopes of element X
and R standard is that isotopic ratio in a standard. The C:N ratio of animal material was cross-
checked with laboratory results. In cases where the ratio exceeded 3.5, the isotopic signal of
lipids was adjusted using the arithmetic equations proposed for aquatic animals by Post et al.
(2007).

2.4. Data analysis

2.4.1. Mixing models: modelling mean contribution of basal resources to fish biomass

To determine the contribution of different pathways (allochthonous, autochthonous or coupling)
to fish biomass along the entire longitudinal gradient of the Uruguay River, Bayesian mixing
models were performed. These models were conducted using the "simmr" package (Parnell &
Inger, 2019) in the open-source software R (R Core Team, 2023). The Bayesian mixing method
is one of the most widely used tools for the estimation of the proportional composition of
assimilated food sources based on stable isotope values for C and N in animal tissues and in
their potential food sources (Fry, 2013; Parnell et al., 2010; Parnell & Inger, 2019), corrected by
the corresponding Trophic Enrichment Factors (TEF) (Parnell & Inger, 2019). From these
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models, the posterior proportion contribution was calculated using the Fixed Form Variational
Bayes (FFVB) method.

Initially, fishes were classified into trophic groups based on Lopez-Rodriguez et al. (2019) as
piscivores, detritivores, omnivore-invertivores (aquatic), and generalist omnivores. With this
information, a Bayesian mixing model was created for each trophic group at each one of the 12
sampling sites, including species as different groups withing each model, building up to a total
of 47 mixing models.

The parameters introduced in each model were as follows:

SN and 6=C values for each individual of each species; TEF values corresponding to each
trophic group, and 6N and 6*3C mean and standard deviation values of the potential resource.
We extracted from the literature TEF values according to the trophic group: for N: piscivores:
5.7 £ 1.6; detritivores: 3.9 = 1.4; omnivore-invertivores (aq): 3.4 £ 1.1; and generalist
omnivores: 4.3 £ 1.5 (Bunn et al., 2013). For C, we used the TEF proposed by Post (2002):
fractionation of 1.3 + 0.39 by trophic step, resulting in: piscivores: 3.9 + 1.17 (three trophic
steps); detritivores: 1.3 £ 0.39 (one trophic step); and omnivore inv (ag) and generalist
omnivores: 2.6 £ 0.78 (two trophic steps). For basal resources, periphyton was considered an
autochthonous resource, while CPOM and terrestrial vegetation were considered allochthonous
resources. For allochthonous sources, the isotopic values from terrestrial vegetation and CPOM

were pooled and averaged at each sampling site.

As periphyton isotopic values are known to vary in relatively short time due to water velocity
changes across microhabitats and hydrological changes (Finlay et al., 1999; Rasmussen &
Trudeau, 2007), the signal used for autochthonous basal resources was calculated as the average
signal of periphyton values from all 12 sampling sites. Periphyton isotopic values are highly
variable in the short term also due to the fast turnover rate of periphyton (few days, while the
turnover of fish tissue is of weeks-months). This approach could be considered a space-for-time
substitution; i.e., a potentially high isotopic variability along environmental spatial gradients
may resemble the natural changes in a given site in a period of weeks-months and surrogate the

lack of these values.

In previous studies, it has been suggested that FPOM is generally the result of a mixture of
autochthonous and allochthonous resources, and a reliable technique to verify this is the visual
inspection of samples (e.g., Hoeinghaus et al., 2007; Gonzélez-Bergonzoni et al., 2019). We
thus visually inspected the FPOM samples from all sampling sites, detecting a dominance of
algae in FPOM only in sites 8 (tail of the Salto Grande reservoir in the lower Uruguay River)
and 12 (site near the mouth of the Uruguay River in the Rio de la Plata). Considering that the

pelagic pathway could become relevant and provide autochthonous support to trophic networks
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in these, somehow more lentic, sections, we included FPOM in the mixing models of sites 8 and
12 as a source of autochthonous support. In these two sites, the mixing model was performed
with the "combine sources" function, mixing the signals from periphyton and FPOM as
autochthonous support and using the CPOM and terrestrial vegetation signal as allochthonous
support. The decision of combining resources into either autochthonous or allochthonous also
responds to best practices recommended for mixing models of grouping similar resources into
fewer groups to simplify the models and avoid bias produced when using more sources than
isotopic tracers (Fry, 2013; Nielsen et al., 2017).

From the models, we obtained exploratory bi-plots representing the C and N isotopic values of
potential food sources (i.e., basal resources: allochthonous and autochthonous) and fish
(grouped by trophic group), representing the TEF-corrected contribution of each source to the
fish biomass for each trophic group, along the longitudinal gradient (Fig. S1 in supporting
material [SM]).

2.4.2. Contribution of autochthonous and allochthonous resources to fish biomass

The relative contribution of basal resources to fish biomass was analysed in two steps, first
identifying the mean contribution to the biomass of each trophic groups and species,
independently of the importance of each trophic group and species in the community. Then, we
estimated the actual contribution of both types of basal resources to the total fish biomass in the
Uruguay River by considering the composition and the relative biomass of each species in the

community.

Basal resource contribution to biomass and species richness

Firstly, the mean contribution of each pathway to the biomass of each trophic group was
determined at each sampling site. From the mixing models conducted, we obtained the
probability of autochthonous pathway supporting a different fraction of biomass than the
allochthonous pathway for each trophic group at each sampling site. The statistics associated
with this analysis are within the Bayesian framework of probabilities. If the probability of
differences between autochthonous and allochthonous support was greater than 90%,

differences were considered as statistically significant (i.e., Gonzélez-Bergonzoni et al., 2023).

The relative abundance of species that showed more than 60% contribution to its biomass of a
given pathway at a given site was calculated as the ratio between the number of species with

more than 60% and the total number of species present at the sampling site. The threshold of
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60% was chosen following Gonzélez-Bergonzoni et al. (2019), considering that percentages
lower than 60 would imply no predominance of any particular source but the combination of
both.

Assemblage-weighted basal resource contribution to fish biomass

The information on the mean contribution of each pathway (autochthonous vs. allochthonous)
thus obtained from the Bayesian mixing models, in which each species was identified as a group
within each trophic group at each sampling site, was used together with the data of the biomass
of each species at each site to calculate the assemblage weighted contribution to the total fish
biomass in each sampling site, with the following equation:

Bm_res x =BmyX (Cont_res_xa) + ... + Bm, X (Cont_res_Xn),

where Bm_res_X is the total biomass of the fish community supported by resource X (expressed
in grams of fresh weight), Bm, represents the total biomass of species a, and Cont_res_x
represents the mean contribution of resource x to species a. The term in the equation is repeated
for the number of species present in the community studied. Finally, to calculate the total
proportion of fish biomass generated by each pathway (autochthonous vs. allochthonous) for
each of the 12 sampling sites, the biomass generated by a resource was divided by the total fish

biomass at each site.

The assemblage-weighted isotopic approaches are rare in the literature (Jardine et al., 2013;
Gonzélez-Bergonzoni et al., 2019). This type of approach allows a more accurate estimation of
community and ecosystem wide effects, weighting by the true biomass of each species, rather
than using all species as replicates irrespective of their representation or contribution to the total

biomass of the ecosystem (Gonzéalez-Bergonzoni et al., 2019).

2.4.3. Longitudinal changes and potential effect of dams in the energetic subsidy of fish
food webs

To assess potential patterns along the longitudinal gradient of the river we performed linear
regression analyses. We analysed the relationship between the mean contribution of

autochthonous pathway to fish species biomass (for the total and for each trophic group) at each
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sampling site and the distance to headwaters, and also the variations in the proportion of

autochthonous-supported species along the longitudinal gradient.

The same approach was followed to evaluate potential longitudinal patterns with the biomass-
weighted contribution of autochthonous pathway to total fish biomass and to biomass of each
trophic group.

To determine potential effects of the presence of dams on the energetic subsidies of fish we
performed General Linear Model (GLM) between sites before and after dams (i.e., Site 1 vs.
Site 2; Site 2 vs. Site 3 and Site 8 vs. Site 9). For the analysis, we considered each species at
each sampling site as a replicate. The explanatory variables used were the sampling site (N
Site), the trophic group (TG), and the interaction between these two factors. Given that the data
involves proportions, the models were fitted to a beta distribution (beta_family) using the
"glmmTMB" package (Brooks et al., 2017). Model selection was conducted through Likelihood
Ratio Tests (LRT), the significance of each factor was verified through ANOVA analysis for
each model, and the validation of the final models was done through visual inspection of the

residual distribution.

All the statistical analyses were done using the open-source Statistical Software Package R (R

Development Core Team, 2023).

3. Results

A total of 92 fish species were obtained in the 12 sampling sites, resulting in 1097 muscle
samples for stable isotope analysis and a total of 109 samples of basal resources. Furthermore,
in all sampling sites the trophic groups (piscivores, detritivores, generalist omnivores, and

omnivore-invertivores (aquatic)) were present, except for site 3, where piscivores were absent
(Fig. 2).

3.1. Basal resource contribution to fish biomass and species richness: mean

contribution and assemblage-weighted approach

According to the Bayesian mixing models the energetic subsidies for fish biomass were highly
variable along the river longitudinal gradient, as both allochthonous and autochthonous
pathways supported fish biomass along the Uruguay River. However, autochthonous support
dominated in two of the sampling sites affected by the dams, both in the regions downstream of

the cascade of dams in the upper Uruguay River (i.e., between sites 2 and 3) and in site 8 (tail of
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the Salto Grande reservoir) (Fig. 2 and Fig. 3; Table S1 and S2 in SM). Likewise,
autochthonous support was also found at site 12, a site near the mouth of the Uruguay River in
the Rio de la Plata Estuary (Fig. 2; Table S2 in SM).

