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Resumen

Los ecdlogos han mostrado desde hace tiempo un interés especial en
entender y predecir las respuestas ecosistémicas a los cambios ambientales. En
el actual contexto de cambio global, los ecosistemas estdn experimentando
un incremento de la intensidad del impacto humano a nivel mundial, llevando
a una pérdida de biodiversidad sin precedentes. Esto resulta especialmente
preocupante en los ecosistemas acudticos contfinentales, siendo éstos
reconocidos como uno de los medios mdas amenazados a nivel mundial. Sin
embargo, en comparacion con los ecosistemas ferrestres, la biologia de la
conservacion en ambientes acudticos presenta un déficit en calidad y nUmero
de estudios empiricos en los que apoyarse. Desde una perspectiva mds
aplicada, las técnicas de evaluacion ecoldgica deberian permitir el conocer y
entender de manera rdpida, mecdnica y precisa, las consecuencias de los
cambios ambientales sobre la biodiversidad y el funcionamiento de los
ecosistemas. Por lo tanto, es necesario avanzar en la deteccién y prediccion
de las respuestas bioldgicas a estresantes multiples en ecosistemas acudticos,
para guiar con éxito los esfuerzos conservacionistas y la gestion de los recursos

naturales en estos ambientes.

El efecto del cambio global podria ser especialmente acusado en zonas
con clima drido y semidrido, ya que las condiciones de estas dreas se volverdn
incluso mds extremas a corto plazo. En consecuencia, la pérdida de
biodiversidad bioldégica resulta particularmente preocupante en el drea
mediterrdnea, que es ademds, uno de los puntos calientes de biodiversidad
del planeta. Las cuencas mediterrdneas presentan un especial interés para los
estudios ecoldgicos, ya que muestran amplios gradientes ambientales (tanto
naturales como antrépicos), ideales para testar la influencia de diferentes tipos

de filtros ambientales en las comunidades bioldgicas.

Aunque las riberas fluviales son frecuentemente ignoradas en estudios
limnolégicos, estas dreas de transicion entre los ecosistemas acudticos y
terrestres son parte integral de los ecosistemas fluviales, afectando tanto a la
estructura como al funcionamiento de los mismos. La vegetacién riparia

cumple funciones esenciales (ej. fijacion de suelo, aporte de materia orgdnical)
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y provee de valiosos bienes y servicios ecosistémicos (ej. materias primas,
depuracion de agua, recarga de acuiferos, mitigacion del impacto de riadas).
Ademds, son comunidades muy diversas y taxondmicamente bien conocidas.
Asi, las riberas fluviales son un ejemplo paradigmdtico de zonas interesantes
desde el punto de vista bioldgico pero con un alto grado de impacto humano,
especialmente en el Mediterrdneo donde el paisaje circundante presenta

fuertes presiones antropicas.

En este contexto, esta tesis tiene como objetivo explorar las respuestas
estructurales y funcionales de las comunidades riparias a filiros ambientales,
tanto naturales como antrépicos que afectan y amenazan los ecosistemas
fluviales mediterrdneos, y en particular a la sequia, los usos del suelo y la
alteracion hidrolégica. La presente tesis contribuye a un mejor conocimiento y
prediccion sobre el efecto de los estresantes naturales y anfrépicos en la
diversidad, calidad ecolégica y funcionalidad de las comunidades riparias y
acudticas, de cara a mejorar las aproximaciones actuales de evaluacién
ecolégica y la gestion de los ecosistemas fluviales. Las plantas lenosas
constituyen el nicleo de esta investigacion ya que ademds de tener un rol
esencial en las dreas mediterrdneas, tienen una notable persistencia vy
estabilidad (larga vida), asi como alta sensibilidad a las presiones humanas, lo
que las hace buenas candidatas para ser usadas como un indicador de

perturbacion.

Todos los estudios que componen esta tesis han sido llevados a cabo en
la Cuenca Hidrogrdfica del Segura, una cuenca de cardcter mediterrdneo
situada en el sureste de la peninsula Ibérica (Mediterrdneo occidental) que
presenta un marcado gradiente ambiental. El clima oscila desde subhUumedo
en las zonas montanosas del noroeste con rios que presentan caudales medios
relativamente altos y estables, al semidrido en las tierras bajas del sureste
donde los cursos fluviales muestran caudales medios bajos y variables. Un
gradiente de perturbacion humana estd también presente desde las boscosas
cabeceras escasamente pobladas a los tramos fluviales bajos con vegetacion
arbustiva, ciudades densamente pobladas, fuerte regulacion de caudales y

cultivos de regadio como principal actividad econdmica en su cuenca
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vertiente. Pese a las numerosas dreas actualmente impactadas por la
agricultura, (45.2 % de la superficie de la cuenca) o la alteracion hidrolégica
(150 presas > 2 m de altura), la Cuenca del Segura todavia alberga un niUmero
importante de rios con buen estado ecoldgico, lo que permite evaluar el
impacto humano en las comunidades bioldgicas. Finalmente, estudiar una
cuenca con este cardcter semidrido en un contexto mediterrdneo podria
resultar Util para anticipar futuros escenarios en otras cuencas europedas
actualmente de cardcter mds templado, como consecuencia del cambio

climdtico en curso.

La presente tesis estd estructurada en cuatro capitulos que tratan
diferentes atributos (diversidad, calidad y funcionalidad) de las comunidades
riparias  mediterrdneas y sus relaciones con los filfros ambientales.
Primeramente, en el Capitulo 1, se exploran las similitudes y diferencias en los
patrones de composicion y diversidad taxondmica entre especies riparias de
naturaleza lenosa y herbdcea, usando para ello un amplio conjunto de filtros
ambientales como variables explicativas. Tras enconfrar una notable
convergencia en los patrones de riqueza riparia, pero una mayor significacion
para la vegetacion lenosa, el Capitulo 2 se centra en el efecto de diferentes
tipos de presiones humanas (agricultura y alteracién hidromorfolégica) a
diferentes escalas espaciales sobre la condicion ecoldgica y la diversidad de
la vegetacion lenosa, en comparacion con las comunidades de
macroinvertebrados estrictamente acudticos. Por otro lado, es bien conocido
que las aproximaciones basadas en rasgos funcionales muestran ventajas
claras sobre los métodos taxondmicos convencionales para predecir las
respuestas bioldgicas a las condiciones ambientales (ej. mejor comparabilidad
entre taxones, menor influencia biogeogrdfica, conexion con el
funcionamiento del ecosistema). En consecuencia, el objetivo del Capitulo 3
fue explorar la respuesta funcional de la vegetacion lenosa a los filtros
ambientales (en especial de la redundancia funcional que se compara con
otras medidas de diversidad funcional). Finalmente, en el Capitulo 4, se testa el
uso de la redundancia funcional como herramienta de evaluacién ecoldgica

(pues resultd ser el indice funcional mds sensible a la alteracion en el capitulo
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previo), y se compara con oftros indices tradicionales de seguimiento vy

evaluacion.

A continuacidn, se muestra un resumen mds detallado de la

aproximacion, objetivos, resultados y conclusiones de los cuatro capitulos:

El Capitulo 1 describe los patrones de riqueza y composicién de especies tanto
de la vegetacién riparia de cardcter lefoso como herbdceo e identifica las
principales variables ambientales que los conforman. Se exploraron una amplia
variedad de variables (climdticas, geoldgicas, topogrdaficas, hidromorfoldgicas
y de usos del suelo) con efecto potencial en las comunidades riparias. Entre
ellas, las hidromorfolégicas y los usos del suelo afectaron fuertemente a la
composicion y diversidad de ambos tipos de vegetacion riparia. Por el
contrario, la riqueza de especies lenosas estuvo principalmente condicionada
por el caudal y la forma del valle mientras que la riqueza de las herbdceas
resultd ser mds dependiente de las caracteristicas del sustrato. Tanto la
composicidon como la riqueza de especies mostraron un patrén longitudinal
siguiendo el gradiente ambiental en la cuenca, aunque éste fue mds evidente
para las lenosas que para las herbdceas. Por lo tanto, en el estudio de las
comunidades riparias mediterrdneas, resultaria adecuado considerar especies
lenosas y herbdceas de forma conjunta, o incluso seleccionar solamente uno

de los grupos riparios (preferiblemente lenosas).

El Capitulo 2 se centra en la vegetacion lefiosa y en las principales presiones
humanas que afectan a las comunidades de agua dulce en los rios
mediterrdneos, es decir, la intensificacion de los usos del suelo (representada
por el uso de suelo agricola) y la alteracidon hidromorfoldgica. Se evaluaron y
compararon las respuestas de las comunidades riparias  y de
macroinvertebrados acudticos a tales presiones, teniendo en cuenta que estas
respuestas bioldégicas podian variar dependiendo de la escala espacial
considerada vy los indicadores usados para detectarlas. Las presiones humanas

influenciaron negativamente tanto a las comunidades acudticas como
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riparias, independientemente de la escala espacial utilizada (tramo fluvial o
cuenca vertiente), la naturaleza de la presion (agricultura o alteracién
hidromorfolégica) o el tipo de indicador biolégico utilizado (condicién
ecoldgica y diversidad). La agricultura fue la perturbacién con mayor efecto
sobre las comunidades riparias mientfras que la alteracion hidromorfolégica lo
fue para las comunidades acudticas. La extension e intensidad de la
agricultura y la alteraciéon hidromorfolégica en la cuenca vertiente (aguas
arriba) tuvo un efecto al menos comparable o incluso mayor que las mismas
perturbaciones presentes en el propio tframo de estudio. Finalmente, los indices
de condicion ecoldégica fueron mds sensibles a las presiones humanas que la

riqueza de especies.

En el Capitulo 3 se explora cémo la redundancia funcional de las
comunidades riparias (un atributo funcional relacionado con la estabilidad,
resistencia y resiliencia de los ecosistemas) responde a los principales filtros
ambientales en las cuencas mediterrdneas (sequia, alteraciéon hidrolégica y
agricultura) y sus interacciones. La respuesta de la redundancia funcional fue
comparada con ofras medidas de diversidad funcional (riqueza, uniformidad y
divergencia funcional). Los valores de todos los indices funcionales
descendieron al incrementarse la intensidad del estrés ambiental,
especialmente como respuesta a la intensificaciéon agricola, la presidn
ambiental mds importante para la funcionalidad riparia en el drea de estudio.
Sin embargo, la redundancia funcional fue mds sensible que otras medidas
funcionales a los filtros ambientales tanto individuales como mdultiples,
mostrando un descenso no aleatorio a lo largo de los gradientes de estrés. La
redundancia funcional fue predicha y proyectada espacialmente para toda
la red fluvial usando variables geogrdficas de amplia escala obtenidas por SIG,
lo que constituye una herramienta Util potencial para el seguimiento y la

gestion medioambiental a nivel de cuenca.
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En el Capitulo 4 se testa la aplicabilidad de la redundancia funcional como
herramienta para la evaluacion y seguimiento ecoldgico, compardndola con
indices convencionales de biomonitoreo (taxondmicos y de calidad
ecoldgica). Concretamente, se evaluaron tanto las respuestas de estos indices
a los filtros antropicos (alteracion hidrolégica vy superficie agricola)
considerando el estrés natural subyacente (sequia), asi como su capacidad
para discriminar entre diferentes categorias de intensidad de perturbacion
humana. Aunque fodos los indices mostraron respuestas significativas a los
filtros ambientales, la redundancia funcional fue la mdas explicativa y sensible,
siendo el Unico indice capaz de detectar impactos humanos de baja
intensidad tanto en rios permanentes como temporales. Ademds, en base a los
valores de redundancia funcional riparia previomente obtenidos, se
establecieron distintas categorias de impacto funcional (referencia,
moderado, alto), tanto para los rios permanentes como temporales del drea
de estudio. Usando los valores limite de estas categorias de impacto y el mejor
modelo de redundancia funcional, se obtuvo un mapa del impacto humano
para toda la red fluvial, lo que puede ayudar a los gestores a establecer
objetivos y disenar estrategias para la conservacion y restauracion a amplia
escala. La redundancia funcional puede ser considerada como un buen
indicador para evaluar y monitorear el impacto de las perturbaciones
humanas en las funciones ecosistémicas. Su integracidn como una
herramienta complementaria en los programas de seguimiento y evaluacion
puede ayudar a anticipar cambios en la cantidad y estabilidad de las

funciones ecosistémicas que desempenan las comunidades bioldgicas.

En resumen, se puede concluir que las comunidades riparias
mediterrdneas experimentan cambios en la composicidn de especies
conforme los filtros ambientales se intensifican, torndndose menos diversas y
reduciéndose la calidad, diversidad funcional y redundancia funcional de los
hdbitats riparios. Esto puede comprometer la capacidad de las riberas fluviales
para hacer frente a nuevas perturbaciones (baja resistencia y resiliencia) asi

como la canfidad y calidad de los bienes y servicios que aportan. Las
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cabeceras fluviales fueron las dreas mds favorables para las comunidades
riparias y acudticas debido a la ausencia de presiones humanas y condiciones
ambientales mds benignas. En general, la agricultura y la alteracion
hidromorfolégica parecen ser las presiones humanas que mds afectan a las
comunidades riparias y fluviales, respectivamente. En concreto, la superficie
agricola en la cuenca vertiente ejercid un efecto mayor en la diversidad
taxondmica, calidad y funcionalidad de las comunidades riparias. Por lo tanto,
la planificacién hidrolégica y de usos del suelo a escala de cuenca resultan
complementos esenciales a las medidas tradicionales de conservacion y
restauracion a nivel local si queremos preservar los ecosistemas fluviales con
éxito. Aungue la riqueza taxondmica, la calidad riparia y los indices de
diversidad funcional parecen responder claramente a los impactos antropicos,
la redundancia funcional resultd ser mds sensible que los otros indices. Ademds,
mostrd una reduccidn dirigida (no aleatoria) en respuesta al incremento de los
filtros ambientales, aportando asi, informacion complementaria (a la riqueza
de especies) sobre como las comunidades bioldgicas responden al estrés.
Finalmente, su respuesta puede ser predicha para cuencas fluviales completas
o dareas administrativas grandes utilizando variables geogrdficas y de amplia
escala obtenidas a través de SIG, y actualmente disponibles para la mayoria
de regiones. Los gradientes de estrés natural subyacentes, que influencian los
patrones taxondmicos y funcionales en rios mediterrdneos, deben ser tenidos
en cuenta a la hora de evaluar las comunidades riparias en estas dreas. De
hecho, los valores de referencia para la redundancia funcional difirieron segun
la temporalidad del rio. En este sentido, la redundancia funcional fue el Unico
indice bioldgico capaz de detectar desde perturbaciones menores a grandes
impactos tanto en rios permanentes como temporales. En consecuencia, la
redundancia funcional se perfila como una herramienta Util y complementaria
a ser incorporada en el seguimiento y evaluacion del estado de los
ecosistemas, ya que muestra claras ventajas sobre los indices taxondmicos y

de calidad tradicionalmente usados en el biomonitoreo de los mismos.
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General Abstract

Source of Mundo river (Albacete)
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General Absiract

There is a long-standing interest among ecologists in understanding and
predicting ecosystem responses to environmental changes. In the current
context of global change, the world’'s ecosystems are experiencing an
increase in human impact intensity leading to an unprecedented biodiversity
loss. This is especially worrying in inland aquatic ecosystems, as they have been
recognised as one of the most threatened habitats in the world. Nevertheless,
in comparison with terrestrial ecosystems, aquatic conservation science is still
lagging in quality and quantity of empirical studies. From a more applied
perspective, bioassessment techniques should allow an early, precise and
mechanistic understanding of the consequences of environmental changes on
the relationship biodiversity — ecosystem functioning. Accordingly, to guide
conservation efforts and the management of natural resources, it is necessary
to move forward in the detection and prediction of aquatic ecosystems

responses to multiple environmental stressors.

The effect of global change could be especially dramatic in arid and
semiarid areas, whose climatic conditions will become even more extreme in
the short term. Thus, the loss of freshwater biodiversity is of particular concern in
the Mediterranean Basin, one of the Earth's biodiversity hotspots.
Mediterranean river basins have also a particular interest for environmental
sciences, as they provide wide environmental gradients (both natural and
anthropogenic), making them an ideal scenario to test the influence of

different types of environmental filters on biological communities.