However, distinctive predominant energetic pathways were detected within the different trophic
groups, with allochthonous subsidy being particularly clear at the top of the food web. In 8 of
the 12 sampling sites, piscivores showed a significant greater contribution of the allochthonous
pathway to their biomass. It is worth noting that in the remaining three sites, piscivores coupled
both energetic pathways evidenced by no significantly different contributions of allochthonous
and autochthonous material (Fig. 2). Contrary, detritivores showed a significant greater
contribution of autochthonous pathway in 10 of the 12 sites (Fig. 2), being the remaining 2 sites
subsidized by both energetic pathways (at the headwaters and in site 9, i.e., immediately

downstream of Salto Grande Dam).

The analysis of the proportion of species supported by each or both contrasting energetic
pathways clearly indicates that the coupling of energetic pathways decreased in the presence of
dams, as will be further explored in the next section. This occurred without a consistent pattern,
though. Downstream of the dam cascade (60 km downstream of Foz de Chapec6é dam towards
site 3), not a single species was supported by allochthonous pathway as major source. The same
occurred at the tail of Salto Grande reservoir towards site 8 and site 12 near the mouth of
Uruguay river in the Rio de la Plata Estuary, where all species were either supported by the
autochthonous pathway or by coupling both pathways. In contrast, towards site 9 (60 km
downstream of the Salto Grande Dam), all species were largely supported by the allochthonous

pathway and by coupling both energetic pathways (Fig. 3a; Table S2 in SM).

The assemblage-weighted contribution of each energetic pathway to the total fish biomass in
each site showed consistent results with the mean contribution approach. In absolute terms,
autochthonous support of fish was observed in sites 3 and 8 (Fig. 3b y c; Table S1 and S2 in
SM). Particularly in site 3, 62.0% of the total biomass of the site was generated by
autochthonous resources, increasing the percentage of support determined through the mean
contribution approach. In site 8, 65.9% of the fish biomass seemed subsidized by autochthonous
resources. On the other hand, fish biomass in sites 5 and 11 had a predominantly allochthonous
origin (64.7% and 60.0% of the biomass seemed generated by allochthonous resources in sites 5
and 11, respectively) (Table S2 in SM).
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3.2. Longitudinal gradients and potential effect of dams in the energetic subsidy of fish
food webs

We found no evident longitudinal pattern in the importance of the energetic support to fish in
the Uruguay River. We found no significant correlation between the distance of each site to the
headwaters and the mean contribution of autochthonous resources to total biomass or to the
biomass of each trophic group in particular (p >0.05 in all cases) (Table 2). The same occurred
for the proportion of species supported by any of the resources or by the coupling of pathways

(p>0.05 for autochthonous, allochthonous, or coupling both pathways) (Fig 3a; Table 2).

Similarly to what was observed with the mean contribution approach, no consistent pattern was
detected in the longitudinal gradient of autochthonous support to fish biomass (i.e., assemblage-
weighted contribution). We found no significant correlations between the distances to the
headwaters and the percentage of fish biomass subsidized by autochthonous resources, both in
the analysis with the total community and in the particular case of trophic groups (Fig. 3b y c;
Table 2). However, in the free-flowing stretch between sites 5 and 8 (approximately 800 km
downstream), the fish biomass sustained by autochthonous pathway appeared to increase, until
the Salto Grande Dam disrupted the observed pattern (Fig. 3b).

We found potential effects of the dams on the energetic support of the food webs. GLM
analyses using species as replicates between sites 1 and 2, indicated that only the trophic group
(TG) factor differed significantly in autochthonous support, without showing the site as a
significant factor (GLM (beta): ANOVA: Chi2 = 1.8, p>0.05 and Chi2 = 12.3, p<0.05 for SITE
and TG, respectively). This indicates that, despite there was no spatial differences, the support
of the autochthonous pathway varied differentially among trophic groups, with an increase in
autochthonous support only in the detritivore trophic group (Fig. 2). However, an apparent shift
towards autochthonous support in fish biomass was observed at site 3 after the river passes
through two consecutive dams, where all trophic groups showed a significant higher probability
of being more largely subsided by autochthonous resources than by allochthonous resources
(i.e., probability of autochthonous contribution > allochthonous contribution = 0.967, 0.923,
0.909 for detritivores, generalist-omnivores and omnivore-invertivores (ag.), respectively) (Fig.
2). This shift towards autochthonous support was supported by GLM analyses, that showed
marginally significant differences between sites and with TG as a significant factor (GLM
(beta): ANOVA: Chi2 = 3.3, p=0.07 and Chi2 = 19.4, p<0.05 for SITE and TG, respectively).

The last pair of sites affected by dams were sites 8 and 9, situated before and after the Salto

Grande Dam, at the boundary between the middle and the lower Uruguay River. In this case,
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site 8 (tail of the reservoir) showed a significantly higher mean contribution of autochthonous
resources for fish species than site 9 (GLM (beta): ANOVA: Chi2 = 78.5, p<0.001 and Chi2 =
23.6, p<0.01 for SITE and TG, respectively). At site 8, a higher probability of allochthonous
support was observed in piscivores, while a higher probability of autochthonous support was
found in the remaining trophic groups. However, at site 9, piscivores maintained their higher
probability of allochthonous support, and the omni-invertivores (ag.) switched to a higher
probability of allochthonous support. The other two groups showed a coupling of energy
pathways at site 9 with no pathway being more likely than the other (Fig. 2).
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Figure 2. Estimated proportion of allochthonous (brown) and autochthonous (green) contribution to the
fish biomass of the four analysed trophic groups (piscivores, detritivores, generalist omnivores and
omnivore-invertivores (ag.)) at each of the 12 sampling sites along the longitudinal gradient of the
Uruguay River, according to the Bayesian Mixing Models performing in “simmr”. The probabilities of
the proportion of autochthonous resources (AU) being > allochthonous resources (AL) is shown for each
trophic group per site. AU>AL written in brown means a significant probability (>90%) of allochthonous
proportion being greater than autochthonous proportion; AU>AL in green, in contrast, represents a
significant probability (>90%) of autochthonous proportion to being greater than allochthonous
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proportion, while values given in black represent differences with less than 90% probability. Dashed lines
indicate the presence of dams.
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Figure 3. a. Relative contribution of resources to the fish species at each of the 12 sampling sites along the
longitudinal gradient of the Uruguay River. b. Weighted contribution of resources to total fish biomass
along the longitudinal gradient of Uruguay River. Dashed horizontal line indicate the 50% of
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contribution. ¢. Mean % weighted of autochthonous contribution to the four analysed trophic groups
(piscivores, detritivores, generalist omnivores and omnivore-invertivores (ag.)) at each of the 12 sampling
sites along the longitudinal gradient from headwaters to mouth of the Uruguay River. The number at the
top of each bar indicates the site number. Dashed vertical lines indicate the presence of dams.

Table 2. Parameters of the lineal regression models performed for: a- mean contribution; b- weighted
contribution of allochthonous basal resources to fish biomass along the longitudinal gradient; c-
proportion of species largely supported by the different resources (autochthonous, allochthonous and
coupling pathways).

a- Mean contribution of autochthonous resources to fish species biomass

R? adjusted F-statistics p-value
Total 0.1 0.027 0.874
Piscivore 0.1 2.067 1.845
Detritivore 0.09 0.046 0.832
Generalist omnivore 0.081 0.174 0.686
Omnivore-inv (aq) 0.049 0.491 0.5

b- Weighted contribution of autochthonous resources to fish species biomass

R? adjusted F-statistics p-value
Total 0.05 0.477 0.506
Piscivore 0.001 0.99 0.346
Detritivore 0.084 2.014 0.186
Generalist omnivore 0.099 0.011 0.918
Omnivore-inv (aq) 0.049 0.491 0.5

c- Proportion of resources supported species

R? adjusted F-statistics p-value
Autochthonous 0.1 0.032 0.862
Allochthonous 0.1 0.002 0.967
Coupling 0.09 0.028 0.87

4. Discussion

In this study, we describe for the first time the energy support of food webs along the
longitudinal gradient of one of the largest rivers in South America, the Uruguay River. In
contrast to expectations from several theoretical frameworks, the coupling of energy pathways
seems to be the rule in this river, rather than the dominance of one pathway over the other. In

this sense, we found that most fish species in the Uruguay River were supported by a
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combination of pathways with only a small proportion of fish species being supported by either
one or the other pathway. Also, in general terms, the total biomass of the fish community along
the Uruguay River seemed to be sustained by coupling both energetic pathways in a similar
proportion with a slight predominance of allochthonous subsidy, but showing an increase in the
relative importance of autochthonous subsidy as the river increased in width in the unregulated
reach. The latter finding would be expected from the River Continuum Concept (RCC)
(Vannote et al., 1980). Within the fish food web, however, distinctive predominant energetic
pathways were detected for different trophic groups, with allochthonous subsidy being
particularly clear at the top of the food web for the piscivorous fishes. Our results also suggest
that dams may enhance one energetic pathway over the other and modify the longitudinal
patterns, as one pathway, either autochthonous or allochthonous, lost relevance around the
presence of a dam or a dam cascade. The direction of such changes seems to depend on local
characteristics, though.

In this study, no single theory was fully supported, but rather evidence for several predictions
was found in different sections of the river. For instance, we found evidence that partially
supports the Flood Pulse Concept (Junk et al., 1989) in the region with the largest extent of
floodplains along the Uruguay River. In site 5, approximately 65% of the fish biomass was
supported by allochthonous carbon. This is also the region where fish can freely move upstream
or downstream (thus assimilating resources from nearby sites, such as site 4, which has the
highest riparian cover). Similar evidence supporting the importance of allochthonous support
for food webs has also been found in the lower part of the Uruguay River, highlighting the key
role of flood pulses and local geomorphology in determining energy subsidies (Gonzélez-

Bergonzoni et al., 2019).

The total fish biomass showed coupling of the two energetic pathways (allochthonous and
autochthonous) along the longitudinal gradient, with most species coupling both pathways.
However, in most sites piscivores exhibited a higher proportion of their biomass originating
from allochthonous resources, while detritivores showed an inverse pattern, with a higher
proportion of autochthonous support for their biomass. Several studies have observed that
autochthonous carbon from algae is more labile and of higher nutritional quality than carbon
from terrestrial plants (Thorp & Delong, 2002). However, our results suggest that this energy
source may not be sufficient to sustain the higher trophic levels in this system, as has been
observed in previous research in this same river (Gonzélez-Bergonzoni et al., 2019), as well as

in rivers with extensive floodplains in tropical areas of Australia (Jardine et al., 2017). In the
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latter study, it was observed that allochthonous support scales with fish biomass, with smaller
fish at the base of the food web primarily supported by autochthonous resources, while larger
animals occupying higher trophic positions are mainly supported by allochthonous resources
(Jardine et al., 2017). Probably, this could be generalized to rivers with extensive floodplains,
like the Uruguay River, where turbidity may limit the growth of local primary producers. This
would result in the autochthonous energy not being sufficient to sustain the fish of the higher

trophic levels (typically occupied by larger-bodied organisms).

Our results suggest that dams alter the longitudinal pattern of energy support of fishes in the
Uruguay River, with variations depending on the local characteristics of each site. We observed
that the presence of dams somehow led to the dominance of one pathway over another,
simplifying the diversity of energetic pathways. However, the current evidence does not allow
us to predict the direction of the changes. The presence of dams can have a myriad of effects on
the availability of food for fish. This may result in the pauperization of some of the energy
pathways, leading to changes in trophic and taxonomic diversity, based on a reduction in the
available energy in the ecosystem. Other studies in the Uruguay River have shown disruptions
in diversity patterns, with substantial losses in species richness, as well as decreases in the
trophic and ecological diversity of fishes in regions downstream of the dams (L6pez-Rodriguez
et al., 2024). We found that the reduction in taxonomic and trophic diversity coincided in space
with a change in the type of energy support and a simplification of the energy pathways.

Likewise, the loss of multiple types of diversity as a consequence of dam’s presence has been
documented in several studies (e.g., de Bem et al., 2021; Ganassin et al., 2021; Ribolli et al.,
2021; Guo et al., 2023; Lépez-Rodriguez et al., 2024). Specifically, dams promote the loss of
genetic diversity in regions upstream of the dams (Ribolli et al., 2021), the loss of functional
groups both upstream and downstream of the dams (de Bem et al., 2021), and the loss of species
and alteration of beta-diversity patterns (Ganassin et al., 2021; Guo et al., 2023; LO6pez-
Rodriguez et al., 2024).

Our findings in the dam-affected areas regarding changes in the energy support of food webs
align particularly with the propositions by the River Ecosystem Synthesis (RES) (Thorp et al.,
2008). This theory complements the Riverine Productivity Model (RPM) (Thorp & Delong,
2002), which sustains that that autochthonous or allochthonous support depends on local
characteristics, strongly influenced by natural changes such as climate or geology and changes
generated by anthropogenic regulation of ecosystems (Thorp et al., 2008). In this context, the

presence of dams increases water residence time in the reservoir and often upstream and
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decreases the transport of allochthonous material, leading to greater autochthonous production
in dam-affected sites (Guo et al., 2023). Other studies have found higher allochthonous
subsidies in environments with riparian vegetation and increased turbidity (e.g., Hoeinghaus et
al., 2007; Roach & Winemiller, 2015; Sabo et al., 2018), while predominantly autochthonous
support was observed in dammed areas or downstream of dams (e.g., Hoeinghaus et al., 2007;
Sabo et al. 2018; Leal et al., 2023). In this sense, Hoeinghaus et al. (2007) support to the
propositions by the RPM, i.e., predominance of autochthonous support to fish biomass in
dammed river stretches of the Upper Parana Basin. Furthermore, in the free-flowing stretches,
they found evidence that support the theory put forth by the FPC, with higher allochthonous
subsidy to fish biomass. Our study also matches these previous findings, as the highest
proportion of species supported mostly by allochthonous resources occurred in the headwaters,
where the coverage of native forest in the nearby 2km was the highest. Also, we found the
highest percentage of biomass being allochthonous-derived in the large floodplains area of
middle river section. However, we detected that the autochthonous support to food webs
increased in the tail of reservoirs or towards the mouth where planktonic autotrophic
communities bloom, or downstream where allochthonous detritus was probably reduced.
Likewise, the contrasting trends in the shift of energy support pathways between site 3 and site
9 (both located at the same distance downstream of dams) may result from a combination of
dam effects and several local characteristics, such hydrogeomorphology, landscape, and the
input of tributaries into the river. For example, at site 3, downstream of the cascade of dams in
the upper part of the river, the main subsidy to fish biomass is of autochthonous origin. This
may reflect the retention of detritus by dams (with a cumulative effect of several consecutive
dams), significantly reducing the availability of allochthonous material downstream. The scarce
riparian forest in that region and the absence of tributary inflows that could transport
allochthonous resources could act on top of the direct effects of dams, enhancing the observed
pattern. On the other hand, two of the largest tributaries of the Uruguay River (Dayman River
and Guaviyu River) enter downstream of Salto Grande (site 9), potentially carrying resources
that could largely subsidize fish biomass. Additionally, there is a large coverage of riparian

forest that can contribute allochthonous material in this area.

Along river longitudinal gradients, water residence time tends to increase as current velocity
decreases towards the mouth of the system, where planktonic communities become more
common and frequent (Horwitz, 1978; Vannote et al., 1980). In this work, site 12 represented
this scenario, where the river is close to meet the Rio de la Plata Estuary and the hydrological
conditions become more lentic. In this scenario, not surprisingly, we found an average

contribution of 60% from autochthonous resources to the fish biomass probably due to the more
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favourable conditions for the growth of planktonic algae, as confirmed by the higher presence of

algae in the fine particulate organic matter (FPOM).

In general, the difference in the use of different carbon sources as subsidies for consumers may
be caused by the availability of different food sources in different environments (Hoeinghaus et
al., 2007). For instance, in the lacustrine regions created by dam construction there may be an
increase in the relative importance of autochthonous resources, favouring the pelagic pathway
through increased biomass (Doi et al., 2008). Furthermore, a global-scale meta-analysis
suggested that the diet of major freshwater consumers is highly dependent on autochthonous
resources in lotic systems, where water residence time and increased transparency may serve as
key drivers for pelagic and benthic primary producers. (Leal et al., 2023). In contrast, a greater
allochthonous support to fish biomass has been described in turbid reservoirs in the Uruguay
River basin (Felden et al., 2020). Nevertheless, allochthonous contribution seemed to be slightly
higher in the reservoirs with greater riparian forest canopy along the littoral zones (Felden et al.,
2020).

On the other hand, the retention of particulate material in the reservoir (i.e., reducing
downstream turbidity) may enhance water clarity and benthic periphyton growth, thus
increasing the relative importance of autochthonous resources in subsidizing biomass in riverine
regions downstream of dams (Doi et al., 2008; Wellard-Kelly et al., 2013). All these studies
highlight the importance of local studies to fully understand the natural functioning of specific
rivers and stretches, before the impacts of the dams disrupt the longitudinal behaviour and

patterns.

Our results support the idea that stable isotope analyses are a valuable tool for detecting and
guantifying changes in the energy subsidies caused by dams. However, there is a need for more
studies applying a broad spatial scale, to increase the understanding of the natural patterns in
dam-free areas and gather more empirical evidence that eventually permits to model and predict

the direction of changes promoted by the dams.

5. Conclusions

We found that both autochthonous and allochthonous energetic pathways subsidized large
fractions of fish biomass in a large riverine system, and that most fish species played a key role
in coupling energy sources in these food webs, contrary to statements of some theories such as
RPM. However, the influence zone of the dams appeared to affect this balance in the energetic

support of food webs, reducing the importance of one of the energetic pathways and enhancing
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the other and the coupling of energetic pathways for fish biomass support. These changes in
energetic pathways coincide with several observed impacts on fish trophic and taxonomic
diversity observed in previously published research within this same river system and
elsewhere. Whether there is a causal connection between the loss of the prevalence of one of the
energetic pathways to biomass support and fish assemblage changes, or both changes occur
concomitantly due to diverse environmental impacts of dams, remains to be studied in depth;
however, it is clear that both fish community structure and functionality is substantially being
altered by the presence of dams.

Furthermore, this work provides empirical evidence of the importance of both energy sources
for maintaining food webs and, therefore, ecosystem-scale processes. Through the results of this
study, the importance of maintaining riparian forests and floodplains for the exchange of matter
and energy with the terrestrial region becomes evident, particularly given their relevance for

higher trophic levels.
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Fig. S1. Exploratory bi-plots obtained from the Bayesian, representing the C and N isotopic values of
potential food sources (i.e., basal resources: allochthonous and autochthonous) and fish (grouped by
trophic group), representing the contribution of each source to the fish biomass for each trophic group,
corrected by the corresponding TEF, along the longitudinal gradient.
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Table S1. Mean contribution and weighted contribution of basal resources to the support of fish biomass
in the 4 trophic groups at 12 sampling sites along the longitudinal gradient of the Uruguay River
(PIS=piscivore; DET= detritivore; GO= generalist omnivore; Ol= omnivore-invertivore (Ag). Mean
contribution of resource (min 95% CI- max 95% CI). Probability autoch>alloch = Probability result of
Bayesian mixing models. Brown values represent a higher probability of allochthonous basal resources to
fuelling fish biomass and weighted contribution to fish biomass higher than 60% fuelling by
allochthonous resources; green values represent significant higher probability of autochthonous basal
resources fuelling fish biomass and weighted contribution to fish biomass higher than 60% fuelling by
autochtonous resources. Lines separate sampling sites; light dashed lines represent the presence of one
dam; bold dashed line represent the presence of two dams.