Although frequently overlooked in limnological studies, riparian zones, as
tfransitional areas between aquatic and terrestrial ecosystems, are an integral
part of freshwater ecosystems conditioning both the structure and functioning
of rivers. Riparian vegetation provides essential functions (e.g. soil fixation,
organic matter supply) and services (e.g. clean water, recharge aquifers,
mitigate flash flood impacts). Besides, these communities are diverse and
taxonomically very well-known. Riparian zones are the paradigm of biologically

interesting yet highly impacted ecosystems, particularly in the Mediterranean

13
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basins, as they are surrounded by a landscape subjected to high

anthropogenic pressures and impacts.

In this context, this thesis aims to explore the structural and functional
responses of riparian communities to natural and anthropogenic environmental
filters that affect and threaten Mediterranean river ecosystems, specially
drought, land use intensification and hydromorphological alteration. It
contributes to a better knowledge and prediction about the effect of natural
and anthropogenic stressors on the diversity, ecological quality and
functionality of riparian and aquatic communities in order to improve
bioassessment and environmental management. Besides having an essential
role in Mediterranean areas, woody riparian plants constitute the core of this
research since they are long-lived, stable and sensitive to human pressures,
which make them a good candidate to be used as suitable indicator of

disturbance.

All the studies that compose this thesis have been carried out in the
Segura river basin. It is a Mediterranean watershed located in the south east of
the Iberian Peninsula (West Mediterranean) with marked environmental
gradients. The climate ranges from sub-humid in the northwestern highlands,
where rivers have relatively stable flows and high discharges, to semiarid in the
southeastern lowlands, where streams show more variable flows and lower
mean discharges. An anthropogenic disturbance gradient is also present, from
sparsely populated forested headwaters to lowland rivers with a predominantly
shrubby landscape, densely populated cities, intense flow regulation and
irigated agriculture as the main human activity. Despite the areas currently
impacted by agriculture (45.2 % of the basin extent) or hydrological alterations
(150 dams > 2 m height), this basin still holds an important number of rivers with
a good ecological status, the study of which allows an assessment of human
impacts on biological communities. Finally, studying such a semi-arid basin in a
western Mediterranean context could be useful to anficipate changes in
biological communities in other most temperate European watersheds as a

consequence of climate change.

14
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The current thesis is structured in four chapters that address different
aspects (diversity, ecological quality and functionality) of riparian
Mediterranean communities and their relationships with environmental filters.
First, in Chapter 1, the similarities and differences in taxonomic diversity patterns
between woody and herbaceous riparian species are explored, using a wide
set of environmental filters as explanatory variables. After finding a notable
convergence in richness riparian patterns but a greater significance for woody
vegetation, Chapter 2 is focused on the effect of various types of human
pressures (agriculture and hydromorphological alteration), at different spatial
scales, on the ecological condition and diversity of woody riparian plants
compared with strictly aquatic macroinvertebrate communities. On the other
hand, as it is well-know that frait-based approaches show clear advantages
over conventional taxonomic methods to predict biological changes in
response to environmental conditions (e.g. better inter-taxon comparability,
lower biogeographical influence, mechanistic links fo environmental change
and ecosystem functioning), the objective of Chapter 3 was to explore the
functional response of riparian woodlands (using both functional diversity and
redundancy measures) to environmental filters. Finally, in Chapter 4, the use of
functional redundancy (it was found as the most sensitive functional index in
the previous chapter) as a tool for bioassessment is tested and compared with

traditional biomonitoring indices.

Next, a detailed summary of the approach, objectives, results and

conclusions of the four chapters is presented:

Chapter 1 describes the composition and richness patterns of both woody and
herbaceous riparian vegetation, and identifies the main environmental
variables shaping them. We explored a wide variety of variables (i.e. climatic,
geologic, topographic, hydromorphologic, land use) with potential effect on
riparian communities. Among them, hydromorphology and land use variables
strongly affected species composition and diversity for both riparian life forms.
On the other hand, woody species richness was mainly influenced by flow

conditions and valley shape, whereas herbaceous one was more dependent

15
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on substrate features. Both composition and richness showed a longitudinal
pattern following the environmental gradient in the basin, although patterns
were clearer for woody than for herbaceous species. Thus, in Mediterranean
basins, considering species of both groups jointly or even selecting only one of
them (preferably woody ones) could be suitable when studying Mediterranean

riparian communities.

Chapter 2 focuses on riparian woodlands and the main human pressures that
affect freshwater communities in  Mediterranean rivers, i.e. land use
infensification (using agriculture as surrogate) and hydromorphological
alteration. The responses of riparian and aquatic macroinvertebrate
communities to such pressures were assessed and compared taking into
account that these biological responses could also vary depending on the
spatial scale considered and the indicators used as response variable. Human
pressures negatively influenced both riparian and aquatic communities,
regardless of the spatial scale considered (basin or reach), the nature of the
human pressure (agriculture or hydromorphological alteration) or the type of
indicator used (ecological condition or biodiversity). Agricultural land use was
the most important disturbance for riparian communities, whereas
hydromorphological alteration had a clearer effect on aquatic communities.
The extent and intensity of agriculture and hydromorphological alteration
upstream (basin scale) had an effect at least comparable to or even greater
than that occurring just at the reach scale. Finally, ecological condition indices

were more sensitive to human pressures than species richness.

Chapter 3 explores how functional redundancy of riparian communities (a
functional feature related to the stability, resistance and resiience of
ecosystems) responds to the main environmental filters in Mediterranean basins
(i.,e. drought, flow regulation and agriculture) and their interactions. Besides, its
response is compared with those of different functional diversity measures (i.e.
functional richness, evenness and divergence). All functional indices decreased

with increasing environmental filter intensity, especially in response to
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agriculture, the most important stressor for riparian functionality in the study
area. However, functional redundancy was more sensitive than the other
functional measures to single and multiple environmental filters and displayed a
non-random decline along stress gradients. Functfional redundancy was
predicted from coarse-grain and remote (SIG) environmental variables for the
entire river network, constituting a potential useful tool for biomonitoring and

environmental management at basin level.

Chapter 4 tests the applicability of functional redundancy as a tool for
bioassessment, comparing it with traditional (taxonomic and ecological status)
biomonitoring indices. Concretely, both the response of these indices to
anthropogenic environmental filters (hydrological alteration and agriculture)
considering the underlying natural stress gradients (e.g. drought), and their
ability to discriminate between different categories of human alteration were
assessed. Although all indices (functional redundancy, species richness and
riparian quality index) showed significant negative responses to environmental
filters, functional redundancy was the most explicative and sensitive one, being
the only index able to detect subtle human impacts in both perennial and
intermittent rivers. In addition, taking the values of functional redundancy as a
base, we established different categories of functional disturbance (reference,
moderate and high), both in perennial and intermittent rivers of the study area.
Using the threshold values of these categories and the best-fitting functional
redundancy model, we obtained a human impact map for the entire river
network, which can assist decision-makers in seftting goals and designing
strategies for conservation and restoration at wide scale. Functional
redundancy can be used as a meaningful indicator to evaluate and monitor
the impact of human disturbances on ecosystem functions. Its integration as a
complementary tool in bioassessment programmes can help to anticipate
changes in the amount and stability of ecosystem functions provided by

biological communities.
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In summary, it can be concluded that as the intensity of environmental
filters increased, riparian communities change in species composition, turning
less diverse, and reducing habitat quality, functional diversity and redundancy.
This jeopardises their ability to face new disturbances (low resistance and
resilience) as well as the amount and quality of the goods and services
provided by these ecosystems. Headwaters were the most favourable areas
not only for riparian communities but also for aquatic ones due to the absence
of anthropogenic pressures and milder environmental conditions. In general,
agriculture and hydromorphological alteration seemed to be the most
important anthropogenic pressures for riparian and aquatic communities,
respectively. In particular, the extent of agriculture upstream exerted the
stronger effect on species diversity, quality and functionality of riparian
communities. Accordingly, land use and hydrological planning at basin scale
seem essentfial complements to traditional conservation and restoration
measures at reach scale, in order to successfully preserve rivers ecosystems.
Although taxonomic richness, riparian quality and functional diversity indices
seem to respond clearly to such anthropogenic impacts, functional
redundancy proved to be more sensible than the other indices. In addition, it
shows a non-random reduction in response to increased environmental filters,
providing complementary information to species richness on how biological
communities respond to stress. Finally, its response can be predicted from large-
scale geographic variables for entire river catchments of large administrative
areas. Underlying natural stress gradients (e.g. drought), which influence
taxonomic and functional patterns in Mediterranean basins, must be
considered when assessing riparian communities in these areas. In fact,
reference values for functional redundancy differed depending on flow
permanence. Functional Redundancy was the only biological index able to
detect from minor to large human impacts in both perennial and intermittent
rivers. In conclusion, functional redundancy can be considered as a useful
complementary tool for bioassessment and environmental management, since
it shows clear advantages over traditional taxonomic and ecological status

biomonitoring indices.
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General Introduction

Segura river in Alimadenes canyon (Murcia)
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General Intfroduction

One of the most serious environmental problems is undoubtedly the
acceleration in the rate of species extinction associated with human activities,
as it involves an irreversible loss of biological information, threatening also the
amount and stability of goods and services provided by ecosystems (Sala et al.,
2000; Chapin et al., 2002). Consequently, understanding and predicting
ecosystem responses to ongoing environmental changes is one of the most
urgent and exciting challenges for ecologists. From a more applied
perspective, it is also imperative to improve the methods to detect, assess and

predict the impacts of environmental stressors on natural systems.

Rivers have experienced intense and long-standing human pressures
which have caused these habitats to become recognised as some of the most
threatened in the world (Saunders et al., 2002). In fact, declines in biodiversity
are far greater in aquatic than in terrestrial ecosystems (Sala et al., 2000). The
main impacts on inland aquatic ecosystems are caused by activities such as
water overexploitation, flow regulation, agricultural and urban pollution, habitat
alteration, riparian deforestation and the introduction of exoftic species (e.g.
Dudgeon et al., 2006). Although freshwater ecosystems are scarce compared
with other habitats (covering just 0.8% of the global surface) they host a
disproportionally high amount of species (reaching almost 10% of all described
species), being considered as hotspots of biodiversity (Strayer & Dudgeon,
2010). Thus, it seems necessary a deeper understanding about the processes
and relationships between environmental filters, spatial heterogeneity and
riverine communities (Bonada & Resh, 2013; Cooper et al., 2013; Garéfano-
Gomez, 2013) in order to improve conservation policies and minimise the
anthropogenic detrimental effects. However, in comparison with terrestrial
ecosystems, aquatic science is still lagging in quality and quantity of these
empirical studies as well as in systematic conservation planning (Abell, 2002). In
addition, climate change is expected to synergistically affect aquatic
ecosystems (Moss et al., 2009) rising global temperatures and increasing the
frequency and intensity of droughts and extreme flow events in some regions

(Milly et al., 2005). This environmental change is expected to drastically alter the
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structure and functionality of inland aquatic systems, even promoting their
disappearance, especially in arid areas that could turn even more naturally

extreme in the short term (Sala et al., 2000).

Accordingly, further research is particularly urgent in regions such as the
Mediterranean Basin, where climate change models predict a pronounced
alteration in precipitation seasonality and an increase in aridity and river
intermittency (e.g. Bonada et al., 2007; Giorgi & Lionello, 2008) and where the
long history of substantial human impacts on fluvial systems has been well-
documented (Hooke, 2006). The landscape in this region has been subjected to
strong human influences for centuries, which has led to the progressive loss of
riverine species and habitats (Tierno de Figueroa et al., 2012). Therefore, the
historical anthropogenic pressure coupled with the ongoing process of
aridification associated to climate change (Sala et al., 2000; Filipe et al., 2012)
has resulted in a critical situafion for Mediterranean biodiversity. Despite all
these constraints, Mediterranean region sfills holds unique and diverse
ecological communities, being one of the world'’s biodiversity hotspots (Myers
et al., 2000). In sum, rivers in Mediterranean areas can be considered as an
ideal scenario to study the influence of environmental filters on aquatic
ecosystems, as they harbour highly interesting biological communities

subjected to wide gradients of natural and anthropogenic stress.

Most of the studies relating environmental filters to biological
communities in rivers have been developed using macroinvertebrates and fish
as model organisms (Resh, 2008; Friberg et al., 2011), while other components
such as riparian vegetation has been frequently overlooked (Ferreira & Aguiar,
2006). However, riparian zones, as transitional areas between aquatic and
terrestrial ecosystems, are an integral part of freshwater ecosystems (Ward et
al., 2002) influencing both the structure (e.g. aquatic communities’ composition
and richness) and functioning (e.g. aquatic primary production) of freshwater
ecosystems (Sabater et al., 2000), through different mechanisms such as
shading, organic matter supply or providing habitat for aquatic biota (Gregory
et al, 1991). Thus, aquatic and riparian communities are mutually

interdependent in terms of ecological processes.
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Riparion woodlands are among the most fragile of all ecosystems
(Nilsson & Grelsson, 1995), and particularly in Mediterranean areas, where
riparian zones are the paradigm of biologically interesting yet highly impacted
ecosystems (Ferreira et al., 2005). In this spatial context, the lushness of riparian
tfrees and shrubs contrasts with the surrounding arid landscape where
vegetation is scarce (Fig. 1). These areas support unique ecological
communities, constitute a refuge for many species (Brinson & Verhoeven, 1999)
and host a large proportion of the regional species pool in a highly populated,
fragmented and agriculturally dominated landscape (Allon & Flecker, 1993;
Aguiar & Ferreira, 2005; Stella et al., 2013). Mediterranean riparian woodlands
are essential at regulating microclimate (they reduce solar radiation,
temperature, wind and increase humidity), enhancing productivity (strongly
limited by water availability in terrestrial adjacent ecosystems), reducing erosion
(woody species have in general more complex root systems which is especially
important to minimise the physical impact of Mediterranean typical flash
floods), acting as a true corridor (in a scarcely vegetated landscape),
improving water quality (which is very important at buffering the negative
effect of agriculture, i.e. diminishing the amount of sediments, nutrients and
pesticides that reach the river course) and increasing water quantity (favouring
water infiltration and having a reduced evapotranspiration in comparison with
exotic herbaceous species in these regions, e.g. Arundo donax) and
biodiversity (riparian areas constitute a refuge for deciduous species, absent
from conventional Mediterranean forests; Velasco, 2008). Consequently,
riparion deforestation in Mediterranean areas could affect the numerous
ecosystem functions and services they are sustaining in a greater extent than in
more temperate ones. Woody riparian plants are long-lived, stable and
sensitive to human pressures, which makes them a good candidate to be used
as a suitable indicator of disturbance (Nilsson et al., 1991; Bejarano et al., 2012;

Villarreal et al., 2012).
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Fig. 1. The exuberance of riparian forests contrasts with the semi-arid shrubby landscape
in Mediterranean areas.

Although many authors have studied the influence of single stressors on
riparian and aquatic communities, the effect of multiple simultaneous
environmental filters has been scarcely tested (Gutiérrez-Canovas et al., 2015).
However, this is important as the intensity of the stressor effect can vary acutely
depending on if it acts in combination or alone. The study of multi stressors
effects on natural ecosystems constitutes a major issue in ecological research
(Breitburg et al., 1999; Vinebrooke et al., 2004), especially in Mediterranean
ecosystems, where multiple natural (e.g. drought, salinity) and anthropogenic
pressures usually co-occur and interact. Accordingly, bioassessment and
biomonitoring fools are performed to measure the impact of anthropogenic
stress in ecosystems by using a set of sensitive biological indicators under
undisturbed conditions as a reference, to be compared with impaired sites in
order to quantify the human-induced deviation from the reference conditions.
For naturally benign ecosystems, conventional bioassessment can easily detect
the effect of human stressors (e.g. Bonada et al., 2006; Friberg et al., 2011).

However, detecting signs of degradation in naturally-stressed ecosystems is

24




General Infroduction
[

much more complicated, because they share some similarities with
anthropogenically-stressed ecosystems such as low diversity or dominance of
stress-tolerant species (e.g. Elliott & Quintino, 2007; Gutiérrez-Canovas et al.,
2015).

The effects of environmental stressors can vary depending on the spatial
scale analysed and the indicator used to estimate the responses of biological
communities. Despite the limitations of taxonomic approaches to predict and
generalise the effects of environmental change (McGill et al., 2006),
biomonitoring efforts have been mainly focused on taxonomic features
(species occurrence or abundance), ignoring other facets of biodiversity, such
as functional components. During the last decade, theoretical and empirical
studies have demonstrated the utility of functional measures to explore the
effects of human activity on biodiversity (Clapcott et al., 2010; Laliberté et al.,
2010; Mouillot et al., 2013). Although this new knowledge has not been
translated to biomonitoring (McGill et al., 2006), the incorporation of functional
measures to conventional tools supposes a great opportunity of improving river
management in a cost-effective way. Therefore, holistic bioassessment
approaches that consider different aspects of biodiversity (composition,
diversity, quality and functionality) should allow an early, precise and
mechanistic understanding of the consequences of environmental changes on
the relationship biodiversity — ecosystem functioning (Chapin et al., 2002;

Hooper et al., 2012).

Objectives and thesis structure

The main goal of this thesis is fo study the structural and functional responses of
riparion communities to the environmental filters that affect and threaten
Mediterranean rivers in order to improve bioassessment techniques and
environmental management. This thesis focuses on the Segura River basin and
follows a holistic approach considering different types of environmental filters,
taxonomic, structural and functional indicators and also including both riparian

and aquatic communities. Woody riparian vegetation constitutes the core of
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this research, although herbaceous riparian vegetation and aquatic

macroinvertebrates are also considered for comparative purposes in some

chapters.

More specifically, the aims of this thesis are to:

1)

2)

3)

4)

Describe the composition and richness patterns of riparian vegetation
in a semi-arid Mediterranean basin and the environmental factors
(climate, geology, topography, hydrogeomorphology and land use)
that best explain both woody and herbaceous riparian patterns
(Chapter 1).

Assess the influence of the main anthropogenic disturbances
(agriculture and hydromorphological alteration) at different spatial
scales (basin and reach) on the biodiversity and ecological condition
of both Mediterranean riparian and strictly aquatic communities
(Chapter 2).

Explore how functional redundancy and other measures of functional
diversity (functional richness, functional divergence and functional
evenness) of riparian communities respond to single and multiple
environmental filters in a Mediterranean basin, and to predict the
response of the most sensitive functional measure for the entire river

network (Chapter 3).

Test the usefulness of functional redundancy in ecosystem
bioassessment comparing its response with other usual taxonomic
and ecological quality biomonitoring tools, along the main gradients
of natural (i.e. drought) and anthropogenic stress (i.e. flow regulation

and agriculture) in a Mediterranean basin (Chapter 4).
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This thesis is structured in four chapters, corresponding to four scientific
articles. Chapters 1 and 2 have already been published in international peer-
reviewed journals indexed in SCI, while chapter 3 has recently been
resubmitted for publication and it is currently under second review. Finally,
chapter 4 is in preparation to be submitted. The four articles on which this thesis

is based are:

Chapter 1 Bruno, D., Belmar, O., S&nchez-Ferndndez, D. & Velasco, J. (2014)
Environmental determinants of woody and herbaceous riparian
vegetation patterns in  a semi-arid Mediterranean basin.
Hydrobiologia, 730, 45-57.

Chapter2 Bruno, D., Belmar, O., SGdnchez-Ferndndez, D., Guareschi, S., Milldn,
A. & Velasco, J. (2014b) Responses of Mediterranean aquatic and
riparion  communities to human pressures at different spatial
scales. Ecological Indicators, 45, 456—-464. Also outlined by Science
for Environment Policy, journal edited by the European

Commission DG Environment (Issue 390, 2014).

Chapter 3  Bruno, D., Gutiérrez-Cdnovas, C., Sdnchez-Ferndndez, D., Velasco,
J. & Nilsson, C. (under second review) Impacts of environmental
filters on functional redundancy in riparian vegetation. Journal of

Applied Ecology.

Chapter4 Bruno, D., Gutiérrez-Cdnovas, C., Velasco, J. & Sdnchez-
Ferndndez, D. (to be submitted) Functional redundancy as a tool
for bioassessment: a test using riparian vegetation. Science of the

Total Environment.

Study area

The Segura River basin (SE Iberian Peninsula) is a Mediterranean watershed
located in one of the most arid zones of Europe (Fig. 2). Despite its relatively
small size (18,870 km?), it presents a strong climatic and altitudinal gradient from

NW to SE. Therefore, as in other Mediterranean regions, the basin is
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characterised by scarce and unevenly distributed water resources. Climate
ranges from wet (<1,000 mm mean annual precipitation) and cold (<10°C
mean annual temperature) in the northwestern mountains (<2,000 m) to dry
(<200 mm) and hot (>18°C) in the lowlands (CHS, 2007). Accordingly, there is a
gradient from perennial rivers characterised by relatively large and stable flows
to intermittent streams featuring variable and discontinuous flows (summer
drought) and lower mean discharges (Belmar et al., 2011). Regarding geology,
mountain headwaters are dominated by calcites and dolomites with varied
karstic relief, whereas the plains are characterised by the dominance of
limestone as well as Miocene and Triassic marls made up of continental and
frequently marine sediments. This geological diversity adds physical
heterogeneity to the river courses and generates high variability in natural

water salinities.

Altitude (m.a.s.l)

. 2000
0

0 50 100
L 1 1 1 |
Kilometers

Fig. 2. Geographic location of the Segura River basin in Iberian Peninsula and western
Mediterranean basin showing the altitudinal gradient and the watercourses in the study
area.

This environmental natural gradient is coupled with an anthropogenic
disturbance gradient (also NW-SE). The basin ranges from sparsely populated

forested (Mediterranean conifer forests) headwaters to lowland rivers with
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densely populated cities, irrigated lands, intense flow regulation and a
predominantly shrubby landscape in their watersheds. The intense expansion of
agricultural land (the main land use occupying 52.1% of the entire basin),
especially irrigated during the last 25 years, resulted in a reduction of natural
and semi-natural areas, now representing 45.2% of the basin extent and mainly
located in the headwaters. Comparatively, artificial land use occupies a little
extent in the basin (2.1% estimated from Corine land cover 2000). The water
supply for irrigation is responsible for 0% of water demands in the study areq,
and therefore constitutes the main anthropogenic pressure on stream flows
(CHS, 2007). Furthermore, water demands exceed largely the water resources
of the basin (Gil-Olcina, 2000) thereby producing a structural deficit that has
been accentuated in recent decades by a decreasing trend in precipitation.
As a consequence of such intense pressure, there is an intense flow regulation
and overexplotation on running waters, leading to widespread
hydromorphological alterations. The Segura basin has a great regulatory
capacity (770 hm3, over 90% of the natural input) provided by 24 large (10 m
height; Grindlay et al., 2009) and 121 medium dams (higher than 2 m; CHS,
2007). Therefore, with an average of a big dam every 50 km of channel, it is one
of the most regulated river networks in Spain and Europe (Ministry for the
Environment, 2004; CHS, 2007). In contrast to the areas currently impacted by
agriculture and/or hydrological alterations, this basin still holds an important
number of rivers with a good ecological status, the study of which allows an
assessment of human impacts on biological communities (Fig. 3). The high
environmental diversity due to natural and human influence makes this basin
an ideal candidate to be utilised as a Mediterranean pilot basin to represent
other areas under semiarid climates around the world, as they involve a wide
range of conditions that can be present in most Mediterranean basins. In
addition, studying such a semiarid basin in a western Mediterranean context
may help to anficipate changes in temperate European watersheds as a

consequence of climate change.
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Fig. 3. River reaches with different ecological condition (from undisturbed to very highly
disturbed) in the Segura river basin.

All of these environmental features result in a great variety of riparian
communities (Fig. 4; Alcaraz et al., 1997). The upper sector is characterised by
common species in Europe (Salix spp., Fraxinus spp., Crataegus spp., Corylus
spp.). The midlands are a fransitional area presenting a mixture of European
and North African flora (Salix spp., Fraxinus spp., Populus spp., Tamarix spp.,
Nerium oleander), which constfitute a singular occurrence in the Iberian
Peninsula. Finally, the high thermal, hydrological and osmoftic stress in the
lowland rivers and streams form a barrier for most European riparian species
that leads to the exclusive presence of Mediterranean and North African
species (Tamarix canariensis, Tamarix boveana, Tamarix africana, Nerium

oleander, Phoenix dactylifera; Rios, 1994).
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Fig. 4. Environmental gradient and diversity of riverine communities in the study area.
Riparian transition from typically European taxa (Fraxinus spp., Populus spp., Salix xpp.)
in the headwaters (upper images) to Mediterranean and North African ones in the
lowlands (Tamarix spp., Nerium oleander, Phoenix dactylifera).
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herbaceous riparian vegetation patterns in

a semi-arid Mediterranean basin

Mundo river valley near Liétor (Albacete)
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Abstract

What environmental variables determine riparian vegetation patterns? Are
there differences between woody and herbaceous species? To answer these
questions, we first explored the composition and richness patterns of both
riparion woody and herbaceous species in a semiarid Mediterranean basin.
Then, we assessed the environmental factors (climate, geology, topography,
hydromorphology and land use) that best explain these patterns. We used the
following methodological approaches: clustering analyses, distance-based
linear models, generalised linear models and hierarchical partitioning
procedures. Valley shape, drought duration, river habitat heterogeneity, water
conductivity and agricultural land use were the most important variables
explaining variation in species composition for both groups. Woody riparian
richness was mainly influenced by flow conditions and valley shape, whereas
herbaceous one was more dependent on substrate features. Thus, although
some differences in the importance of individual variables were observed, we
found a notable congruence in the composition and species richness of both
groups and also in the main types of variables explaining these patterns
(hydromorphology and land use, especially agriculture). Our results show that
both communities could be treated in a holistic way, since they respond
similarly to the strong natural and anthropogenic environmental gradients

present in Mediterranean basins.
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Introduction

As transitional areas between aquatic and terrestrial ecosystems, riparian zones
are a key component of fluvial ecosystems. These areas have interesting and
unique characteristics from biological, functional, ecological and landscape
perspectives (Wiens, 2002). They present disproportionately high species
diversity and ecosystem services in comparison with surrounding terrestrial
ecosystems (Nilsson & Svedmark, 2002). Furthermore, riparian vegetation
influences the whole river ecosystem function (e.g. aquatic primary production)
and structure (e.g. aquatic communities’ composition and richness) through
different mechanisms such as shading, organic matter supply or providing

habitat for aquatic biota (Gregory et al., 1991).

A number of studies have determined relationships among the riparian
vegetation patterns and natural and/or anthropogenic factors at multiple
scales, such as those related to climate (e.g. Nilsson et al., 1991), topography
(e.g. Baker, 1989), geology (e.g. Lyon & Gross, 2005), hydromorphology (e.g.
Rendfdlt et al., 2007) or land use (Allan, 2004). However, most of these previous
studies have assessed the influence of just one specific group of variables,
which in some cases could result in only a partial interpretation of the results. In
addition, the response of riparian vegetation to some of these groups of
variables has been scarcely tested in Mediterranean areas and it could be

different from that observed in temperate ones.

In Mediterranean basins, riparian zones are the paradigm of biologically
interesting yet highly impacted ecosystems. These areas support unique
ecological communities, constitute a refuge for many species (Brinson &
Verhoeven, 1999) and host a large proportion of the regional species pool in a
highly populated, fragmented and agriculturally dominated landscape (Aguiar
& Ferreira, 2005; Stella et al., 2013). In natural basins, middle and low river
reaches are supposed to support greater riparian species richness than
headwaters due to higher riparion habitat availability and physical
heterogeneity (River Continuum Concept, Vannote et al, 1980). However,
given the strong anthropogenic pressures in most of the Mediterranean basins

(flow regulation by dams and intensive agriculture in the valleys), hydrological
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and land-use variables can be more important explaining riparian vegetation
patterns (Tabacchi et al., 1996; Ferreira & Moreira, 1999) than riparian habitat
availability, and consequently, the opposite pattern could be observed. In
addition, Mediterranean basins usually show a strong climatic gradient from
wet and cold headwaters to dry and hot lowlands so we expect that aridity
also constrains ripariaon composition and richness values in lower stream
reaches. Thus, although Mediterranean riparian species are naturally adapted
to flashfloods, low precipitation and seasonal droughts, they are outstanding
limiting factors for the occurrence of many riparian species in semiarid rivers
(Lite et al., 2005), especially woody ones (Salinas & Casas, 2007). Moreover, the
natural adaptations’ effectiveness of riparian species is compromised by the
increasing human alterations that make these environmental regimes more
unpredictable. In fact, Mediterranean areas could turn even more extreme in
the short term, as climatic change is expected to decrease mean annual
rainfall, alter precipitation seasonality and increase droughts in these areas
(Giorgi & Lionello, 2008; European Commission, 2009). Thus, given the high
vulnerability of aquatic and riparian communities to global changes (Sala et al.,
2000), it seems urgent to improve the existing knowledge regarding the factors
shaping these highly diverse and functionally interesting communities in the

Mediterranean biodiversity hotspof.

Riparian diversity patterns vary not only among regions as a
consequence of their associated environmental and anthropogenic
conditions, but also among plant groups (Tabacchi & Planty-Tabacchi, 2001).
Most studies have examined the diversity patterns of herbaceous and woody
species together (Tabacchi ef al, 1996; Aguiar et al., 2006). Although both
groups share the same habitat (i.e. riparian area), according to their different
role in plant succession, evolutionary histories, functional traits and ecological
requirements, the diversity patterns and the variables influencing them could
differ (Sagers & Lyon, 1997; Nichols et al., 1998). Thus, a higher dependence of
Mediterranean woody species on water-related variables (e.g. flow or drought
period) could be found (Salinas & Casas, 2007), while herbaceous species
could be more sensitive to some physical attributes such as substrate

characteristics or geomorphic heterogeneity (Sagers & Lyon, 1997). However,
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studies developed in Mediterranean areas have usually focused on riparian
woody species communities, whereas non-woody groups have been
traditionally understudied (Aguiar et al.,, 2009; Stella et al., 2013). Finally,
divergences in the responses of both groups to environmental and
anthropogenic variables would have implications for the management and
conservation of the riparian ecosystem, as management measures should be

different for each group of species to be effective.

Here, we aimed (i) to explore the composition and richness patterns of
both riparian woody and herbaceous species in a semiarid Mediterranean
basin with marked environmental and anthropogenic gradients and (i) to
assess the environmental factors (climate, geology, topography,
hydromorphology and land use) that best explain these patterns. Considering
the exposed above, we expected these strong environmental and
anthropogenic gradients to shape biological communities forming a
longitudinal continuum species replacement in terms of composition for both
groups of species, following the River Continuum Concept. Regarding the
richness distribution pattern, given the aforementioned particularities of
Mediterranean basins and contrarily to what is expected in other areas, a
continuous longitudinal decreasing richness pattern from humid and
undisturbed headwaters to arid and impaired lowlands could be found.
Accordingly, hydromorphological, land-use and climatic variables are
expected to be the main groups of variables influencing both groups’ species

composition and richness patterns.

Materials and methods

Data collection

Field data

A total of 81 survey units were selected to represent the wide range of
environmental (natural and anthropogenic) conditions in the Segura basin (Fig.

1). Each locality was sampled once between 2010 and 2012 (25-30 localities
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each year) during late spring and summer (always under low flow conditions)
along 500 m length reaches at both riversides, with this period being more
suitable when using one-shot surveys (Ferreira & Aguiar, 2006). Within these 500
m length reaches, we recorded the occurrence of riparian species, from water
margin up to natural bankfull width, obtaining two lists of species for each
survey unit (woody and herbaceous species). Within riparian herbs, given our
sampling design (we needed three different years to survey 81 localities once),
annual plants were not considered due to their high temporal variation
(Naiman et al., 2005; Ferreira & Aguiar, 2006). Thus, the term ‘herbaceous’ refers

here only to perennial, non-strictly aquatic herbaceous species.