Assamblege-weighted contribution of

. Grupo Proportional contribution Probability resources to fish species biomass
N sitio trofico autoch>alloch
Allochthonous Autochthonous Allochthonous Autochthonous

1 PIS 725 (31.1-95.7) 27.5 (4.3-68.9) 0.131 63.3 36.7
1 DET 39.5 (13.1-71.5)  60.5 (28.5-86.9) 0.745 30.25 69.75
1 GO 74 (38.2-94.8) 26 (5.2-61.8) 0.069 42.21 57.8
1 Ol 77.6 (47.1-94.7) 22.4 (5.3-52.9) 0.037 65.02 34.98
2 PIS 81.5(56.3-95.2) 18.5(4.8-43.7) 0.022 59.43 40.56
2 DET 11.8(2.3-33.3)  88.2(66.7-97.7) 0.998 27.22 72.78
2 GO 53.9 (8.0-95.1)  46.1 (4.9-92.0) 0.425 57.14 42.856
2 0l 61.1(19.9-92.5) 38.9 (7.5-80.1) 0.271 62.63 37.37
""" 3 DET  185(31-50.7) 815 (49.3-96.9) 0967 2208 7797
GO 226 (2.7-64.3)  77.4(35.7-97.3) 0.923 4451 55.49

3 0l 225 (2.4-64.7) 775 (35.3-97.6) 0.909 46.7 53.3
4 PIS 69.4 (20.9-96.7)  30.6 (3.3-79.1) 0.194 61.22 38.78
4 DET 11.9 (2.4-33.2)  88.1(66.8-97.6) 0.998 26.83 73.17
4 GO 52.4 (13.1-89.9) 47.6 (10.1-86.9) 0.428 52.38 47.62
4 Ol 46.3 (7.0-90.3)  53.7 (9.7-93.0) 0.271 48.64 51.36
5 PIS 89.4 (68.9-98.2) 10.6 (1.8-31.1) 0.002 76.21 23.79
5 DET 26.2 (43.2-93.2) 73.8 (6.8-56.8) 0.924 43.81 56.19
5 GO 55.0 (19.5-87.4) 45.0 (12.6-80.5) 0.401 51.8 48.2
5 Ol 76.0 (40.1-95.0  24.0 (5.0-59.9) 0.059 58.47 41.53
6 PIS 79.4 (49.5-95.5) 20.6 (4.5-50.5) 0.041 61.3 38.7
6 DET 14.1(1.9-42.4)  85.9(57.6-98.1) 0.993 34.6 65.4
6 GO 31.7 (5.5-72.0)  69.3 (28-94.5) 0.838 52.55 47.45
6 Ol 48.0 (7.4-90.8)  52.0 (9.1-92.6) 0.658 60.95 39.05
7 PIS 85.2 (62.2-96.1) 14.8 (3.9-37.8) 0.006 57.98 42.02
7 DET 11.6 (1.9-34.9)  88.4 (65.1-98.1) 0.996 29.66 70.34
7 GO 64.0 (21.2-93.7) 36.0 (6.3-78.8) 0.269 51.39 48.61
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7 Ol 66.1 (41.0-85.3) 33.9 (14.7-59.0) 0.088 58.07 41.93
8 PIS 742 (52.4-89.4) 258 (10.6-47.6) 0.030 4318 56.82
8 DET 47(12-121)  95.3(87.9-98.8) 1.0 16.89 83.11
8 GO 355 (19.1-54.3) 64.5 (45.7-80.9) 0.955 30.82 69.18
8 ol 37.1(19.6-56.4) 62.9 (43.6-80.4) 0.910 41.19 58.81
9 PIS 77.1(35.2-97.6) 22.9 (2.4-64.8) 0.068 63.23 36.77
9 DET 66.4 (24.3-94.0) 33.6 (6.0-75.7) 0.258 54.51 45.49
9 GO 619 (13.1-96.1) 38.1(3.9-86.9) 0.291 50.66 49.34
9 ol 75.0 (44.9-93.2) 25.0 (6.8-55.1) 0.050 58.36 41.64
10 PIS 717 (24.4-97.4) 23.8 (2.6-75.6) 0.164 58.26 41.74
10 DET 22.4 (4.1-55.6)  77.6 (44.4-95.9) 0.993 36.27 63.73
10 GO 69.8 (21.3-97.1) 30.2 (2.9-78.8) 0.220 57.37 42.63
10 ol 59.3 (23.5-89.0) 40.7 (11.0-76.5) 0.265 56.33 4367
11 PIS 935 (80.4-98.7) 6.5 (1.3-19.6) 0 64.7 353
11 DET 23.7 (4.8-59.9)  76.3 (40.1-95.2) 0.921 37.14 62.86
11 GO 87.4(62.6-98.1) 12.6 (1.9-37.4) 0.004 65.8 34.2
11 Ol 80.6 (51.5-95.4) 19.4 (4.6-48.5) 0.012 7157 28.43
12 PIS 88.4 (68.7-97.2) 11.6 (2.8-31.3) 0.001 4359 56.41
12 DET 21.4(6.3-47.1)  78.6 (52.9-93.7) 0.985 36.12 63.88
12 GO 42.7 (9.0-80.7)  57.3 (19.3-91.0) 0.645 28.43 7157
12 Ol 67.9 (40.3-87.3) 31.2 (12.7-59.7) 0.090 46.69 53.31

106



Table S2. Contribution of basal resources (autochthonous vs. allochthonous) to fish biomass along the 12
sampling sites of the Uruguay River. Mean contribution represents the result of the Bayesian mixing
models (mean = sd). % species > 60% autochthonous and allochthonous subsides indicates the percentage
of the total species per site that exceeds 60% contribution to the biomass by one of the resources. %
species coupling pathways indicates the % of species per sampling site that do not exceed 60%
contribution of any type of resources. Weighted contribution refers to the mean contribution of each
pathway to the total biomass weighted by the biomass of each species in the community. Mean
contributions and weighted contributions higher than 60% are shown in bold. Light dashed lines indicate
the presence of one dam, and the bold dashed line indicates the presence of two dams.

Mean contribution of resources to fish species biomass Weighted contribution of
resources to fish species
biomass
NO
site | Autochthonous Allochthonous % species % species % species Autochthonous Allochthonous
>60% >60% coup lin
autochthonous Allochthonous athF\)Na gs
subside subside P Y
11469+£17.3 53.1+£17.3 26.7 40 333 55.4 44.6
21509141 49.1.1+14.2 22.2 16.7 61.1 49.2 50.8
TT3[579+126 | 421126 50 0 50| 618 382

4149.4+159 50.6 £15.9 143 14.3 714 55.5 44.5
5(48.4+105 51.6 £10.5 5.3 211 73.6 35.3 64.7
6(49.3+11.8 50.7 £11.8 125 125 75 44.0 56.0
7150.1+10.1 499+10.1 11.9 9.5 78.6 50.6 494
8166.7+11.1 33.2+111 69.4 0 30.6 65.9 341
944353 55.7+5.3 0 22.2 77.8 41.6 58.4
10]49.0+13.1 51.0+13.1 25 33.3 41.7 50.2 49.8
11(426+123 575+£123 7.1 53.6 39.3 40.0 60.0
12160.6 £10.0 39.4+10.0 48.5 0 515 58.7 41.3
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7. Discusion

En este trabajo se lograron avances significativos en la comprension del funcionamiento del Rio
Uruguay, haciendo foco en la comunidad de peces por su enorme importancia ecoldgica,
cultural, social y econémica. Asimismo, se logr6 constatar empiricamente y visibilizar varios de
los posibles impactos de las represas sobre el Rio Uruguay. En particular, se realiz6 la primera
descripcion de la fauna ictica del Rio Uruguay en la totalidad de su extension de ca. 1800 km,
desde las nacientes a la desembocadura en el Rio de la Plata. Asimismo, se realiz6 la
clasificacion en grupos tréficos de todas las especies capturadas en el Rio Uruguay. Esta
descripcion de la dieta y habitos tréficos de més de 100 especies de peces representa, ademas, la
primera descripcién publicada de los habitos alimenticios para 29 de esas especies (LOpez-
Rodriguez et al., 2019). Por su parte, la clasificacion tréfica esta siendo un insumo esencial para
varias investigaciones que avanzan sobre el conocimiento de la estructura trofica de las
comunidades de peces en la region (lo cual es reflejado en el creciente nimero de citas de dicho
articulo). Con este trabajo se logr6 identificar cuatro grupos tréficos principales que componen
la estructura tréfica de los peces de este rio: piscivoros, detritivoros, omnivoro-invertivoros
(acuaticos) y omnivoro-generalistas. Esta clasificacion se subdividié, a su vez, en 8 grupos
troficos con mayor resolucién: piscivoros, piscivoro-invertivoros, detritivoros, omnivoro-
detritivoros, omnivoro-invertivoros (acuaticos), omnivoro-planctivoros, omnivoro-invertivoros

(terrestres) y omnivoro-herbivoros (terrestre).

La estructura trofica del ensamble de peces mostré diferencias significativas en el gradiente
longitudinal Unicamente en la riqueza relativa de las especies del grupo tréfico de los omnivoro-
invertivoros (terrestres), con mayor riqueza en el Rio Uruguay medio que en el alto o bajo Rio

Uruguay (LO6pez-Rodriguez et al., 2019).