Ombrotype b > €
typ T ’/ Mediterranean Sea N
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P semi-arid W
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Humid and sub-humid

0 50 100
L 1 1 |

1
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Fig. 1. Geographic location of the Segura river basin in the Iberian Peninsula showing
the 81 survey units and the climatic gradient represented by the ombrotype classes; as
defined by Rivas-Martinez (1985).
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Within each of the 81 survey units, a number of environmental variables
at reach scale (see Appendix 1.1) were measured directly in the field: water
conductivity, hydromorphological variables (valley shape, riverbed grain size,
bank profile, flow, water depth and width and channel artificiality) and the
percentage of different land uses beyond the riparian area using two buffers (5
and 50 m width). These variables were measured following the river habitat
survey (RHS) protocol (Raven et al., 1997) which was designed to characterise
and assess physical structure and habitat variables. The RHS requires ten
measurements (one each 50 m) within each survey unit. Thus, average values
of each variable were calculated for each one of the survey units (500 m) as
well as the final value of the habitat quality assessment (HQA) (Raven et al.,
1998). The HQA is a synthetic index derived from RHS data to assess river habitat
quality and heterogeneity. It evaluates several important physical afttributes
including aquatic, channel and bank features and has been widely used to

diagnose impacts on biota (Szoszkiewicz et al., 2006).

GIS data

For each survey unit, variables at broader scales were estimated from various
sources of available digital cartographical information and using different
geographic information systems (GIS). At basin (the entire area draining to the
survey unit) and sub-basin scales (surface draining exclusively to each survey
unit but excluding the area that drains to the nearest upstream river
confluence), variables associated with climate, geology, land use, topography
and hydrology were computed for each sampling site (see Appendix 1.1) by
combining the ArcGlIS software (v 9.2) (ESRI, Redlands, California, USA) and the
analysis toolkit NetMap (www.netmaptools.org; Benda et al., 2007). Climate
data (1-km resolution) created by the Spanish Ministry for Environment
interpolating series from the Spanish weather station network (Estrela et al.,
1999) were used. Geology in the sub-basin was characterised through
cartography 1:50,000 elaborated by the Geological and Mining Institute of
Spain (IGME). Forested area in the sub-basin was estimated from the layers

(1:25,000) in the Occupation Information System of Soil in Spain (SIOSE).
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Topographical variables were derived using a 25 m digital elevation model
developed by the National Geographic Institute (IGN). Finally, one of the
hydromorphological variables was the duration of the zero-flow period (number
of days with no flow), which gives a valuable measure of temporal
infermittency at reach scale. It was estimated in each survey unit using the
integrated system for rainfall-runoff modelling (SIMPA) due to a lack of gauged
data for all of the survey units. Additionally, a binary variable (hydrological
regime) was generated to describe the flow regime (‘altered’ or ‘natural’) at
each survey unit according to the existence or absence of water regulation

infrastructures (reservoirs and dams) and water abstractions upstream.

Statistical analyses

Environmental variables were transformed and standardised. Spearman’s
correlations were then used to identify highly correlated variables within each
group of environmental variables. Accordingly, between those variables
showing Spearman correlation coefficients greater than 0.7, those with greater
number of significant correlations were discarded for subsequent analysis

(variables with an asterisk in Appendix 1.1) to avoid redundant information.

Species composition

Although some studies support the inclusion of rare species in multivariate
studies (Prendergast et al., 1993; Marchant, 2002), rare species (those at < 4
survey units) were removed before calculating Bray-Curtis distances among
sites on the presence/absence biological matrix to reduce noise, as rare
species can be detected as outliers by multivariate analyses in species
association studies, obscuring the analysis of the whole data set (Gauch, 1982).
Based on the Bray-Curtis distance matrix, hierarchical clustering procedures
were conducted independently for woody and herbaceous species to
characterise the different species assemblages. The obtained clustered groups

were validated through SIMPROF tests, which provide significant objective
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stopping rules for ever-finer dissection into compositional subgroups (Clarke et
al., 2008). Distance-based Linear Models (DistLM) were used to identify those
environmental factors that best explained the compositional variation among
sites. Additionally, dbRDA ordination plots were used to visualise the influence of
the selected environmental variables on clustered assemblages. The analyses
were performed using PRIMER-E software (Clarke & Gorley, 2006) with the add-
on package PERMANOVA+ (Anderson et al., 2008).

Species richness

Firstly, we tried to identify some relationship between species composition and
richness distribution patterns. For this, we tested if there were significant
differences among the species richness of the clustered assemblages following

a Kruskal-Wallis ANOVA by mean rank tests with Multiple Post hoc comparisons.

The observed richness values of both woody and herbaceous species
were regressed against the selected environmental variables using generalised
linear models (GLMs; McCullagh & Nelder, 1989) assuming a Poisson distribution
for the dependent variable. A stepwise procedure was used to insert
environmental variables into the model. Linear and quadratic (as well as cubic,
only for flow) relationships were tested. Akaike's Information Criterion (AIC) was
used to evaluate alternative models. Correction for data overdispersion was
applied. Finally, normality (Shapiro-Wilk test) and spatial independence

(Moran’s | test) of residuals were assessed (P-value <0.05).

Given the coupled environmental and anthropogenic gradients in the
study area, the exclusive effect of each set of variables (climate, geology,
hydromorphology, land use and topography) on the richness distribution
pattern was quantified using a hierarchical partitioning procedure. This process
involved computation of the increase in the fit of all models with a group of
variables compared with the equivalent model without that group of variables
(for more details, see Chevan & Sutherland, 1991). Thus, the independent and
joint contributions were expressed as the percentage of the total deviance

explained by the corresponding models, which allowed the relative
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significance of each group of variables in explaining species richness
distribution to be tested. The Statistica package 8.0. (StatSoft, 2007) was used

for these computations.

Results

A total of 74 woody and 56 herbaceous species were recorded in the 81 survey
units (see Appendix 1.2 for details), which represent approximately 72%of the

previously recorded woody taxa in the entire basin (Rios, 1994).

Species composition

Clustering procedures discriminated three different woody riparian
assemblages (Fig. 2a) and five for herbaceous ones (Fig. 2b). The DistLM
explained 34% of total variance in woody riparian composition and 28% for
herbaceous species. Hydromorphological variables (valley shape, zero-flow
period duration, habitat quality and hydrological regime), agriculture in the
surrounding area and water conductivity were the main variables explaining
woody composition (Table 1). Woody riparian species showed a progressive
change from headwater streams with V-shaped valleys, permanent flows,
heterogeneous river habitats and low water conductivities, characterised
mainly by Salix spp. and Fraxinus angustifolia (assemblage W1 in Fig. 2a) to
lowland reaches with wider valleys, intermittent flows, homogeneous river
habitats and higher conductivities, characterised by the presence of Tamarix
canariensis, T. boveana and Nerium oleander (assemblage W3). Midland areas
had infermediate conditions but were influenced by hydrological disturbance
and agricultural land use. They were characterised by the presence of Populus

nigra and Populus alba (assemblage W2).
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Fig. 2. Spatial distribution of the different clustered assemblages and dbRDA ordination
plot relating composition cluster grouping and significant environmental variables for
(a) woody species and (b) herbaceous species. HQA= Aquatic habitat quality
assessment; RH= Hydrological regime; V=Valley shape; C=Conductivity; ZFP=Zero-flow
period duratfion; Q=Flow; 50BL= Broadleaf/mixed semi-natural forest; 50AG and 5AG=
Agriculture in the 50 and 5 m. buffer, respectively.

Five groups of herbaceous assemblages were identified. DistLM revealed
that apart from valley shape (V-shaped), land use (agriculture and seminatural
forests within the 50 m buffer), hydrological variables (flow discharge and zero-
flow period duration) and water conductivity were the main variables
explaining herbaceous composition (Table 1; Fig. 2b). In forested freshwater
headwater streams, two assemblages were detected (see Fig. 2b): assemblage
H1 characterised by species that require permanently humid substrates,
shading and moderate temperature, such as horsetails (Equisetum spp.) and
horsemint, (Mentha longifolia) and assemblage H2, mainly characterised by

Scirpoides holoschoenus. As in the case of woody plants, the midlands were
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dominated by a widely distributed heterogeneous assemblage (H3) consisting
of cattails (Typha spp.) rushes (Juncus spp.), mints (Mentha spp.) and Ravenna
grass (Saccharum ravennae). In the wide valleys of the southern lowlands,
where long drought periods and moderate high salinity values are found, the
observed assemblage (H4) was dominated by the common reed (Phragmites
australis). Finally, the group H5 characterised by the exotic giant reed (Arundo

donax), appeared in sites with a high proportion of agriculture.

Table 1. Best DistLM results for woody and herbaceous species composition.

Individual explained Cumulative explained P-
Variable variance (%) variance (%) value  AIC
Woody composition
Valley shape 15.05 15.05 0.001 608.98
Zero-flow duration 11.07 21.52 0.001 604.89
Habitat quality 11.44 27.24 0.001 601.05
Hydrological regime 3.10 29.75 0.01  600.36
5Agriculture 3.44 32.05 0.016 599.79
Water conductivity 2.19 34.11 0.021 599.42
Herb composition
Valley shape 7.03 7.03 0.001 603.78
50Agriculture 5.83 12.32 0.001 601.21
SAgriculture 3.66 15.75 0.008  400.1
Flow 3.25 19.21 0.006 599.03
50 Broadleaf/mixed semi- 23.12 0.001 597.08
Water conductivity 4.53 25.56 0.012 596.44
Zero-flow duration 3.93 27.85 0.030 596.01

Species richness

A clear longitudinal woody species richness gradient was identified from the
richest headwater streams located mainly in the northwest to the poorest
lowland streams in the southeast (Fig. 3a). Accordingly, the Kruskal-Wallis test
showed significant differences in the number of species among woody
assemblages (W1 > W2 > W3; P < 0.001). However, the herbaceous richness
distribution did not present such a clear longitudinal pattern (Fig. 3b). H1 and H3
were the richest assemblages [(H1 = H3) > (H2 = H4) > H5; P < 0.05].
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Fig. 3. Observed riparian richness patterns in (a) woody species and (b) hers.

GLM showed 24 and 14 significant variables (P < 0.05) explaining woody
and herbaceous species richness, respectively (Appendix 1.3). The best richness
model explained 76.27% of total deviance (AIC = 363.84) for woody species
and 52.74% (AIC = 366.36) for herbs (Table 2). Flow discharge (39.22% of
explained deviance) and valley shape (36.79%) were the most relevant
variables for woody species, whereas riverbed grain size (17.22%) and the
percentage of conglomerated substrate in the sub-basin (10.74%) were the
most important for herbs. Differences in significant individual factors explaining
woody and herb richness between both species groups were found, although
they belonged to the same groups of variables (mainly regarding
hydromorphology and land use). No statistical or spatial autocorrelation was

found among GLMs residuals (P < 0.05).

Finally, hierarchical partitioning confirmed that hydromorphological and
loand-use variables accounted for the greatest percentage of exclusive
explained deviance for both woody (28.69 and 16.89%, respectively) (Appendix
1.4) and herbaceous (16.23 and 17.94%, respectively) species richness
(Appendix 1.5). Geological variables also had a moderate independent effect
for both riparian groups (10.17% for woody and 9.09% for herbaceous richness).
On the conftrary, climate and topography were capable of explaining lower

percentages of deviance (< 5%).
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Table 2. Best GLM for woody and herbaceous species richness.

Sign of the % individual % accumulated
Variable relafionship  explained explained P -value AIC
deviance deviance

Woody species richness

Flow + <0.0001 590.14
FlowA2 - <0.001 568.31
FlowA3 + 39.22 39.22 0.001 471.87
Valley shape - 36.80 61.27 <0.0001 404.09
Habitat quality assessment + 32.92 64.64 0.002 393.90
50 Broadleaf/mixed semi-natural forest + 8.38 66.93 0.005 387.61
5Grassland - <0.001 385.87
5GrasslandA?2 + 11.2 71.52 <0.0001 375.01
50Grassland + 0.002 373.76
50GrasslandA2 - 8.42 74.43 0.007 368.51
Conglomerated substrate - 8.38 76.27 0.018 363.84
Herb species richness

Riverbed grain size + 17.22 17.22 0.001 404.468
Conglomerated substrate - 10.74 25.54 0.022 394.42
5Tilled land - 9.34 30.63 0.026 388.93
Slope + 7.63 35.3 0.006 384.05
Forested sub-basin + 6.61 40.38 0.004 378.56
Artificial channel + 0.016 375.55
Artificial channelA2 - 6.52 46.9 0.014 37296
Annual mean real evapotranspiration - 5.84 52.74 0.003 366.36
Discussion

Composition patterns

As expected, a species replacement occurred in both riparian groups along
the strong environmental and anthropogenic longitudinal gradients. Our results
revealed similar patterns for woody and herbaceous plants but greater
percentage of explained variance was found for woody species. The
dominance of European species with high water requirements (e.g. Salix alba,
Equisetum spp. and Mentha longifolia) was observed in headwaters, forming
well-developed, low-impacted riparian galleries. At the other extreme,
southern stream reaches were composed of simpler communities characterised
by species adapted to drought, salinity and human disturbances such as

Tamarix canariensis, T. boveana, Nerium oleander and Phragmites australis
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(Salinas et al., 2000; Salinas & Casas, 2007).

The relative congruency on both groups’ composition patterns
evidences that variables shaping both woody and herb assemblages were
similar. The strong environmental continuous gradient influenced both
biological communities, which showed continuum synchronised species
replacements (River Continuum Concept, Vannote et al., 1980). In general,
riparian assemblages seemed to be mainly influenced by valley shape,
agriculture, flow permanence and water conductivity. Valley shape determines
riparion habitat availability and the geomorphologic and microclimatic
features of river banks (e.g. V-shaped valleys, canyons or gorges limit riparian
area, but they can create greater shading and lower evaporation making
them suitable for determined riparian species; Garéfano-Goémez et al., 2011). In
addition, it determines the potential extent of agricultural land-use in
watercourses’ surroundings (other of the main variables modifying riparian
patterns). Regarding agriculture, it not only constrains the riparian area, but also
alters riparian integrity, nutrient enrichment and the sedimentation process
(Allan, 2004). These agricultural alterations limit the presence of certain species
and favour the dominance of weeds, exotic and nitrophilous species
(Décamps & Tabacchi, 1994; Nilsson et al., 1994) such as the exotic giant reed
(Arundo donax L.), a species clearly favoured by disturbance (Quinn & Holt,
2008). In addition, as expected in semiarid areas, flow permanence was also an
important factor influencing riparian patterns. Thus, it seems that the observed
assemblages were more dependent on river runoff and groundwater rather
than precipitation (Smith et al., 1998). The alteration of natural flow regime
caused by dam regulation and water abstraction for agricultural purposes
intensifies the drought duration (Belmar ef al., 2013) and the species filtering
effect (i.e. losing sensitive species; Poff & Zimmerman, 2010). Thus, water
scarcity produces a positive selection of drought fraits (e.g. long roots)
preventing the occurrence of other features (e.g. broad leaves) (Douma et al.,
2012). Finally, the natural saline stress mainly caused by the presence of
evaporific substrates in some areas of the basin is intensified by agricultural
practices. It constrained even more the pool of species that were able to

establish and grow in certain locations, reducing it to those species with
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physiological adaptations to face this high salinity (e.g. the halophyte Tamarix

boveanaq).

Finally, compared with other climatic areas, riparian vegetation and
other river communities (e.g. macroinvertebrates) seem to be poorly structured
in some Mediterranean basins (see Ferreira & Moreira, 1999; Carbonell et al.,
2011; Belmar et al, 2012). Thus, the relatively weak relationship between
composition patterns and environmental variables (< 40% of explained
variance) found in Mediterranean ecosystems in general, and the study area in
particular, could be explained by the specific features of these areas (i.e. areas
with high natural and anthropogenic stress; Gasith & Resh, 1999), which lead to
the ubiquitous occurrence of resilient, opportunistic and relatively persistent
species assemblages (Puig et al., 1991). In addition, riparion composition
patterns could be also influenced by other variables not considered in our
study: historical processes or biological interactions between woody and
herbaceous layers, such as, light competition (Villarreal et al., 2012). However,
although light competition is one of the main biological interactions between
both plant groups and shading (estimated as "woody layer continuity”, a semi-
continuous variable derived from RHS protocol) resulted significant (DistLM
analyses, R2=0.04, p=0.001) explaining herb composition, it was not able to
improve the final model (the same percentage of variance remained

unexplained).

Species richness patterns

Similar richness patterns for woody and herbaceous species were found. In
general, hydromorphological and land use variables were identified as the
most important set of variables in explaining these patterns, but differences in
the most important individual variables were detected. The richest woody
riparian areas were situated in headwater streams where V-shaped valleys,
moderate and perennial flows, heterogeneous river habitats, forests and
meadows were present. These are the only areas with reduced anthropogenic
pressures, as they are often located in difficult-to-access places that count on

some sort of environmental protection status (Casas et al., 2006). In addition,
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these areas show higher water availability throughout the year, which enables
the presence of a greater number of species since flow intermittency and
human impacts produce woody richness declines in Mediterranean basins
(Salinas & Casas, 2007; Belmar et al., 2013). Moreover, although wide lowland
semiarid valleys showing complex and well-developed riparian corridors could
hold greater richness than headwaters due to the lack of physical constraints to
riparian vegetation development (Gregory et al., 1991; Lite et al., 2005), our
results highlight that lowlands mostly contained impaired rivers with simple
communities and low species richness. Therefore, although a longitudinal
richness gradient has been found, our results revealed the opposite pattern to
that expected in natural basins, where greater habitat availability and species
richness (more habitat is supposed to host more richness) are usually found in
medium and low river reaches (River Continuum Concept, Vannote et al,
1980).

In the case of herbaceous species richness, although we have not
obtained such a clear longitudinal pattern, the areas that accounted for the
highest richness values also corresponded to upper reaches of natural streams
mainly characterised by loose, coarse riverbed substrates located in forested
and calcareous basins with a low percentage of crops. Substrate features were
especially important explaining herb richness, because they determine the
presence and cover of different particles size in the banks that possibility the
colonization of species with different root system complexity (Nilsson ef al.,
1991). The negative influence of crops and artificial channels on herb richness is
consistent with life-history theories regarding adaptations to disturbances
because disturbed areas usually show a dominance of annual herbaceous

species and fewer perennial ones (Grime, 1979; Walker et al., 1986).

Finally, as exposed above, the influence of shading provided by woody
layer could be important in explaining herbaceous richness patterns. Similarly,
although woody layer continuity (estimated as above) resulted significant (8.7%
of explained deviance, p-value=0.0071) it was not selected by the best model.
Surprisingly, this relationship was linear and positive. Although we expected a

negative linear (the less woody layer, the more herb species) or quadratic
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(infermediate woody continuity could favour greater richness values as species
of different shading tolerance could grow in the same place) relationship, the
most favourable areas for woody species were in general also better for herbs.
Thus, it seems that hydromorphological and anthropogenic variables

influenced herb richness more than the shading effect of the woody layer.

Concluding remarks

Our results support the hypothesis that riparion communities in semiarid
Mediterranean basins furn less diverse and experience changes in species
composition as anthropogenic (land use, dam regulation) and natural
(drought, salinity) disturbances increase and intensify downstream. Despite their
lower riparian habitat availability, headwaters were the most favourable areas
for both woody and herbaceous species due to the absence of anthropogenic

pressures and milder environmental conditions.

Although some differences were observed, a notable congruence in
both groups’ species composition and richness distribution patterns was found
and, consequently, in the variables shaping them: the hydromorphological
(particularly those related to irregular water availability) and land-use (mainly
agriculture) ones. This outcome evidences the importance of managing buffer
areas appropriately in Mediterranean basins (all the models included land-use
variables), since anthropogenic land use modified and impoverished species
composition (e.g. favouring the dominance of exotic and generalist species)
and richness patterns respectively, while natural land use helped to preserve

native species and relatively high riparian richness values.

Large-scale, long-term variables such as climate, which determine the
broad physical template and catchment characteristics (Naiman et al., 2005),
had less significance in explaining riparian patterns, at least at basin scale. Thus,
their influence could be masked by the direct action of hydrological and land
use reach-scale variables. Therefore, environmental features as valley shape,
substrate, flow, drought period and salinity, and anthropogenic alterations as

dam regulation, water abstraction and land use, seem necessary to describe
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Mediterranean riparian systems adequately. Finally, given the similarity between
both groups’ responses, an overall approach considering the species of both
groups jointly or even selecting only one of them could be suitable when

studying Mediterranean riparian communities.
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Appendix 1.1. Explanatory environmental variables considered by factor type:
C=Climate, G=Geology, T= Topography, L=Land Use, H=Hydromorphology. *Variables
excluded for subsequent analyses due to high correlation rates (R > 0.7). N, A=Natural,
Altered; d/y=Days per vyear; U=Undercut; V=Vertical; S=Steep; GE=Gentle;
CP=Composite; B=Natural berm; D=Deep vee; S=Shallow vee; GO=Gorge;
CO=Concave/Bowl; O=No obvious valley side; AS=Asymmetrical.

Var. Meaning Group Source Sspctz:llgl Type Unit
i Annual mean real

evapofranspiration GIS basin Confinuous mm
EP Annual mean potential

evapofranspiration GIS basin Confinuous mm
PREC Annual mean precipitation GIS basin Continuous mm
TEMP* Annual mean temperature GIS basin Continuous mm

CALC Calcareous substrate
CONG Conglomerated substrate
SED*  Sedimentary substrate
PERM Permeability

GIS sub-basin  Semi-continuous %
GIS sub-basin  Semi-continuous %
GIS sub-basin  Semi-continuous %
GIS sub-basin  Semi-continuous %

C Water Conductivity Survey local Continuous puS/cm
SLOPE Slope GIS basin Semi-continuous %
ORI Average orientation GIS local Continuous  degree
ELEV  Elevation GIS local Continuous m

FOR  Forested

50BL  Broadleaf/mixed semi-natural forest
S0AG Agriculture

50TL  Tilled land

50TH  Tall herb rank vegetation

50GR Grassland

5BL*  Broadleaf/mixed semi-natural forest
5AG  Agriculture

STL Tilled land

5TH Tall herb rank vegetation

5GR  Grassland

GIS sub-basin  Semi-continuous %
Survey 50 m buffer Semi-continuous %
Survey 50 m buffer Semi-continuous %
Survey 50 m buffer Semi-continuous %
Survey 50 m buffer Semi-continuous %
Survey 50 m buffer Semi-continuous %
Survey 5 m buffer Semi-confinuous %
Survey 5 m buffer Semi-continuous %
Survey 5 m buffer Semi-continuous %
Survey 5 m buffer Semi-continuous %
Survey 5 m buffer Semi-continuous %

RH Hydrological regime GIS basin Categorical N, A
ZFP Zero-flow period duration GIS local Confinuous dly
Q Flow Survey local Continuous m3/s
WD*  Water depth Survey local Continuous m
WW*  Water width Survey Local Continuous m
D, S.
GO,
Categorical (6 CO, O,
\ Valley shape H Survey Local classes) AS
HQA Habitat quality assessment H Survey local  Semi-continuous 0-100
u,Vv.,s,
Categorical (6 GE,
BANK* Bank profile H Survey local profiles) CP.B
Categorical (6
BED  Riverbed grain size H Survey local size classes) mm
ART  Artificial channel H Survey local Semi-continuous %
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Appendix 1.2. Riparian tfaxa recorded in the study area.

Woody plants

Perennial herbs

Acer opalus Miller subsp. granatensis (Boiss.) Font Quer

& Rothm

Agrostis stolonifera L.

Ailanthus alfissima (Mill.) Swingle

Anabasis hispanica Pau

Arthrochnemum macrostachyum (Moric.) Moris
Asparagus acutifolius L.

Atriplex halimus L.

Bupleurum fruticosum L.

Celtis australis L.

Clematis vitalba L.

Coriaria myrtifolia L.

Cornus sanguinea L.

Corylus avellana L.

Corylus hispanica Mill. ex D. Rivera & al.
Crataegus monogyna Jaca.
Dorycnium rectum (L.) Ser. In DC.

Ficus carica L.

Fraxinus angustifolia Vanhl.

Fraxinus excelsior L.

Fraxinus ornus L.

Halocnemum strobilaceum (Pall.) M. Bieb.
Hedera helix L.

llex aquifolium L.

Juglans regia L.

Laurus nobilis L.

Ligustrum vulgare L.

Lonicera biflora Desf.

Lonicera periclymenum L. subsp. hispanica (Boiss. &
Reuter) Nyman

Morus alba L.

Myrtus communis L.

Nerium oleander L.

Phoenix canariensis Chabaud
Phoenix dactylifera L.

Platanus orientalis L.

Platanus x hybrida Brot

Populus alba L. var. alba

Populus alba L. var. pyramidalis Bunge
Populus nigra L. var nigra

Populus nigra L. var. italica

Populus x canadensis Moench

Populus x canescens (Aiton) Sm.

Prunus insititia L.

Prunus mahaleb L.

Quercus faginea Lam.

Rosa canina L.

Rubia peregrina L. subsp. longifolia (Poiret) O. Bolds
Rubia peregrina L. subsp. peregrina

Adiantum capillus-veneris L.
Arundo donax L.

Carex distans L.

Carex extensa Good
Carex flacca Schreber
Carex hispida Willd.

Carex pendula Huds.
Cyperus laevigatus L. subsp. distachyos
(All.) Maire & Weiller

Eleocharis palustris (L.) Roem. et Schult.
Epilobium hirsutum L.

Epilobium parviflorum Schreb.
Equisetum ramosissimum Desf.
Equisetum palustre L.

Equisetum telmateia Ehrh.
Eupatorium cannabinum L.
Glyceria notata Chevall.

Humulus lupulus L.

Imperata cylindrica (L.) Raeuschel
Iris foetidissima L.

Iris pseudacorus L.

Iris serotina L.

Juncus articulatus L.

Juncus bufonius L.

Juncus inflexus L.

Juncus maritimus Lam.

Juncus subnodulosus Schrank
Juncus subulatus Forsk.

Lysimachia ephemerum L.
Lysimachia vulgaris L.
Lythrum salicaria L.
Mentha aquatica L.
Mentha longifolia L.
Mentha pulegium L.
Mentha suaveolens Ehrh.
Mentha piperita L.
Origanum vulgare L.
Oryza safiva L.

Peucedanum hispanicum (Boiss.) Endl.
Phragmites australis (Cav)Trin. Ex.
Steudel

Plantago major L.

Potentilla reptans L.

Primula vulgaris Hudson
Ranunculus repens L.

Rumex conglomeratus
Saccharum ravennae (L.) Murray
Samolus valerandi L.

Schoenus nigricans L.
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Woody plants

Perennial herbs

Rubus caesius L.

Rubus ulmifolius Schott.
Salix alba L.

Salix atrocinerea Brot.

Salix babylonica L.

Salix elaeagnos Scop. subsp. angustifolia (Cariot)

Rech. fil.

Salix fragilis L.

Salix neofricha Gorz
Salix pedicellata Desf.

Salix purpurea L. subsp. lambertiana (Sm.) A.Newman

ex Rech. fil.

Salix friandra L. subsp. discolor (Koch) Arcangeli

Sambucus nigra L.

Sarcocornia fruticosa (L.) A. J. Scott
Smilax aspera L.

Sorbus aria (L.) Crantz

Suaeda vera Forskdl ex J.F. Gmelin
Tamarix africana Poir.

Tamarix boveana Bunge

Tamarix canariensis Willd.

Tamarix gallica L.

Ulmus glabra Hudson

Ulmus minor Mill.

Viburnum lantana L.

Viburnum tinus L.

Vinca difformis Pourret

Vitis vinifera L.

Washingtonia robusta H.A.Wendl

Scirpoides holoschoenus L.
Scirpus maritimus L.
Scirpus lacustris L.

Scrophularia auriculata L.
Sonchus maritimus L. subsp. aquatilis
(Pourr.) Nyman

Thalictrum speciosissimum L.
Trifolium repens L.

Typha angustifolia L.

Viola riviniana Reichemb.
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Appendix 1.3. Individual explained deviance of each environmental variable on
woody and herbaceous species richness. ns= non-significant.

Woody plants Perennial herbs
Variable Acronym explained deviance Term  explained deviance Term

(%) (%)
Flow Q 39.22 3 ns
Valley shape \% 36.8 ns
Water Conductivity C 33.05 2 ns
Habitat quality
assessment HQA 32.92 1 6.47 1
50 Broadleaf/mixed
semi-natural forest 50BL 28.38 1 ns
Zero-flow period
duration ZFP 22.47 1 ns
Precipitation PREC 19.52 2 ns
5 Agriculture 5AG 13.88 1 7.57 1
River-bed grain size BED 12.81 1 17.22 1
50 Agriculture 50AG 12.75 1 4.65 1
50 Tilled land 50TL 12.14 1 6.54 2
5 Grassland 5GR 11.2 2 ns
Forested sub-basin FOR 10.47 2 6.61 1
Permeability PERM 8.69 1 8.86 1
50 Grassland 50GR 8.48 2 ns
Conglomerated
substrate CONG 8.38 1 10.74 1
5 Tilled land 5TL 7.96 1 9.34 1
Elevation ELEV 7.18 2 ns
Artificial channel ART 7.16 2 6.52 2
Calcareous substrate CALC 4.42 2 7.54 2
Annual mean real
evapofranspiration El 4.06 1 5.84 1
Hydrological regime RH 3.42 ns
Annual mean potential
evapofranspiration EP 2.62 2 ns
Orientation ORI 2.52 1 ns
Slope SLOPE 1.6 2 7.63 1
50 Tall herb 50TH ns 5.95 2
5 Tall herb STH ns ns
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Appendix 1.4. Hierarchical partitioning procedure applied to woody species richness.
Percentage of independent and joined explained deviance and AIC (Akaike's
Information Criterion) values for the different sets of environmental predictors are
shown. H=Hydromorphology, L=Land Use, G=Geology, C=Climate, T= Topography.

% Explained deviance H L G (of T AlIC
H 68.48 68.48 382.03
N 55.3 55.3 423.69
G 44.35 44.35 459.32
C 26.47 26.47 522
T 12.65 12.65 609.19
H+S 75.64 20.34 7.16 366.11
H+G 72.64 28.29 416 372.97
H+C 70.18 43.72 1.7 376.82
H+T 69.66 57 1.18 379.75
S+G 63.89 19.55 8.59 396.62
S+C 55.3 28.83 0 423.69
SHT 55.3 42.65 0 423.69
G+C 44.35 17.88 0 459.32
G+T 44.35 31.69 0 459.32
C+T 26.47 13.81 0 522
H+S+G 76.27 1238 3.63 0.3 363.84
H+S+C 75.64 20.34 5.46 0 366.11
H+S+T 75.64 20.34 5.98 0 366.11
H+G+C 72.64 28.29 2.46 0 372.97
H+G+T 73.7 29.35 4.04 1.06 371.15
H+C+T 70.18 43.72 0.52 0 376.82
S+G+C 63.89 19.55 8.59 0 396.62
S+G+T 63.89 19.55 8.59 0 396.62
S+CH+T 55.3 28.83 0 0 423.69
G+C+T 44.35 17.88 0 0 459.32
H+S+G+C 76.27 1238 3.63 0.63 0 363.84
H+S+G+T 76.27 12.38 257 0.63 0 363.84
H+G+C+T 73.7 29.35 3.52 0 1.06 364.84
S+G+CH+T 63.89 19.55 8.59 0 0 396.62
H+S+C+T 75.64 20.34 5.46 0 0 366.11
H+S+ G+ CH+T 76.27 1238 257 0.63 0 0 363.84
Exclusive explained deviance 28.69 16.89 10.17 2.66 1
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Appendix 1.5. Hierarchical partitioning procedure applied to herbaceous species
richness. Percentage of independent and joined explained deviance and AIC
(Akaike's Information Criterion) values for the different sets of environmental predictors
are shown. H=Hydromorphology, L=Land Use, G=Geology, C=Climate, T= Topography.