Por otra parte, se logré detectar y describir patrones de diversidad de peces (i.e., diversidad
especifica, diversidad beta, tréfica y ecoldgica) a lo largo del gradiente longitudinal.
Encontramos que el Rio Uruguay presenta una gran diversidad de peces, comparable a rios de
Sudamérica con similares flujos de descarga (Capitulo 1; Lopez-Rodriguez et al., 2019).
Ademaés, nuestros resultados muestran la existencia de patrones longitudinales de incremento en

las métricas de diversidad analizadas (Capitulo 2; Lopez-Rodriguez et al., 2024).

Finalmente, describimos por primera vez el origen del carbono (i.e., autoctono, al6ctono u
ocurrencia de acoplamiento de vias) que subsidia la biomasa de los peces a lo largo del
gradiente fluvial del rio, describiendo los potenciales impactos que las represas pueden estar
generando sobre este subsidio. Los resultados indican que el subsidio energético de las tramas

tréficas del Rio Uruguay proviene predominantemente de un acople de las vias autdctona
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(productores primarios como algas bentdnicas y plancténicas) y aléctona (proveniente de detrito
vegetal C3 de origen terrestre, que deriva de los bosques riparios de la cuenca), mas que la
dominancia de una via sobre otra. Esto Gltimo era lo que podria esperarse de acuerdo a marcos
tedricos como el Concepto de Pulsos de Inundacion (FPC), el Modelo de Rio Productivo
(RPM), la Sintesis del Ecosistema Riverino (RES) y el Concepto de Ondas de Rio (RWC).
Asimismo, encontramos aumentos relativos del subsidio autéctono a medida que el rio
incrementa su tamafio hacia aguas abajo en las zonas libre de represas (Capitulo 3; Ldpez-
Rodriguez et al., in prep.).

Por otra parte, nuestros resultados suman clara evidencia empirica de que las represas
promueven directa o indirectamente la pérdida de biodiversidad (i.e., riqueza de especies,
diversidad tréfica, diversidad ecolégica y de fuentes de subsidio energético), modificando los
patrones longitudinales que ocurren en ausencia de interrupciones (Lépez-Rodriguez et al.,
2024; in prep.).

7.1. Revision de marcos teoricos y actualizaciones

En este trabajo encontramos evidencia que apoya lo planteado por la teoria de
metacomunidades, sobre la importancia del mantenimiento de la conectividad en los
ecosistemas para permitir la dispersion de los organismos como determinante de la diversidad
local (Leibold et al., 2004). Nuestros resultados muestran que las diferencias de diversidad
(diversidad beta) fueron menores entre los sitios con una mayor conexion, sugiriendo que ocurre
un importante movimiento de las especies entre estos sitios. Asimismo, las recuperaciones de
diversidad méas importantes se observaron en las regiones de aguas libres. Por el contrario,
aquellos sitios donde las comunidades estan aisladas por efecto de las represas, fueron los que
tuvieron menor riqueza de especies respecto de las comunidades inmediatamente aguas arriba.
Este efecto del aislamiento sobre la riqueza de especies de peces ya ha sido detectado en
metacomunidades de sistemas fluviales (Rio Negro, Uruguay, Borthagary et al., 2020), lo que

resalta la importancia del mantenimiento de areas conectadas por la red fluvial.

El aumento de riqueza de especies observado en el gradiente longitudinal a medida que el rio
aumenta su area, podria entenderse en el contexto de teorias clasicas de ecologia general como
la teoria de area-diversidad (MacArthur & Wilson, 1967), que predice un aumento en la
diversidad con el aumento de la superficie del ecosistema al generarse mas oportunidades de
colonizacién por nuevas especies y potencialmente contener una mayor heterogeneidad de
habitats. En este sentido, los hallazgos también pueden explicarse por la teoria de

heterogeneidad de habitats y productividad (Wrigh, 1983). A nivel mundial, se ha detectado la
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importancia del aumento del area (y consecuentemente del volumen de agua) a escala local para
generar ambientes mas heterogéneos, asi como también para incrementar la entrada de energia
del ambiente circundante, lo que determinaria en gran medida los patrones de diversidad de
especies de peces en sistemas fluviales (Guégan et al., 1998). En este sentido se ha planteado
gue, a mayor energia disponible, los rios pueden soportar un mayor nimero de especies. En
aquellas regiones de un rio con similares productividades, la heterogeneidad de habitats es la

clave para la coexistencia de mas especies (Guégan et al., 1998).

Estos resultados apoyan la idea de la importancia de la inclusion de las teorias ecologicas
generales en los marcos tedricos especificos de la ecologia fluvial, los cuales se han centrado en
otros aspectos, poniendo la mirada en otros procesos (como cambios fisicos en el ambiente que

determinan la disponibilidad de recursos) que se dan en el ecosistema.

En cuanto a los marcos tetricos especificos en ecologia fluvial, nuestros resultados muestran
apoyos parciales a las predicciones generadas por varios de ellos. Esto depende de qué
caracteristica comunitaria o proceso se esté analizando (ya que no todos los marcos generan
predicciones sobre todos los procesos y pardmetros). Asimismo, nuestros resultados sugieren
que las caracteristicas locales tuvieron gran relevancia, ya que los ajustes a las predicciones

tedricas también dependieron del tramo del rio considerado.

En particular, encontramos evidencia que se alinea con las predicciones planteadas en el
Concepto de Rio Continuo (RCC -Vannote et al., 1980). Encontramos un patrén de aumento en
el gradiente longitudinal de la riqueza de especies, la beta diversidad y el componente de
recambio de especies, y la diversidad trofica y de nicho ecolégico (Lopez-Rodriguez et al.,
2024). Asimismo, observamos que en términos generales la biomasa total de los peces parece
ser subsidiada por una combinacion de las vias energéticas aldctona y autéctona a lo largo de
todo el gradiente del Rio Uruguay, pero con pequefios incrementos en la importancia relativa
del subsidio autoctono a medida que el rio aumenta de tamafio hacia aguas abajo en las
secciones sin disturbios hidroldgicos (Lépez-Rodriguez et al., in prep.). Sin embargo, también
encontramos evidencia clara de los impactos negativos de las represas en la diversidad
ecoldgica de los peces, con abruptas disminuciones de la misma, aguas abajo de las represas
(Lopez-Rodriguez et al., 2024). Esto se ajusta a las predicciones del Concepto de
Discontinuidad Seriada (SDC-Ward & Stanford 1983; 1995).

El SDC, sin embargo, no genera predicciones sobre los subsidios energéticos de las tramas
tréficas en los sistemas fluviales con regulaciones en la hidrologia. Es por eso que estos
resultados complementan este marco tedrico a través de evidencia sobre el efecto de las represas
sobre las dinamicas de asimilacién de las fuentes alimenticias que subsidian las redes tréficas en

tramos represados (LApez-Rodriguez et al., in prep.).
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Por otra parte, observamos patrones que se ajustan a las predicciones del FPC en la seccion
media del rio, siendo la seccion con mayor presencia de planicies de inundacion y bosque
ripario en las margenes (Zaniboni-Filho & Schulz, 2003). En este tramo del rio de casi 1000 km
de aguas libres (entre los sitios 4 y 7, i.e., entre las represas Foz de Chapecé y Salto Grande)
encontramos una riqueza relativa de especies pertenecientes al grupo tréfico de los omnivoros
consumiendo sobre macroinvertebrados terrestres (omnivoros-invertivoro-terr-), que fue
significativamente mas alta en comparacion con el Rio Uruguay alto y bajo (Lopez-Rodriguez
et al., 2019). Este resultado coincide con lo encontrado en los estudios de subsidios energéticos
(Lopez-Rodriguez et al., in prep.). En estos estudios se observé que el 65% de la biomasa de los
peces en el sitio 5 es subsidiada por carbono proveniente del medio terrestre (i.e.,
predominancia de la via energética al6ctona). EI FPC plantea que los incrementos en la
conexion entre el ambiente terrestre y acuatico promueven un mayor subsidio de la via terrestre
a la biomasa de los peces (Junk et al., 1989). Estos resultados son coincidentes con estudios
realizados a diversas escalas, en los que se observé que la ingesta de alimentos terrestres de los
peces aumenta con el aumento de la interfase tierra-agua, por ejemplo, en bosques inundados
(Winemiller & Jepsen, 1998) o en arroyos con alta concentracion de bosque ripario (Baxter et
al., 2005). Por lo tanto, nuestros resultados sugieren la existencia de una fuerte asociacion entre
el sustento de las tramas troficas por carbono de origen terrestre y la conectividad del ambiente

acuatico con el terrestre en zonas con planicies de inundacion.

El ajuste al FPC en la seccién media del rio tiene sentido, ya que esta teoria fue desarrollada en
sistemas fluviales tropicales y subtropicales con grandes extensiones de planicies de inundacion,
caracteristicas que observamos en el Rio Uruguay medio. Asimismo, se plantea que, al existir
planicies de inundacién, el aporte al rio no depende tanto de los procesos y transporte de
materiales desde aguas arriba. Estos procesos se encuentran interrumpidos por la presencia de la

cascada de represas en la parte alta del rio.

Nuestros resultados sugieren también un ajuste parcial a lo planteado por la RES (Thorp &
Delong, 2006) en cuanto a la dependencia de las caracteristicas y de la geomorfologia local para
el sustento energético, tanto en los tramos libres de represas como en las regiones més
directamente afectadas por las mismas. Por ejemplo, en las regiones libres de represas,
encontramos una alta proporcion de especies subsidiadas por la via aloctona en aquellas
secciones con mayor proporcion de &rea con cobertura de bosque ripario (nacientes), asi como
también en la seccion con mayores planicies de inundacion (secciobn media del rio).