% Explained deviance H L G (of T AlIC

H 26.19 26.19 395.47
S 27.9 27.9 392.95
G 18.48 18.48 402.83
C 4.43 4.43 415.52
T 7.63 7.63  410.81
H+S 44.85 16.95 18.66 377.99
H+G 33.49 15.01 7.3 386.72
H+C 29.89 25.46 3.7 392.01
H+T 30.78 23.15 4.59 390.70
S+G 37.22 18.74 9.32 383.31
S+C 30.1 25.67 2.2 391.68
S+T 28.87 21.24 0.97 392.08
G+C 25.48 21.05 7 396.46
G+T 18.48 10.85 0  402.83
C+T 13.85 422 7.42 403.65
H+S+G 49.95 1273 16.46 5.1 371.18
H+S+C 46.17 16.07 16.28 1.32 376.04
H+S+T 4485 1598 14.07 0 377.99
H+G+C 37.29 11.81 7.4 3.8 383.11
H+G+T 37.15 18.67 6.37 3.66 383.32
H+C+T 35.72 21.87 494 583 385.43
S+G+C 43.56 18.08 13.46 6.34 379.72
S+G+T 37.22 18.74 8.35 0  383.31
S+C+T 37.95 24.1 9.08 7.85 380.13
G+C+T 25.48 11.63 7 0 396.46
H+S+G+C 50.51 6.95 1322 434 0.56 369.65
H+S+G+T 49.95 12.73 128 5.1 0 371.18
H+G+C+T 42.19 16.71 6.47 504 49 380.70
S+G+CH+T 43.56 18.08 5461 6.34 0 379.72
H+S+C+T 48.11 10.16 12.39 3.26 194 372.46
H+S+G+C+T 52.74 9.18 10.55 4.3 279 223 366.36
Exclusive explained deviance 1623 1794 9.09 4.63 3.06
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riparion communities to human pressures at

different spatial scales
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Abstract

Mediterranean river ecosystems are subjected to infense human pressures and
impacts that affect both their aquatic and riparian communities. However,
given their stratified position in the river ecosystem and varying ecological
requirements, aquatic and riparian communities can respond differently to
such pressures. These biological responses could also vary depending on the
nature of the disturbances, the spatial scale considered and the indicators
used as response variable. Here, we aim to assess the influence of the main
human pressures present in Mediterranean rivers (agricultural land use and
hydromorphological alteration) on the biodiversity and ecological condition
indicators of both riparian and aquatfic communities at two spatfial scales:
reach and basin. For this purpose, a total of 56 sampling sites covering the study
area (Segura basin, SE Spain) were surveyed. Water beetles and woody riparian
vegetation richness were used respectively as biodiversity surrogates of aquatic
and riparian communities, and the lberian Biomonitoring Working Party (IBMWP)
and Riparian Quality Index (RQI) were used to assess the ecological status of
both communities. As expected, we found a general decrease in both richness
and ecological condition when human pressures increased, regardless of the
spatial scale considered. Nonetheless, agricultural land use was the main
pressure explaining riparian richness and quality, whereas aquatic communities’
responses were highly related to hydromorphological alteration. Contrary to
expected, in general, variables at basin scale had a greater effect than those
variables operating at local scale. In addition, ecological condition indices
responded more clearly to human pressures than biodiversity surrogates.
Therefore, land use and hydrological planning at basin scale are essential
complements to conservation and restoration efforts, traditionally carried out at

reach scale, in order to maintain stream ecosystem integrity and biodiversity.

73




Chapter 2: Responses of Mediterranean riverine communities fo human pressures
L

Introduction

The high human pressures on inland aquatic ecosystems have caused these
habitats to become recognised as some of the most threatened in the world
(Saunders et al., 2002). This is especially evident in the Mediterranean Basin, one
of the Earth’s biodiversity hotspots (Myers et al., 2000), where the long history of
substantial human impacts on the landscape and fluvial systems has been well-
documented (Hooke, 2006). These areas provide a wide anthropogenic
gradient suitable for studying the influence of human pressures on fluvial
communities. Thus, understanding the processes and relationships between
human pressures, spatial heterogeneity and riverine communities in
Mediterranean areas constitutes a major challenge in freshwater ecology and
conservation (Bonada & Resh, 2013; Cooper et al., 2013), particularly in the

current context of global change (Sala et al., 2000).

Although frequently overlooked in limnological studies (Ferreira & Aguiar,
2006), riparian areas are an integral part of riverine ecosystems (Ward et al.,
2002) that influence both the structure and functioning of aquatic communities
(Sabater et al., 2000). Thus, aquatic and riparian communities are mutually
interdependent in terms of ecological processes. These large terrestrial-aquatic
linkages occur in both directions, existing important flows of energy and
material between these adjacent systems (Naiman & Décamps, 1997).
Conservation and management strategies are usually focused on aquatic or
riparion  community but sparsely on both of them. Despite the existing
inferconnection between both communities, given their stratified position in the
river ecosystem and their varying functional traits and ecological requirements,

their responses to human pressures could also differ.

Riparion and aquatfic communities’ responses could also differ
depending upon the nature of these pressures and the spatial scale considered
(Richards et al., 1996; Ferreira & Aguiar, 2006; Aguiar et al., 2009). The
hydromorphological alteration of rivers as a result of flow regulation, and land-
use changes can be considered among the main human disturbances
modifying freshwater biological communities, especially in Mediterranean

areas (Belmar et al., 2013; Stella et al., 2013; Bruno et al., 2014;), where they
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exacerbate the natural stress of river ecosystems (Stromberg et al., 2004; Kroll et
al., 2013). Given the scarcity of water resources and the wide agricultural
surfaces in these areas, both pressures are highly interconnected, as water
supply for irrigation is the main cause for water demands (Zimmer, 2010).
Therefore, although agriculture and hydromorphological alteration cause deep
modifications in aquatic and riparian communities (Ward, 1998; Allan, 2004),
their responses to these pressures can differ depending on the nature of the
human pressure. We consider that agricultural land use could be exerting a
greater influence on riparian communities, since they are directly impacted by
agricultural processes (e.g. occupation of riparian area, greater amount of
sediments, modification of river bank profile), whereas strictly aquatic
communities could respond more clearly to in-stream disturbances such as
hydromorphological alteration (e.g. low ability to persist after the hydropeaking
process caused by dam releases, micro and mesohabitat reduction,

homogenisation, or bed substrate modification).

Regarding the spatial scale, most previous studies have reported that
land-use and hydrological alteration acting at local scale are important for
shaping river communities (e.g. Nilsson et al., 1991; Nerbonne & Vondracek,
2001; Sponseller et al., 2001; Fernandes et al., 2011), and some of them have
also documented the importance of these pressures at wider scales (Yates &
Bailey, 2011; Wahl et al., 2013). Thus, although alteration processes at both
scales seem to be important (Stewart et al., 2001; Johnson et al., 2007; Marzin et
al., 2013), a greater influence of those operating at reach scale can be
detected, as both aquatic and riparian communities are directly exposed to
these local impacts, especially in semiarid rivers (Boyero, 2003; Aguiar & Ferreirq,
2005; Monteagudo et al., 2012).

Finally, as results can also vary depending on the indicator used to
estimate the biological communities’ responses, we decided to use both
biodiversity and ecological condition indicators. Firstly, biodiversity indicators
are well-surveyed and taxonomically stable groups of organisms whose species
richness patterns or rarity can be considered as similar to those of unsurveyed

taxa in the same region (Pearson, 1994). Secondly, indicators of ecological
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condition are widely used to assess river health (Karr, 1999; Bonada et al., 2006).
They are complementary integrative and holistic indices that involve a wide
range of metrics in order to obtain a measure of quality (Feest et al., 2010).
Although it seems evident that ecological condition indices should clearly
respond to human pressures, as they are ultimately designed to assess their
effects, this assumption has been scarcely tested. Furthermore, many
ecological studies regarding the influence of human pressures on biological

communities continue using richness as a response variable (Birk et al., 2012).

Many studies have separately tested the influence of diverse human
pressures on river communities, the varying biological responses depending on
the spatial scale considered, the convergence on the sensitivity of several
ecological indicators or the contrasting response of aquatic and riparian
communities facing these anthropogenic disturbances. Nevertheless, as far as
we know, no holistic studies considering all of these different aspects together
(kind of pressure, scale, response variable and target community) have been
conducted. Therefore, in this study, we aim to assess the influence of
agricultural land use and hydromorphological alteration at basin and reach
scales on the biodiversity and ecological condition of both Mediterranean
riparian and aquatic communities. Based on the information above, we predict
the following: 1) although both types of human pressures are expected to
modify riparian and aquatic communities, agricultural land use could have a
greater influence on riparian communities, whereas hydromorphological
alteration could have a clearer relationship with strictly aquatic communities; 2)
human pressures acting at reach and basin scales will modify riparian and
aquatic communities, although a greater effect from those operating at reach
scale may be found; 3) ecological condition indicators will be more sensitive to

human pressures in both communities than biodiversity indicators.
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Materials and methods

Data collection

Biological data

A total of 56 sampling sites were selected to represent the wide range of
human pressures present in the basin (Fig. 1), that simultaneously minimise the
confounding effect of the main natural stressors (i.e. water salinity and flow
temporality). For this reason, we selected permanent flow rivers (excluding
temporary streams sensu Belmar et al., 2013) with electrical conductivity < 5,000
uS cm-1. Finally, urban areas were excluded because they represent very
partficular conditions that present an isolated distribution and cover only 2.1% of

the entire study area (estimated from Corine Land Cover 2000).
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Fig. 1. Geographic location of the study area showing the 56 sampling sites, agricultural
area and the main dams.
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Woody riparian vegetation richness and the Riparian Quality Index (RQlI,
Gonzdlez del Tdnago et al., 2006) were used as surrogates of biodiversity and to
assess the ecological status of the riparian communities, respectively. RQl is a
widely used index in the Iberian Peninsula because it has been proven to
detect human impacts on riparian ecosystems (Navarro-Lidcer et al., 2010;
Barquin et al., 2011; Belmar et al., 2013). RQIl is composed of several sub-indices
characterising lateral, longitudinal and vertical continuity, composition,
structure, regeneration and bank condition. Although the effect of
anthropogenic alteration on vegetation could vary depending upon the
function and features of the type of vegetation considered (Bunn & Arthington,
2002), woody riparian species are long-lived, stable and sensitive to human
pressures, and can therefore be used as suitable indicators of
hydromorphological and land-use disturbances (Nilsson et al., 1991; Bejarano et
al., 2012; Villarreal et al., 2012).

Coleoptera richness and the Iberian Biomonitoring Working Party
(IBMWP, Alba-Tercedor et al., 2002) were used as a surrogate of biodiversity and
an indicator of the ecological status for the aquatic communities, respectively.
Water beetles richness was used as a surrogate of biodiversity for strictly aquatic
communities, as it has proven showed to be a good biodiversity indicator in
aquatic ecosystems (Guareschi et al., 2012), especially in the study area
(Sdnchez-Ferndndez et al., 2006). Their high diversity makes them potential
candidates for assessing the effects of land use, even at larger spatial scales
(Minaya et al., 2013). The IBMWP is a quality index largely used in the Iberian
Peninsula (Munné & Prat, 2009), based on differential tolerance to the organic
pollution of aquatic macroinvertebrate families. Although both biological
indicators can be positively correlated, the use of a higher taxonomic resolution
(water beetle species richness) could provide additional and complementary
information to family-based indices such as IBMWP in terms of ecological

response to disturbances (Kroll et al., 2013).

Riparian data were obtained for each sampling site along 500 m length
reaches, whereas macroinvertebrates were only collected in the last 100 m

(downstream). Riparian and macroinvertebrate surveys were conducted
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between 2010 and 2011 during late spring and early summer, corresponding to
the maximum species activity season (invertebrates) and also the most suitable
period for riparian vegetation, particularly when using one-shot surveys (Ferreira
& Aguiar, 2006). Furthermore, it has been observed that this seasonal sample
taken from Mediterranean streams is representative of the pooled annual

macroinvertebrate community (Bonada et al., 2007).

Within each survey unit, we recorded the occurrence of woody riparian
species, through ten transects from the water margin up to the natural bankfull
width, obtaining a unique list of species by site. Additionally, the RQl index was
also calculated for each sampling site. Macroinvertebrates were sampled with
a kick-net of 500 ym mesh, following a multihabitat standardised protocol,
covering all mesohabitat types present in the reach (Jdimez-Cuéllar et al.,
2002). Each kick-sample was examined in the field and sampling sites were
consistently surveyed until no further families or water beetle species
(morphotypes) were found in each mesohabitat. The kick-sample contents
were pooled intfo a unique site-sample, preserved in 96% ethanol and identified
to family level, except for Coleoptera, which were identified in the laboratory to
species level in order to obtain the water beetle richness and IBMWP score for

each locality.

Human pressures at reach and basin scale

At basin scale, a hydromorphological alteration score was derived using the
number of dams (count), their regulatory capacity (hm3) and the area of
imgated land (%) (as a surrogate of water extraction) draining to each
sampling site, as these variables are associated with the main
hydromorphological alterations in the study area (see Belmar et al., 2013). At
reach scale, hydromorphological alteration was assessed using the Habitat
Modification Score (HMS) derived from the River Habitat Survey protocol
(Raven et al., 1997, Environment Agency, 2003), which assesses the
hydromorphological modification of the river channel in the 500 m reach,

considering weirs, dams, outfalls, realignments, reinforcement and resectioning
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among other variables. It has been widely used as a surrogate of

hydromorphological alteration (e.g. Erba et al., 2006; Bona et al., 2008).

The percentage of agriculture (both irrigated and non-irrigated crops) at
reach (200 m buffer at both sides of the sampling site; i.e. an area of 200,000
m2) and basin (entire area draining to the sampling site) scales were computed
for each locality by combining the ArcGIS software 9.2 (ESRI, Redlands,
California, USA) and the analysis toolkit NetMap (Benda et al., 2007), based on
the available digital information (1:25,000) provided by the Occupation

Information System of Soil in Spain (SIOSE).

Statistical analyses

Spearman’s rank correlation coefficients were used to discard highly (R > 0.7)
correlated human pressures at the different spatial scales considered to reduce
collinearity among predictors. Although the anthropogenic variables were
moderately correlated, none of them showed a Spearman correlation
coefficient higher than 0.7, and all of them were used in the analyses.
Generalised Linear Models (GLMs) (McCullagh & Nelder, 1989) with different
combinations of variables (a total of 36 models) were performed to test the
influence of human pressures on riparion and aquatic ecological condition
(RQI and IBMWP) and species richness (riparian and water beetle richness). Thus

we studied the effect of:

1) individual anthropogenic variables [a: Reach agriculture (200 m buffer), b:
Basin agriculture, c¢: Reach hydromorphological alteration (HMS), d: Basin

hydromorphological alteration],
2) type of pressure (agriculture: a + b; hydromorphological alteration: ¢ + d)
3) spatial scale (reach: a + ¢; basin: b + d)

4) the combination of all types of pressures and scales considered (a + b + c +

d) (see Appendix 2.1 in Supporting Information).
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GLMs were carried out assuming a Poisson distribution for the dependent
variables. A stepwise procedure was used to insert environmental variables into
the model (Nicholls, 1989) and linear and quadratic relationships were tested.
The percentage of explained deviance was used to evaluate the models’
performance. Outliers were identified and removed in each model (if
applicable). Finally, normality (Shapiro-Wilk test) and spatial independence
(Moran's | test, ArcGIS 9.2) of residuals were assessed. Prior to the analyses,
hydromorphological variables (c and d) were log-transformed and agricultural
percentages at both scales (a and b) were arcsine-square-root tfransformed to
improve linearity. All explanatory variables were z-standardised (mean=0, SD=1)

to allow model coefficient comparison. These statistical analyses were carried

out using the ‘corrgram’, ‘car’ and ‘MASS' packages of the statistical

computing software R (R Development Core Team, 2012).

Resulis

Strong decreasing patterns from rich, well-conserved headwaters to poor,
impaired lowlands were found for both riparian and macroinvertebrate
communities (Fig. 2). The values of agricultural area ranged from 0 to 67.8% at
reach scale and from 0 to 94.6% at basin scale. The hydromorphological
alteration at reach scale (HMS) ranged from 0 to 3480, whereas the basin
hydromorphological index at basin scale ranged from 0 (minimum flow

alteration) to 14 (maximum flow alteration) among the different localities.

In general, GLMs showed a clear decrease in richness and ecological
condition for both riparian (Fig. 3) and aquatic macroinvertebrate communities
(Fig. 4) when human pressure increased, independently of the type of pressure
or the spatial scale considered (Table 1). It is worth notfing that, with some
exceptions (e.g. linear response to basin agriculture) most of the relationships
were humped. This general decrease takes place with the exception of the first
phases of alteration, in which species richness and ecological condition seem

to remain constant or even in some cases, increase slightly.
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Fig. 2. Distribution of riparian and macroinvertebrate quality and richness values in the
study area: a) RQI, b) Riparian woody species richness, c) IBMWP and d) Coleoptera
species richness.

Although the patterns were similar for riparian vegetation and aquatic
macroinvertebrates, differences in the percentage of explained deviance
were detected (Table 1). For example, in general, the greater percentages of
explained deviance corresponded to agricultural land use for riparian
communities and hydromorphological disturbances for macroinvertebrates.
The basin scale pressures were able to explain a higher percentage of
deviance than those at local scale. Moreover, it seems that ecological

condition indicators responded more clearly than biodiversity indices to human
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pressures. Lastly, models combining all of the pressures displayed a relatively
high percentage of explained deviance, especially for riparian and

macroinvertebrate-based condition indices.
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Fig. 3. Response of riparian condition Fig. 4. Response of macroinvertebrate-
(RQI) and riparian richness to agriculture based quality index (IBMWP) and water
and hydromorphological disturbances at beetle richness to agriculture and
reach and basin scales according to hydromorphological  disturbances  at
GLM results. reach and basin scales according to

GLM resulfs.

All of the models’ residuals showed spatial independence, whereas
some exceptions were found in the normal distribution assumption (6 of 36
models showed p-values between 0.01 and 0.05). However, the risk of false
significant relationships in GLM results is minimal given the high number of
samples and the high significance of the variables and terms entered into the

models (P <0.01) (see Appendix 2.2 in Supporting Information).
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Table 1. GLM analyses showing the percentages of explained deviance for significant
(p-value < 0.01) individual variables, type of impact, scale and the combination of all
considered pressures.

Riparian Coleoptera
Anthropogenic disturbance RQI richness IBMWP richness
Reach agriculture (a) 51.4 40.0 41.1 26.1
Basin agriculture (b) 34.3 45.6 51.4 45.4
Reach hydromorphological alteration (c) 39.8 22.6 60.9 39.2
Basin hydromorphological alteration (d) 41.4 29.1 64.5 54.2
Agriculture (a+b) 54.6 51.1 60.2 45.4
Hydromorphological alteration (c+d) 48.0 29.1 70.0 54.2
Reach scale (a+c) 63.7 45.0 74.6 44.8
Basin scale (b+d) 50.1 50.6 78.5 53.4
Whole (a+b+c+d) 67.4 55.0 82.9 57.9

Discussion

We found a general decrease in species richness and the ecological quality of
both riparian and aquatic communities from the headwaters to the lowlands.
This clear negative relationship was found for both agricultural land use and
hydromorphological alteration regardless of the spatial scale considered,
thereby confirming the importance of human pressures shaping biological
communities in fluvial ecosystems, and particularly in Mediterranean rivers. The
similarity in the responses displayed by both communities agrees with results
obtained in other climatic areas (Rios & Bailey, 2006), evidencing that both
communities are intensively interconnected through physical processes and
fluxes of energy and nutrients, and respond similarly to multi-scaled abiotic

drivers (Gregory et al., 1991).

Although a general decline in richness and ecological condition was
observed in both communities as human pressures intensified, at low rates of
alteration the values of both types of biological indicators remained constant or
even increased slightly, particularly regarding hydromorphological alteration.
Opposite to the detrimental and impoverishing effect of medium or high
intensity disturbances on target communities, low-intensity stream modification
could promote certain habitat heterogeneity (Bertrand et al., 2004), leading to
a slight increase in macroinvertebrate and riparian-based values. Another

possible explanation is the high variability (data dispersion) of index values
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found in survey units at low alteration rates. As several human activities can be
simultaneously altering riverine communities, this dispersion could be due to the
effects of other human pressures or natural stressors. Taking info account that
we are only using anthropogenic variables, models combining all the pressures

displayed a relatively high percentage of explained deviance.

Type of impact: agriculture vs. hydromorphological alteration

Although riparian and aquatic communities were negatively influenced by
both types of human pressures, in general, agricultural land use seemed to be
the most important disturbance for riparian communities, whereas
hydromorphological alteration showed a clearer relationship to aquatic
communities. Therefore, despite the dramatic ecological implications that
stream modification has on the structure and function of river ecosystems as a
whole (Elosegi & Sabater, 2013), agriculture seems to exert a more intense
effect on riparian vegetation, since it is more directly and physically impacted
by some of these agricultural practices. Agriculture constitutes an impact that
not only constrains the riparian area by causing the loss of riparian forests, it also
alters river and riparian integrity, habitat quality, bank stability nutrient
enrichment and the sedimentation process (Roth et al., 1996; Allan, 2004).
Finally, both types of disturbance favour the invasion of weeds and exotic,
opportunistic species and a decline in woody species (Ferreira & Moreira, 1995;
Greet et al., 2012). This species substitution usually involves a modification of the
functional trait combination of the riparian community, which can lead to a

reduction of the ecosystem services it provides (e.g. soil fixation, organic matter

supply).

The more direct relationship between hydromorphological alteration
and strictly aquatic communities reflects the lower ability of freshwater biota to
withstand this disturbance that impoverishes fluvial communities. Previous
analyses in the study area have shown the important role of natural flow
variability in determining the composition and richness of macroinvertebrates

(Belmar et al.,, 2012). Although aquatic Mediterranean communities have
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evolutionary mechanisms and adaptations to face the extreme natural events
and predictable flow variability typical of these semiarid areas (e.g. flash floods
and droughts), they cannot cope with those caused by the anthropogenic
alteration of flow regimes, given their different fiming, frequency, predictability
and magnitude (Kroll et al., 2013). Its negative effects can be even worse if
such altered flow discharge occurs during sensitive life stages, as is the case
with large-scale, unpredictable and frequent dam releases during summer to
meet agricultural demands. Only resistant and rapidly dispersive species are
able to avoid their effects (Allan, 2004). Rivers and streams in the study area
have experienced significant changes in flow regimes by dam regulation similar
to those described in other arid and semiarid Mediterranean areas: the dams
have reduced the flow magnitude, changed their frequency and inverted
seasonal flow patterns downstream (Grantham et al., 2013). These changes
have resulted in increased channel dimensions, homogeneous aquatic
habitats, altered sedimentation and channel-bed grain size, as well as the
absence of in-channel debris and submerged vegetation (Ligon et al., 1995;
Bunn & Arthington, 2002). This reduces the diversity of resources and refuges for
fauna and has negative effects on banks and riparian vegetation too (Navarro-
LiGcer et al., 2010; Belmar et al., 2013). Hydromorphological alteration can also
produce an increase in the duration of droughts in the most arid areas, leading
to the “terrestrialisation” of fluvial ecosystems and loss of freshwater biota
(Sabater & Tockner, 2010).

The weaker relationship between aquatic community and agriculture in
comparison with hydromorphological alteration could be due to the buffering
effect of riparian areas mitigating the effect of agricultural land-use in the
basin, avoiding a deeper impact on aquatic communities, particularly in areas
hosting well-conserved riparian galleries (Naiman & Décamps, 1997; Riseng et
al., 2011). Thus, further research will be necessary to unravel the potential role of
riparian vegetation in mitigating the impact produced by human pressures on

aquatic communities (i.e. not as a variable response, but as a predictor).
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Spatial scale dependence

Our results showed that human pressures negatively influenced aquatic and
riparian communities, regardless of the scale considered, as pointed out by
previous studies (Gregory et al., 1991; Allan, 2004; Burcher et al., 2007). We
expected a clearer relationship between riverine communities and human
pressures acting at reach scale than those at basin scale, as other authors had
previously found (Sponseller et al., 2001; Strayer et al., 2003; Moerke & Lamberti,
2006). In fact, several studies did not find relationships between catchment
disturbances (land cover) and river communities (Heino et al., 2002; Rios &
Bailey, 2006). However, our results did not meet our predictions. We found that
variables at basin scale had an effect at least comparable or even greater to
those operating at the local scale. These findings agree with other studies
stating that human pressures acting at basin scale seem to also play a major
role in riparian vegetation (Salinas & Casas, 2007; Aguiar et al., 2009) and
macroinvertebrate communities (Dolédec et al., 2011; Magierowski et al.,
2012). Therefore, a non-locally impacted reach does not necessarily result in
good ecological condition or biodiversity values, as catchment disturbances
could exert a strong influence through erosion, sediment load, chemistry
(Tornblom et al., 2011), organic matter input, in-stream primary production
(Dolédec et al., 2011), the invasion of exotic species (Poff et al., 2007; Greet et
al., 2012) or habitat homogenisation (Belmar et al., 2013). Furthermore, large-
scale and chronic disturbances in a watershed can limit river diversity over the
long term (Harding et al., 1998). However, the majority of restoration efforts are
focussed on reducing local alteration, which is insufficient in order to guarantee
acceptable ecological condition values in freshwater ecosystems (Bernhardt &
Palmer 2011; Kail & Wolter, 2013). Thus, this restoration effort should focus on
measures at the river basin scale in a greater extent in order to develop more

effective management strategies.
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Type of indicator: biodiversity vs. ecological condition

Although we found a high congruence in the indicators’ response to human
disturbances, as expected, the sensitiveness of ecological condition indicators
(RQI and IBMWP) were generally higher than that of those for biodiversity
(richness of woody riparian and water beetles), given their holistic and
infegrative nature. Despite the methodological differences between the
ecological condition indicators used here, they have been identified as
sensitive to different types of disturbances including land use change and
stream modification (Munné a Prat, 2009; SGnchez-Montoya et al., 2010; Belmar
et al., 2013; Gardfano-Gémez et al., 2013). In particular, among all the
indicators used here, IBMWP was the most sensitive one. It seems that its scoring
system based on the different tolerance to pollution of aquatic
macroinvertebrate families could be sensitive even for no pollutant human

pressures (i.e. hydromorphological alteration).

However, the lower sensitivity of richness measures can be due to the
fact that human pressures produced an impoverishnment or simplification in the
communities, modifying not only the number of species, but also the quality
and composition of the aquatic and riparian communities. Thus, richness
measurements do not weigh the importance of losing a particular species and
fail to consider its sensitivity or importance in ecosystem functioning (i.e. all
species have the same weight). For example, the loss of stenoic sensitive taxa
(Gutiérrez-Canovas et al., 2013) or their substitution by generalist or
opportunistic species is a common occurrence as a response to human
disturbances (Devictor et al., 2008), which can result in communities with similar
richness but different composition. Therefore, the use of holistic and integrative
indicators considering as many river ecosystem components as possible (e.g.
composition, structure, functioning, diversity) or scoring the occurrence of
species depending on its sensitiveness is preferable to partial and/or simple

parameters as richness measures.
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Management implications

The combined use of ecological condition indicators of both
macroinvertebrate and riparian vegetation provides a more realistic and
complete picture of the status of river ecosystems leading to improved
planning, monitoring and evaluation of management strategies, restoration
and conservation measures. Holistic and integrative management seems the
best option to reach the prior objective of optimising river conservation as a

whole (European Commission, 2000/60/EC).

Although both communities’ responses were similar, different
management measures could be proposed for each community (e.g. for
strictly aquatic communities, a greater effort on mitigating hydromorphological
alteration should be done). Our results suggest scale-dependent sensitivity of
aquatic and riparian communities to human pressures, which has general
management implications. Land use and hydrological planning at basin scale
are essential complements to fraditional, local and disconnected restoration
measures in order to successfully preserve and restore stream ecosystem
integrity, biodiversity as well as longitudinal and lateral connectivity.
Furthermore, reverting the human transformation of land use and limiting the
current expansion of agriculture in the study area would help to minimise
detriment to the river ecosystems because it is simultaneously one of the main

causes of high water demands and stream modification.
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Appendix 2.1. Diagram showing the anthropogenic pressures considered (a, b, ¢, d) in
the study and the different combination of models run. Blue: spatial scale; Yellow: type
of pressure; Green square: the combination of all considered pressures.
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Appendix 2.2. GLM analyses showing the number of samples (n), percentages of
explained deviance, AIC values and model equations for the different combination of
pressures affecting riparian and macroinvertebrate richness and ecological condition
indicators (P-value < 0.01).

% explained

RQI deviance AIC Model
Reach agriculture* (a) 56 51.43 498 -0.1202-0.11a + 4.56
Basin agriculture (b) 56 34.3 546 -0.15b +4.45
Reach hydromorphological alteration 56 398 532 0.08¢2 -0.23C +4.53
(HMS) (c)
Basin hydromorphological alteration (d) 56 41.43 527 -0.06d2-0.17d +4.5
Agriculture* (a+b) 56 54.57 491  -0.1102-0.08a -0.06b +4.55
Hydromorphological alteration (c+d) 56 47.94 510 -0.05c2-0.15c -0.08d + 4.5
Reach scale (a+c) 56 63.74 466 -0.0902 _0'033.507'04(:2 0.13¢
Basin scale (b+d) 56 50.15 503  -0.03d2-0.13d -0.09b +4.48
Whole (a+b+c+d) 56 6738 456 '0‘07%2:622 190079
Riparian richness n 7% deexv?!]?igzd AlC Model
Reach agriculture (a) 56 39.99 362 -0.1502-0.35a0 +2.53
Basin agriculture (b) 56 45.57 348 -0.41b +2.37
Reach hydromorphological alteration 56 296 398 20.16c2-0.38¢ +2.58
(HMS) (c)
Basin hydromorphological alteration (d) 56 29.15 384 -0.18d2-0.37d +2.57
Agriculture (a+b) 56 51.07 338 -0.30b -0.19a +2.36
Hydromorphological alteration (c+d) 56 29.15 384 -0.18d2-0.37d +2.57
Reach scale (a+c) 56 45.03 353  -0.13¢2-0.28c -0.32a +2.49
Basin scale (b+d) 56 50.57 342  -0.09d?-0.18d -0.33b +2.46
Whole (a+b+c+d) 56 5503 334 -0.10d2-0.16d -0.18a -0.22b

+2.45
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% explained

IBMWP - AIC Model
deviance
Reach agriculture* (a) 47 41.07 1044 -0.2702-0.24a +4.84
Basin agriculture (b) 47 51.42 899 -0.14b2-0.41b +4.68
Reach hydromorphological alteration 47 60.91 691 0.17¢2 -0.48¢ +4.74
(HMS) (c)
Basin hydromorphological alteration (d) 47 64.47 440 -0.16d2-0.46d +4.72
- 2 | - 2 _
Agriculture (a+b) 47 6022 69y 00807-0330°0.19a%-0.05a
+4.77
- 2 _ - 2 _
Hydromorphological alteration (c+d) 47 70.03 323 0.20d 0'493 7(1'04(: 0.08¢
- 2 - 2 |
Reach scale (a+c) 47 7464 291 "0:15¢7-0.55¢-0.22a2-021a
+4.82
i} 2 N 2
Basin scale (b+d) 47 7852 4 014d7-041d-0.1562-0.280
+4.74
-0.12d2-0.33d -0.13c -0.13b?
Whole (a+b+c+d) 47 82.88 192 0.29b +4.7
. % explained
Coleoptera richness n - AIC Model
deviance
Reach agriculture* (a) 49 26.11 303 -0.2402-0.21a +2.21
Basin agriculture* (b) 52 45.44 231 -0.07b%-0.55b +1.81
Reach hydromorphological alteratfion 5] 3916 230 0.23¢2 -0.54¢ +2.16
(HMS) (c)
Basin hydromorphological alteration (d) 52 54.2 195 -0.23d2-0.56d +2.13
Agriculture* (a+b) 52 45.44 231 -0.07b2-0.55b +1.81
Hydromorphological alteration (c+d) 52 54.2 195 -0.23d2-0.56d +2.13
Reach scale* (a+c) 52 44.78 238 -0.24c2-0.70c -0.14a +2.10
Basin scale (b+d) 55 53.38 289  -0.15d2-0.39d -0.37b +2.00
- 2 _ - -
Whole (a+b+c+d) 55 579 81 0.14d2-0.28d -0.39b -0.18¢c

+1.97

*Models whose residuals do not completely fulfill (0.01 < p-value < 0.05) normal distribution
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Abstract

Understanding ecosystem responses to multiple environmental pressures is a
long-standing interest in ecology. We explored how functional redundancy of
biological communities (FR, a functional feature related to the stability,
resistance and resilience of ecosystems) responds to single and multiple
environmental filters. Besides, we compared these responses with those of
functional richness, evenness and divergence. We used riparian vegetation of
a Mediterranean basin, and three of the main environmental filters affecting
freshwater communities in such regions, i.e. drought, flow regulation and
agricultural intensity. We explored the relationships between functional
measures and environmental stressors, thus considering the potential effect of
natural environmental variability. We also assessed the predictability of FR and
calculated it for the entire river network. We found that all functional measures
decreased with increasing environmental filter intensity. However, FR was more
sensitive to single and multiple environmental filters compared to other
functional measures. The best-fitting model explained 59% of the FR variability
and included agriculture, drought and flow regulation and the pairwise
interactions of agriculture with drought and flow regulation. The parameters of
the FR models differed from null model expectations reflecting a non-random

decline along stress gradients.