Contrariamente, se observé soporte autoctono en las regiones con mayores tiempos de
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residencia del agua, lo que permite un mayor desarrollo de las comunidades plancténicas (e.g.,
desembocadura del Rio Uruguay) (Lopez-Rodriguez et al., in prep.). Este resultado también se
relaciona con lo encontrado en Lépez-Rodriguez et al. (2019), especificamente con la una
mayor frecuencia del grupo tréfico de los peces omnivoro-planctivoros en la parte baja del rio,
probablemente reflejando que en la zona de la desembocadura la velocidad del rio y el flujo
turbulento decrece cuando el rio se ensancha, permitiendo el establecimiento y acumulacién de

biomasa de comunidades plancténicas (Horwitz, 1978; Vannote et al., 1980).

En las regiones afectadas por las represas encontramos efectos sobre los sustentos energéticos,
pero la direccion del cambio parece depender fuertemente de las caracteristicas locales de cada
sitio. Un patron claro que surge de estos resultados es que en las regiones afectadas por las
represas (i.e., aguas abajo de las mismas o cola del embalse), las vias energéticas tienden a
simplificarse, con menor proporcién de especies que se sustentan por una u otra via (i.e.,
aléctona o autdctona). Sin embargo, las diferencias en la estructura del paisaje, el ingreso de
tributarios y la presencia o ausencia de monte ripario parecen ser determinantes en la direccion
del cambio (L6pez-Rodriguez et al., in prep.). Esto destaca la importancia de los distintos
parches hidrogeomorfolégicos y de la estructura del paisaje en la determinacion de la via de

sustento para las redes troficas.

Por lo tanto, nuestros resultados sugieren que las caracteristicas locales, en conjunto con la
presencia de planicies de inundacion que pueden proveer de recursos aloctonos al sistema
fluvial, serian determinantes en la magnitud relativa de los distintos subsidios energéticos de los
peces. Estos resultados apoyan trabajos previos (e.g., Roach & Winemiller, 2015), incluidos
trabajos de la parte baja del Rio Uruguay (Gonzalez-Bergonzoni et al., 2019).

Un resultado altamente relevante, y que pone en consideracion algo que no manejan los marcos
tedricos actualmente en discusion en ecologia fluvial, es la importancia del acople de las vias
energéticas como sustento a la biomasa de los peces. Ninguno de los marcos teéricos analizados
plantea la importancia del acople de vias energéticas en las tramas troficas, sino que plantean: 1.
un soporte cambiante de forma predecible entre la via autdctona y al6ctona a lo largo del
sistema fluvial (RCC-Vannote et al., 1980), 2. un soporte mayoritario de la via al6ctona (FPC-
Junk et al., 1989), 3. un soporte mayoritario de la via autéctona (RPM-Thorp & Delong, 1994;
2002), o 4. un soporte mayoritario de una u otra via dependiendo de las caracteristicas
ambientales locales (RES-Thorp et al., 2008; RWC-Humpries et al., 2014).

Sin embargo, en este trabajo se encontro fuerte evidencia de la importancia del acople de ambas
vias a lo largo del gradiente fluvial (L6pez-Rodriguez et al. in prep.). Esto es coincidente con

teorias ecoldgicas generales que plantean la importancia del acople de las vias energéticas para
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mantener la estabilidad de los ecosistemas (Keppeler et al., 2021). En este sentido, se ha
planteado que los depredadores tope acoplan ambas vias, ejerciendo presiones diferenciales
sobre las distintas vias dependiendo de la disponibilidad de los recursos (Rooney & McCann,
2012). A nivel general en ecologia, se ha planteado que las interacciones de consumo débiles
favorecen la estabilidad de las redes tréficas, ya que, si un consumidor es capaz de diversificar
su dieta, disminuira la presién sobre determinado recurso y evitard su reduccién, favoreciendo

asi una mayor estabilidad del sistema (McCann, 1998; McCann, 2000).

En el caso particular de los ecosistemas fluviales que mantienen su conexién hidroldgica, los
peces pueden moverse por diferentes ambientes, lo que favoreceria la integracion de recursos de
diferentes zonas, el acople de las vias (Woodward & Hildrew, 2002) y consecuentemente una
mayor estabilidad de los ecosistemas (Bellmore et al.,, 2015; Scholl et al., 2023). Este
acoplamiento de vias energéticas podria también reducir las fuerzas de interaccion entre los
consumidores y las presas, disminuyendo las presiones por diversificacion en la dieta, lo que
promoveria también redes mas estables en sistemas altamente dinamicos (McCann, 2000; Cross
et al., 2013). Trabajos utilizando macroinvertebrados como modelo apoyan este patrdn,
mostrando que los consumidores tienden a diversificar su dieta como consecuencia de la
variabilidad temporal en la disponibilidad de recursos, encontrandose que las interacciones

débiles son las que prevalecen (Peralta-Maraver et al., 2016).

Por otra parte, la magnitud de los ingresos de material aléctono podria ser determinante en su
uso como sustento a la biomasa de los consumidores, idea que se contrapone por lo planteado
por el RPM (Thorp & Delong, 1994; 2002). Este marco tedrico incorpora sistemas con planicies
de inundacidn, pero plantea que el sustento de las redes tréficas es mayormente autéctono. Esto
se deberia a que en las planicies de inundacion se produce también el crecimiento de algas
bentdnicas que son mas labiles que el carbono de origen aléctono (Thorp & Delong, 2002).
Ademas, este marco plantea que las redes tréficas fluviales se basan en sustento autéctono, sin
importar la disponibilidad de sustento aléctono. En este sentido, cabe destacar que los muestreos
de este trabajo fueron desarrollados en un periodo de altas lluvias y crecidas del rio principal y
sus tributarios, lo que increment6 la extension de las planicies de inundacién y probablemente
también la duracion de la interaccion entre el ambiente terrestre y el acuatico. Esto podria haber
incrementado el ingreso de recursos al6ctonos al rio, permitiendo un mayor sustento por esta via

energética a la biomasa de los peces.

Es interesante notar que las diversas teorias mencionadas en ecologia fluvial no tienen en cuenta
la variabilidad climatica y los patrones de precipitaciéon como factores relevantes en el
funcionamiento de los ecosistemas fluviales por sus efectos directos e indirectos sobre la

disponibilidad de distintos recursos. Este podria ser uno de los motivos por los cuales las teorias
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de funcionamiento de ecologia fluvial no parecen ser generalizables y no se ajustan cabalmente
a nuestro sistema de estudio en particular. Sin embargo, el marco teérico planteado en el
Concepto de Ondas de Rio (Humpries et al. 2014), ademas de tomar la variacion espacial a lo
largo del gradiente longitudinal, incorpora la variacion temporal de los caudales, las
precipitaciones y la disponibilidad de recursos. En este aspecto, esta teoria incorpora y expande
los postulados del FPC, planteando que las precipitaciones serian un factor clave que influye en
los pulsos de inundacion y por tanto en el ingreso de material aléctono, y en la disponibilidad de
fuentes alimenticias. Por lo tanto, los distintos muestreos realizados para evaluar el
funcionamiento de rios, tanto libres como represados, podrian estar capturando o no esas ondas
de ingreso de material al6ctono desde el medio circundante, principalmente en aquellas regiones

con grandes extensiones de planicies de inundacion.

Sin embargo, es posible también que nuestro hallazgo sobre la importancia del material
aléctono en las redes tréficas del Rio Uruguay no sea estrictamente dependiente del momento de
muestreo, sino que sea un patrén generalizable para rios tropicales y subtropicales con extensas
planicies de inundacion y pulsos con patrones y duracién relativamente predecibles, como
plantea el FPC (Junk et al., 1989). Esta hipétesis podria darle ain mas sustento al FPC como
marco conceptual particularmente relevante para los rios tropicales y subtropicales. Asimismo,
también contribuye al marco RWC, principalmente en sistemas sin interrupciones en su
hidrologia o en aquellas regiones de aguas libres, ya que como reportamos en nuestros
resultados, la presencia de represas interrumpe los patrones del gradiente longitudinal. En
cualquier escenario, estos resultados remarcan la importancia de contar con muestreos que
permitan capturar la variabilidad estacional para testear estos marcos tedricos en otras
condiciones ambientales, por ejemplo, en épocas de bajas precipitaciones, o incluso en épocas

de sequias.

En resumen, nuestros resultados permitieron generar evidencia empirica que sustenta
parcialmente algunos de los marcos teéricos en ecologia fluvial, pero no encontramos patrones
generalizables asociados a ninguno de los marcos tedricos en particular. Destacamos que las
predicciones de estos marcos fueron puestas a prueba en un sistema diferente a los tipicamente
usados para la generacion de los mismos, con la excepcion del FPC, como lo son los grandes
sistemas ubicados en la region subtropical. Finalmente, destacamos la importancia de la
presencia de planicies de inundacion y de las caracteristicas locales como determinantes de los
sustentos energéticos. Por otra parte, la regulacion o alteracion del flujo hidrolégico por
presiones antropicas (en particular por represas), interpelan a practicamente todos los marcos

tedricos actualmente en discusién en ecologia fluvial.

114



Este trabajo incorpora estas alteraciones, y completa vacios de informacion en la tematica, con

alcance regional y probablemente también alcance general.

7.2. Nuevos aportes al conocimiento sobre el funcionamiento del Rio Uruguay

En el primer capitulo de esta tesis se realiz6 la primera descripcidn de la estructura tréfica de los
peces del Rio Uruguay, a partir de la identificacidn de las especies presentes a lo largo de todo
el gradiente longitudinal, asi como también la descripcion de la dieta y clasificacion en grupos
tréficos (Lopez-Rodriguez et al., 2019). Esta informacién resulta relevante y necesaria para
comenzar a generar un conocimiento integral del funcionamiento del Rio Uruguay. Asimismo,
la informacion generada en el primer capitulo sirvio de base para el desarrollo de los posteriores
trabajos centrados en la evaluacion del efecto de las represas sobre diferentes métricas de

diversidad de los peces y sobre el funcionamiento a nivel sistémico.

Los estudios sobre los efectos de las represas en el Rio Uruguay son escasos, evidenciando por
ejemplo cambios en algunas métricas de diversidad, como la diversidad genética (Ribolli et al.,
2021) y la diversidad de grupos funcionales (de Bem et al., 2021). Por ejemplo, se ha observado
que las represas de la parte alta del Rio Uruguay simplifican la diversidad genética aguas arriba
(Ribolli et al., 2021) y generan pérdida de grupos funcionales, tanto aguas arriba como aguas
abajo (de Bem et al., 2021). Sin embargo, esos estudios se centraron en las represas ubicadas en
el Rio Uruguay alto y no integraron todo el gradiente longitudinal. Asimismo, los estudios
enfocados en los efectos de las represas sobre la disponibilidad de recursos y en la respuesta de

las comunidades de peces son inexistentes en este rio.

A nivel global se ha constatado que los cambios en el ambiente que generan las represas afectan
la disponibilidad de recursos alimenticios para los peces (Sabo et al., 2010; Winemiller et al.,
2010; Roach & Winemiller, 2015; Ruhi et al., 2016). Nuestros resultados muestran que los
efectos de las represas sobre el Rio Uruguay, probablemente a través de cambios en la
disponibilidad de alimento, pueden resultar en la disminucion de la proporcion de las especies
gue se subsidian por alguna de ambas vias energéticas en las regiones afectadas por las represas,
disminuyendo notablemente la proporcién de especies que son sustentadas por alguna de las
vias (ya sea autoctona o aldctona) (Lopez-Rodriguez et al., in prep.). Estos resultados podrian
explicar las abruptas disminuciones en la riqueza taxonémica, la diversidad trofica y en la
diversidad de nicho ecoldgico encontradas en las areas aguas abajo de las represas (LOpez-
Rodriguez et al., 2024), sugiriendo que el mecanismo asociado a esas disminuciones podria

estar relacionado con la reduccion de la energia disponible en el ecosistema.

Por lo tanto, los resultados encontrados en el Capitulo 3 retoman, complementan y explican

parcialmente lo observado en el Capitulo 2 de la tesis, demostrando la importancia de emplear
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aproximaciones complementarias para comprender el funcionamiento del Rio Uruguay y otros

grandes rios.

Estos resultados representan evidencia nueva y clara sobre los efectos de las represas sobre la
biodiversidad (analizada mediante diferentes métricas) a lo largo de todo el gradiente
longitudinal del Rio Uruguay (L6pez-Rodriguez et al., 2024; Lopez-Rodriguez et al. in prep.).

Otro resultado a destacar sobre el funcionamiento del Rio Uruguay refiere a la importancia de la
via al6ctona para el subsidio de las redes tréficas y la dependencia de las caracteristicas de cada
sitio, que pueden promover un mecanismo de subsidio energético sobre otro. Sin embargo, a
pesar de encontrarse un mayor sustento por acople de vias a lo largo del rio, los depredadores
tope (i.e., grupo trofico de los piscivoros) mostraron en general un mayor subsidio de su
biomasa por la via aléctona. Como se menciond anteriormente, esto contradice las teorias
generales que plantean la integracion de las vias en los depredadores tope de los ecosistemas
(Rooney & McCann, 2012). La mayor importancia de la via aléctona en estos depredadores
podria deberse a que la via autctona no fuera suficiente para sostener la biomasa de los niveles
tréficos superiores, como ya ha sido reportado en estudios en otros sistemas (e.g., Jardine et al.,
2017) y en este mismo rio (Gonzélez-Bergonzoni et al., 2019).

Sin embargo, desconocemos si lo observado aqui es generalizable, es decir, si este patron
responde a alguna caracteristica particular de este sistema o incluso a las condiciones de
crecidas a lo largo del rio al momento del muestreo, como se menciond anteriormente. Existen
estudios que apoyan lo encontrado en este trabajo, observando, por ejemplo, que en el Rio
Parana los depredadores tope dependen principalmente de la via aldctona, pero plantean que
esto probablemente se deba a los efectos de los pulsos de inundacion generando fluctuaciones
sobre la disponibilidad de alimento (Saigo et al., 2015). Esto, tal vez, podria indicar un patrén
para rios subtropicales con importantes fluctuaciones, aunque seria necesario profundizar en
este aspecto a través de estudios de subsidios energéticos en otros grandes rios subtropicales con
similares caracteristicas en cuanto a las fluctuaciones en los pulsos de inundacién. Asimismo,
seria importante incorporar muestreos en otras épocas, incluyendo épocas de seca para verificar
si el patr6on encontrado se mantiene y es generalizable. Posiblemente la respuesta de los
depredadores tope de nuestro sistema se deba a las condiciones al momento del muestreo, de
grandes crecidas y por tanto de gran aporte potencial de material aldctono desde las planicies de
inundacion. Estas condiciones podrian también tener un efecto negativo sobre la produccion
primaria local, ya que, al aumentar la turbidez del agua, no se permite el crecimiento de estos

recursos, haciendo que no sean suficientes para sustentar los niveles tréficos mas altos.

La importancia de las &reas libres de represas en el mantenimiento y la recuperacion de la

diversidad en el Rio Uruguay ha sido otro de los resultados que se reitera a lo largo de toda la
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tesis. En este sentido, encontramos que las comunidades de peces entre los sitios 6 y 8
presentaron una alta riqueza de especies, pero una baja diferencia en la composicion de la
comunidad (bajos valores de diversidad beta entre sitios) (Lépez-Rodriguez et al., 2024). Estos
sitios podrian estar actuando como centros de diversidad que permiten la recuperacién de la
diversidad del sistema, disminuida aguas abajo de las represas (Massaro et al., 2019). En estos
sitios encontramos también un aumento del sustento autdctono a las tramas tréficas, patron que
luego se ve interrumpido con la presencia de la represa de Salto Grande (L6pez-Rodriguez et
al., in prep.). Entre los sitios 6 y 8 (sitio ubicado en la cola del embalse de Salto Grande)
observamos una recuperacion y estabilizacion del nicho ecolégico, que habia sido fuertemente
afectado por la cascada de represas de la parte alta del rio (Lépez-Rodriguez et al., 2024).
Muchos son los factores, tanto biéticos como abi6ticos, que pueden potencialmente afectar la
diversidad de nicho ecolégico (Trudeau & Rasmussen, 2003; Layman et al., 2007b; Delong et
al., 2011; Turner et al., 2015). Uno de los factores bidticos es la incorporacion de sefiales
isotopicas de diversos ambientes debido a la presencia de especies que pueden moverse largas
distancias permitiendo el incremento del nicho ecoldgico (Rasmussen et al., 2009; Wang et al.,
2021). Esto es coincidente con la presencia de especies migradoras desde el sitio 5 (Lépez-
Rodriguez et al. 2019; Ldpez-Rodriguez et al., 2024), donde los peces pueden moverse

libremente y asimilar recursos en un tramo de casi 1000 km.

Esta tesis aporta asi informacion basica sobre el funcionamiento del Rio Uruguay en toda su

extension, identificando y localizando areas clave para su recuperacion ecolégica.

7.3. Posibles aportes a la gestion ambiental

El efecto que tiene la construccion de represas a diferentes niveles es innegable y estd muy bien
documentado a nivel mundial. Sin embargo, se ha detectado la falta de protocolos
estandarizados y comunes para este tipo de construcciones, que no existe un conocimiento
adecuado para poder plantear planes de mitigacion, la ausencia de monitoreos con los objetivos
claros o la falta de monitoreos adecuados para este tipo de problemas, entre otros (Agostinho et
al., 2016; Winemiller et al., 2016). Por otra parte, algunos de los planes de mitigacién que se
han propuesto y ejecutado en algunas represas, tales como la construccion de pasaje para peces,
han sido ineficaces, pudiendo incluso ser negativos para la biodiversidad (Agostinho et al.,
2002; 2007; 2008; CTM-Salto Grande, 2009). Otro de los problemas que se ha detectado,
principalmente en el Neotrdpico, es la ausencia de planes de mitigacion locales. Los planes
existentes se basan principalmente en planes de otras regiones del mundo, y que muchas veces

no se adecuan a las condiciones en el Neotropico (Agostinho et al., 2016).
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Debido en parte a todo lo anteriormente mencionado es que en los Gltimos afios se ha planteado
la necesidad de generar modelos locales basados en informacion ambiental previa que permitan
determinar la ubicacién de las represas que genera los menores impactos ambientales,
simultdneamente maximizando las capacidades de generacion de energia hidroeléctrica (e.g.,
Winemiller et al., 2016; Flecker et al., 2022).

En el caso de la cuenca del Amazonas, se ha avanzado en la construccion de modelos y se ha
planteado que la informacion ambiental basica y necesaria para los modelos deberia ser basada
en cinco criterios ambientales, los cuales integran las principales afectaciones al ambiente que
pueden surgir de la construccion de represas: regulacion del flujo hidroldgico, conectividad del
rio, transporte de sedimento, diversidad de peces, y emision de gases de efecto invernadero
(Flecker et al. 2022). A pesar de la buena respuesta de estos modelos, se ha observado que la
falta de informacidn de linea de base es una de las principales restricciones a la hora de generar
planes de manejo o para planificar la construccion de nuevas represas (Flecker et al. 2022). Si
bien esos modelos utilizan esos cinco ejes de informacion, se reconoce que a medida que exista
maés informacion, los modelos se pueden ir perfeccionando, generando planes y estrategias de
manejo que permitan generar menores perjuicios para la naturaleza y mayores beneficios para la
poblacién (Flecker et al. 2022).

A escala global, esperamos que los resultados obtenidos en esta tesis resalten la importancia de
considerar otros aspectos ecolégicos fundamentales, mas alld de la diversidad especifica de
peces de los rios. En particular, encontramos evidencia de la importancia de las fuentes
aloctonas y autéctonas en el subsidio de las tramas tréficas fluviales. Por lo tanto, se destaca la
importancia del mantenimiento de las planicies de inundacién y de los montes riparios que
permitan el ingreso de recursos terrestres al ambiente fluvial, principalmente dada su relevancia

para los niveles tréficos mas altos.

Nuestros resultados mostraron que las represas afectan no solo la diversidad de especies, sino
también la dinamica de asimilacion de las vias energéticas que sustentan la biomasa de los
peces. ldentificamos que analizar ambos aspectos resulta fundamental para una mayor

comprension del funcionamiento de los ecosistemas fluviales con alteraciones en su hidrologia.

Otro aspecto clave para generar planes de mitigacion de los impactos producidos por las
represas, resulta en la planificacion o el manejo de las represas que se ubican en fronteras
internacionales, ya que se identifica como punto fundamental la cooperacion entre los paises
para generar informacion de calidad y disminuir los costos ambientales de la construccion de
represas (Flecker et al., 2022). Asimismo, es imperiosa una planificacion estratégica que integre

toda la informacion disponible y sustente la toma de decisiones no solamente a escala local de
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un sistema en particular sino a escala de cuenca, para encontrar el equilibrio necesario entre la
generacién de energia hidroeléctrica y la sustentabilidad de los bienes y recursos naturales
(Winemiller et al. 2016).

El Rio Uruguay involucra tres fronteras (Uruguay, Brasil y Argentina), lo que implica que el
monitoreo ecoldgico se lleva a cabo en diferentes momentos y en sitios especificos, 1o que
puede derivar en diferentes técnicas de muestreo y por tanto resultados no siempre comparables.
Si bien existen monitoreos en todos los tramos del rio, los mismos no son estandarizados ni
comunes a todos los equipos de investigacion ni organismos de contralor. En la parte alta del
Rio Uruguay, por ejemplo, los monitoreos son financiados por los consorcios propietarios de las
represas en el contexto de su monitoreo ambiental. En la parte media no existen monitoreos
institucionales, sino que los mismos surgen de esfuerzos independientes de diferentes grupos de
investigacion. Por su parte, en la parte baja del rio si existen monitoreos institucionales, como lo
son los monitoreos bi-nacionales desarrollados por CARU

(https://caru.org.uy/nuevositio/monitoreos/) y por la Comisién Técnica Mixta de Salto Grande

(CTM-Salto Grande, 2009), pero éstos sélo representan un tercio de todo el rio. En este
contexto, a través de esta tesis identificamos la necesidad de establecer programas de monitoreo
estandarizados, con el fin de generar conocimiento cientifico comparable y apropiado para los

planes de manejo.

Finalmente, esperamos que la informacion generada en esta tesis sirva como insumo para las
autoridades de los diferentes paises involucrados en el mantenimiento de la integridad ecolégica
del Rio Uruguay a la hora de tomar decisiones, entre ellas la construccion y eventual
localizacion de nuevas represas. En el Rio Uruguay estd proyectada la construccion de dos
represas hidroeléctricas en la region media del rio, seccion donde encontramos la mayor
diversidad ecoldgica de los peces y las mayores recuperaciones ecoldgicas, asi como también
las mayores planicies de inundacion. Por lo tanto, esperamos que la informacion relevada en
esta tesis sirva como insumo para la planificacién de la construccion de esas nuevas represas,
ademas de brindar informacién basica para comprender el funcionamiento de todo el rio y la
identificacion de efectos especificos de las represas para incluir en los planes de monitoreo de
las represas que ya existen. En este sentido, cabe resaltar que las especies de peces de mayor
importancia cultural, social y comercial de este rio son grandes especies migradoras que tienden
a desaparecer con la fragmentacion del habitat, algo ya constatado en el Rio Negro (uno de los

principales afluentes del Rio Uruguay) (Teixeira de Mello in press).

8. Conclusiones
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Los resultados obtenidos a lo largo de esta tesis, a través de metodologias complementarias,
muestran evidencia clara del efecto de las represas sobre la comunidad de peces. Asimismo,
completamos vacios de informacion en cuanto a las especies presentes a lo largo de todo el
gradiente longitudinal del Rio Uruguay, generamos evidencia que aporta a los distintos marcos
tedricos en ecologia de ecosistemas fluviales y cuantificamos por primera vez el subsidio de las
dos principales vias energéticas (autoctona y aléctona) de las tramas tréficas del Rio Uruguay.
Toda esta informacion resalta la necesidad de considerar diferentes dimensiones de la
biodiversidad, ya que algunas de ellas pueden ser complementarias, pero otras pueden estar
brindando informacion fragmentada sobre la dindmica de las comunidades de los ecosistemas
fluviales. Se destaca asimismo la necesidad de realizar estudios a lo largo de todo el gradiente
de los ecosistemas fluviales para comprender las dindmicas de los ecosistemas, sin dejar de

poner foco en las caracteristicas locales de cada sitio.

El gran tamafio del sistema de estudio y el trabajo en toda su extension permitié detectar las
recuperaciones de la diversidad, que se vio afectada por las represas, en aquellas zonas de aguas
libres de disturbios hidrolégicos. Por lo tanto, resaltamos la necesidad de mantener areas libres
de represas para impedir un mayor deterioro ecologico de los ecosistemas fluviales y

eventualmente, facilitar el reingreso de las especies migradoras.

9. Perspectivas

Para complementar este trabajo y poder obtener nueva evidencia que ayude a la mayor
comprension del funcionamiento de los ecosistemas fluviales, seria relevante incluir otros
factores potencialmente muy importantes como la variabilidad hidroldgica (tanto natural como
manipulada por las represas), asi como determinar los mecanismos de accion por los cuales las

represas estarian generando estos cambios ecoldgicos (e.g., disponibilidad de alimentos, etc.).

Un resultado claro y clave fue que los depredadores tope no acoplarian vias energéticas, sino
que por el contrario su biomasa estaria siendo mayormente subsidiada por la via aléctona. Por lo
tanto, en futuras investigaciones seria relevante analizar si éste es un patron generalizable a
grandes rios represados, o si es dependiente de caracteristicas locales de nuestro sistema de
estudio o incluso del momento en que se realizaron los muestreos. En este sentido, se destaca
también la necesidad de contar con muestreos temporales en este sistema, considerando la
variabilidad intra e interanual en las caracteristicas ambientales, tales como los patrones de

precipitaciones (que pueden variar la entrada de recursos provenientes del medio al6ctono)
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(Leal et al. 2013). Este aspecto adquiere especial relevancia en el contexto actual de cambio
climético, ya que se prevén cambios en los patrones de precipitacion, con mayores eventos de
precipitacion extremas y crecidas, asi como también mayores periodos sin precipitaciones,
ocasionando sequias (IPCC, 2021), lo que representard grandes presiones en los ecosistemas
fluviales. Este tipo de variacién determinara cambios en los pulsos de inundacién, en las
extensiones y duracién de las areas inundadas y por tanto en las tasas de ingreso de material
aldctono desde las areas inundables. Esto en Gltima instancia tendré efectos sobre las vias de
sustento de las tramas troficas en los ecosistemas fluviales, planteando la necesidad de
incorporar explicitamente a la variabilidad climética en los marcos tedricos actuales en ecologia

fluvial.

Es por esto que consideramos imperioso la generacién de un programa de monitoreo tri-
nacional espacialmente abarcativo y de larga duracion, para poder determinar si los cambios en
los patrones de precipitacion alteran los patrones observados. Estos datos son relevantes
también para poner a prueba marcos tedricos como RWC, el cual considera la variabilidad

temporal en la hidrologia.

A través de esta tesis logramos generar conocimiento de relevancia en cuanto al funcionamiento
de los ecosistemas fluviales represados. Sin embargo, es posible que la respuesta de las

comunidades sea ain mas pronunciada que la detectada en nuestro estudio.

Las diferencias en metodologias de muestreo empleadas entre los sitios de la zona alta del rio y
la media y baja, podrian estar subestimando las respuestas observadas. En este sentido, la parte
alta del rio fue sometida a los mayores esfuerzos de muestreo, sin embargo, fue la regién con
menores riquezas de especies. Por ello, consideramos necesario realizar muestreos a lo largo de
todo el gradiente longitudinal, siguiendo métodos de muestreo estandarizados y comunes a
todos los sitios. Seria sumamente enriquecedor la inclusién de mas sitios en la parte media del
rio, para evaluar si el comportamiento del ensamble de peces se mantiene en todo ese tramo.
Esto permitiria consolidar la evidencia sobre la importancia de la conservacién de secciones sin

fragmentar.

Los resultados aqui obtenidos sientan la base para futuros estudios que analicen el
funcionamiento de los ecosistemas fluviales en toda su extensién, ya sea en ecosistemas
represados como en ecosistemas sin presencia de represas, y brindan informacion rigurosa que
puede contribuir a la toma de decisiones y gestion ambiental de estos ecosistemas. Resulta
imperioso trascender la colecta de datos con fines cientificos estrictamente e incorporar el
conocimiento a los programas como politica nacional y trasnacional, basados en conocimiento

técnico fundado.
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