In  summary, we found non-random detrimental effects along
environmental filters for riparian functional redundancy, meaning that
increased stress could jeopardise stability, resistance and resilience of these
systems. FR could provide additional and complementary information to
taxonomic richness on how communities respond to stress. All these findings
along with the basin-wide variation of FR can assist environmental managers in

improving biomonitoring and ecosystem management.
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Infroduction

The world’s ecosystems are experiencing an increase in human impacts
causing an unprecedented biodiversity loss. These changes may alter the
functioning of ecosystems and jeopardise the goods and services provided to
humanity (Chapin et al., 2002; Mouillot et al., 2013). Consequently, predicting
ecosystem responses to multiple human pressures and interacting natural filters
has become one of the most challenging tasks for scientists in order to guide

conservation efforts and the management of ecological resources.

Traditionally, ecologists have focused on the response of the taxonomic
community structure to different types of disturbances. Mitigation of the
ecological consequences of environmental change, however, requires a
deeper understanding of the relationship between biodiversity and ecosystem
functioning (BEF; Duffy, 2008; Cardinale et al., 2012). During the last decade,
there has been a growing development of trait-based approaches to explore
the effects of human activity on ecosystem functioning (Clapcott et al., 2010;
Laliberté et al., 2010; Mouillot et al., 2013). Thus, as the combination of species
fraits determines the likelihood that species can overcome environmental filters
(Kraft et al., 2015), a non-random species sorting along environmental gradients
is expected (Shipley et al., 2006; Weiher et al., 2011; Mouillot et al., 2013).

Trait-based approaches allow the estimation of many components of
functional diversity (FD), such as functional richness, evenness, divergence
(Mason et al., 2005 for a review), and functional redundancy (FR, Fonseca &
Ganade, 2001; Rosenfeld, 2002; Laliberté & Legendre, 2010). Among them, FR is
one of the most promising functional indices since it relates positively to stability,
resistance and resilience of ecosystems (Hooper et al., 2005; Guillemot et al.,
2011). It represents the number of species contributing similarly to an ecosystem
function (Walker, 1992; Lawton & Brown, 1993). Although the nofion of
redundancy suggests that functionally similar species may compensate for the
loss or failure of others, there is evidence that ecosystems need such
redundancy to perform their functions efficiently and stably over time
(Rosenfeld, 2002; Guillemot ef al., 2011; Biggs et al., 2012). In fact, a decrease in

FR could be dramatic in non-redundant communities since the loss or
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replacement of one species would lead to loss of unique traits or functions

(Hooper et al., 2005), increasing ecosystem vulnerability (Eimqvist et al., 2003).

We focus especially on the response of FR (but also considering FD
components such as functional richness, evenness and divergence) to the
main environmental filters in Mediterranean rivers using riparian trees and shrubs
as model organisms. Riparian vegetation is a key component in the functioning
of freshwater ecosystems (Hladyz et al., 2011), and provides essential functions,
goods and services such as organic matter supply (Woodward et al., 2012),
sediment retention (Tabacchi et al., 2000), and food and shelter for numerous
animals (Sabo & Power, 2002). Riparian communities are taxonomically well
studied and species frait information is usually available, which allows the
estimation of functional features. These ecosystems have well-defined,
multifunctional and species-rich vegetation that enables the detection of
functional responses even to minor impacts (Nilsson & Svedmark, 2002; Aguiar
et al., 2009). However, very few studies have examined how the functional
features of freshwater ecosystems vary along gradients of environmental filters
(e.g. Clapcott et al., 2010; Matsuzaki et al, 2013) and if they can act

synergistically to affect ecosystem resilience and stability (Sasaki et al., 2015).

We used a database of woody riparian plants from a semiarid
Mediterranean catchment (Segura river) to explore how the main
environmental filters (i.e. predictable seasonal drought, agriculture and flow
regulation), as well as their interactions, may impact the FR (and other FD
indices) of riparian communities. As it is probable to find a relationship between
environmental filters and functional measures simply as a consequence of an
underlying taxonomic richness gradient (Villéger et al., 2008), we also check for
non-randomness of the empirical response patterns. Finally, we forecast the
values of FR for the whole river network as a basis for ecosystem management.
We expect that environmental filters would reduce the value of functional
indices, and that FR response should be predictable from large-scale
geographic variables. Modeling FR in entire basins in response fo
environmental filters could assist decision-makers in setting goals and designing

strategies for conservation and restoration of riparian ecosystems.
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Materials and methods

Sampling sites

We selected 71 freshwater river reaches with varying land-use intensity, flow
regulation and flow persistence accounting also for the natural environmental
variability through elevation in the Segura basin (Fig.1). Each locality was
sampled once between 2010 and 2012 during late spring and summer along
500-m long reaches at both riversides, as this period is the most suitable for
single surveys (Ferreira & Aguiar, 2006). Within these 500-m long reaches we
noted the presence of woody riparian species, from the low-water margin up to
the natural bankfull limit through ten transects, thus obtaining a list of species for
each locality. We estimated the species abundance in a semi-quantitative
way, i.e. three abundance classes according to species dominance

(dominant, frequent, present).

-

Dams 4] R
High-alt sites (> 1000 m.a.s.l)
Mid-alt sites (1000 - 600 m.a.s.l.)

Low-alt sites (< 600 m.a.s.l)

® © O +

Agricultural area

0 15 30 60
I ™ . <ilometers

Fig. 1. Geographic location of the study area showing the 71 sampling sites classified by
elevation (alt), the agricultural area and the main dams.
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We used a wide set of biological traits in order to capture the entire
range of functions and responses of the riparian plants recorded. We gathered
a total of 30 contfinuous, semi-continuous and categorical biological effect and
response traits to characterise the functional features of the species recorded
(Lavorel & Garnier, 2002; Cornelissen et al., 2003; Appendix 3.1 in Supporting
Information). Functional effect traits are those biological features that directly
influence a specific function of the ecosystem (e.g. primary productivity,
nutrient cycling) while the response traits change according to the abiotic and
biotic environment (e.g. resource availability, climatic conditions, disturbance
regime; Diaz & Cabido, 2001). Species-specific mean ftrait values were
compiled from 59 online trait databases and scientific publications (Appendix
3.2 in Supporting Information). The final trait dataset is found in Appendix 3.3 in

Supporting Information.

Functional indices

We constructed matrices of taxon-counts-by-site and traits-by-taxon to
estimate the functional features of riparian communities. The estimation of the
functional components is in continuous evolution so there are a variety of
methodologies to estimate functional redundancy and a lack of consensus
about them. Thus, FR was obtained for each sampling site from two different
approaches: i) considering functional redundancy as the average number of
species per functional group (FG, Rosenfeld, 2002; Laliberté et al., 2010) and i)
as the difference between taxonomic (using the Gini-Simpson diversity index)
and functional diversity (using Rao’s quadratic entropy) (Pillar et al., 2013; data
comparing both methods are available in Appendix 3.4). To define FGs, we
used the approach proposed by Diaz & Cabido (2001), which considers FGs as
sets of plants that have traits with similar functional effects on the dominant
ecosystem processes. Thus, the selection of functional groups must represent
different life strategies with a clear ecological significance (Naiman, et al.,
2005). First, species were classified info FGs by means of Ward’s clustering
method based on the effect-trait dissimilarity matrix, which was estimated using

Gower dissimilarity index. Given that Ward's clustering method requires a
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Euclidean distance, we checked that the Gower effect-trait dissimilarity matrix
met this criterion by ensuring that the eigen-vectors of a double-centred matrix
obtained through a Principal Component Analysis were positive. We defined
FGs with a suite of coadapted characteristics to environmental conditions of
channel and riparian zones that guarantee a minimum number of six species to
allow further statistical analyses. Second, after calculating both FR measures
and running the models for them (see below), we focused on the most sensitive
FR approach, which fulfiled models’ assumptions and showed a non-random
response to stress. Although similar qualitative results were obtained when
comparing both functional redundancy measures, we retained the FR
estimated as the average number of species per FG since it showed a better
performance in response to environmental filters (see Appendix 3.4 for further
details).

We calculated the three primary components of functional diversity
(richness, evenness and divergence sensu Mason et al., 2005) to compare their
response with those obtained using functional redundancy. First, we estimated
three Gower dissimilarity matrices using the all traits-by-taxon, response-traits-by-
taxon and effect-traits-by-taxon. Functional richness (FRic) was estimated as the
hypervolume enclosing the functional space filled by the community (Villéger
et al., 2008). The functional space was built using the six first axes of a Principal
Component Analysis based on the all-traits dissimilarity matrix. The number of
axes retained to estimate the hypervolumes was decided following the method
proposed in Maire et al. (2015). This variable was standardised by its maximum,
ranging from 0 to 1. Functional evenness (FEve) was calculated using the
method of the Minimum Spanning Tree in a functional space based on all-traits
dissimilarity matrix (Villéger et al., 2008). Functional divergence (FDis) was
measured as the abundance-weighted functional dispersion of the response
traits (i.e. response diversity). To quantify this metric for each community, we
estimated the weighted mean distance to the weighted community centroid
(Laliberté & Legendre, 2010).
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Environmental filters

Changes in land use and flow regulation are globally recognised as the most
important anthropogenic stressors impacting aquatic and riparian ecosystems
(Nilsson & Berggren, 2000; Allan, 2004), and particularly in Mediterranean and
semiarid areas as the study area (Kroll et al., 2013; Bruno et al., 2014b).We used
the percentage of agricultural land at basin scale as a surrogate for land use
intensity. It was calculated after delineating the catchment for each sampling
point using the ArcGIS software (v 9.2) (ESRI, Redlands, California, USA) and the
analysis toolkit NetMap (www.netmaptools.org; Benda et al., 2007), taking as a
base the available layers (1:25 000) of the Occupation Information System of
Soil in Spain. The dam regulation index was estimated using the methodology
described in Falcone et al. (2010) and adapted from Belmar et al. (2013). This
method uses the number of dams and their regulatory capacity (hm3) in the
drainage area associated with each sampling site. Sites were assigned from 0
to 8 points for each variable based on their percentile value within the data
range. Then, those points were added to provide an index that potentially

ranged from O (minimum flow alteration) to 16 (maximum flow alteration).

Drought duration (days per year without water flow) was used as a
surrogate for the natural hydrological stress to which semiarid rivers are normally
subjected. This filter sorts the regional species pool, leaving species that have
developed adaptations to drought (Penuelas et al., 2001). Drought duration
was estimated at reach scale using the data from the Integrated System for
Rainfall-Runoff Modelling (SIMPA) (Belmar ef al., 2011). The SIMPA is a soll
moisture balance model where precipitation, soil and aquifer storages are
considered, used in Spain for water resources assessment (Ministry for the
Environment, 2004) and hydrological classifications (Bejarano et al., 2010;
Belmar et al., 2011). The site-specific values of the environmental filters are

shown in Appendix 3.3.
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Data analysis

The relationships between FR and the interacting environmental filters were
tested using linear mixed-effect models (LME), assuming a Gaussian distribution
of the dependent variables. The models included a fixed part with an intercept
and the stressor slopes, along with a random intercept that accounts for
environmental variability. Accordingly, LMEs produce two R? (goodness of fit),
the marginal R?2 associated with the fixed effects (those produced by
environmental filters) and the conditional R? that represents the fixed effects
plus the random effects (those caused by environmental filters and variability
together). Environmental variability was considered as a three-level factor
representing elevation typology (high altitude: elevation > 1000 m a.s.l., mid
altitude: 1000 = elevation > 600 m a.s.l., lowlands: elevation < 600 m a.s.l.) since
it summarises well the natural environmental gradients occurring in the study
area (Diaz et al., 2008). We tested the significance of simple and quadratic
coefficients for each z-standardised (mean=0, SD=1) filter as well as the
pairwise-filter interaction terms to look for potential combined effects. Before
their standardisation, drought duration was log-transformed and percentage of
agricultural land use was arcsine-square-root transformed to improve linearity
against response variables. LMEs were performed using a backward-stepwise
procedure retaining the model that minimises the Bayesian Information Criteria
(BIC). Normality, homoscedasticity and spatial autocorrelation of the model
residuals (Moran’s | test; ArcGIS 9.2) were also assessed. When either normality
or homoscedasticity was not met, alpha was set to 0.01. In case neither of these
assumptions was met, alpha was set to 0.001. In addition, we examined the
statistical relationship between FR and the items that shape it (i.e. species

richness and number of functional groups) through ordinary least squares.

A relationship between functional features and environmental filters can
be found simply as a result of an underlying taxonomic richness gradient (and
its response to stress) due to sampling effect (Villéger et al., 2008) and not due
to niche-based sorting. Thus, we also checked for non-randomness of the FR
model coefficients by using null models. To assess the non-randomness of the

observed trends, empirical parameters should be distinct from a null distribution
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of simulated parameters. We randomly reassigned traits to each species (999
runs) to re-examine their relationships with the stressors. For randomisations, we
kept the same trait combinations, richness gradient and taxon frequency of
occurrence. For each simulation, we used the same model and procedure as
for the empirical data (i.e. we calculated FR and re-examined its relationship
with the same predictors to obtain the simulated intercepts and slopes for each
relationship). We examined the null model’s statistical significance using an
exact two-tailed test to calculate the probability that the observed value was
significantly (a = 0.05) larger or smaller than the simulated distribution. These
same analyses (LME and null models) were also conducted with the three FD
measures (FRic, FEve and FDis). Finally, we followed a similar null model
approach to test if the relationship between FR and species richness was

different from what is expected by chance.

Finally, using the best model obtained for FR, we forecasted their values
for the entire river network. Thus, rivers were divided in homogeneous reaches
characterised by an absence of tributaries and defined by 409 fluvial nodes in
which FR was predicted. The predictive power of the final model was estimated
by a Jackknife cross-validation procedure. Thus, the mean error percentage of
all sampling sites was used as a measure of model reliability. All statistical
analyses were performed in the R statistical software (libraries: ‘ade4’, ‘boot’,
‘car’, 'FD’, ‘MuMIn’, ‘nmle’ and ‘vegan’; R Development Core Team, 2013).

See R code and FR functions used in Appendix 3.3.

Resulis

A total of 63 woody riparian species were recorded and classified into five FGs
representing different life strategies and effects with a clear ecological
significance on ecosystem functioning. Among them, we identified two groups
of phreatophytes mainly differing in life form (FG1: shrubby phreatophytes; FG2:
arboreal phreatophytes), both strongly associated with watercourses. Drought-
adapted riparian species showing special leaves, roots and structural features

formed FG3, and riparian evergreen shrubs formed FG4. Lianas and climbers
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typical for well-developed and humid riparian systems shaped FG5 (see Fig. 2

and Appendix 3.5 in Supporting Information for details).
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Fig. 2. Dendrogram resulting from classifying riparian species according to their similarity
in the functional effect fraits (those that influence the role of each plant on ecosystem
services). FG=Functional Group.

Generally, we found that community functional measures significantly
decreased with increasing environmental filters (Fig. 3). Droughts and especially
agriculture caused the strongest effects on the functional features used. The
responses of FR and functional richness (FRic) were similar, being the most
sensitive indices. The best model for FR (minimum BIC) showed a higher
percentage of explained deviance (R?2 = 0.59) than the best-fitting model for
the FD components (RZ < 0.4, Table 1). The FR model included agriculture,
drought and flow regulation as well as the interactions of agriculture with the
two latter (Table 1). Conditional R? and marginal R? displayed the same values
in the best-fitting mixed-effect models for all functional indices (i.e. the
combination of the different environmental filters resulted more explicative). On
the other hand, conditional R? was higher than marginal R? in some mixed-
effect models only when considering each environmental filter alone
(Appendix 3.6).
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Fig. 3. Plofs showing the response of functional redundancy and three measures of
functional diversity to single environmental filters estimated through mixed-effect
models. The solid line represents the fitted models for each single stressor, dashed lines
represent the fitted model for the lowland rivers, dotted lines show the fitted model for
the mid altitude rivers and dashed-dotted lines display the fitted model for the high
altitude rivers.
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Table 1. Results of mixed-effect models showing the best-fitting model equation, p-
values, marginal (R?m) and conditional goodness-of-fit i.e. R? (R2c) for the different
functional diversity indices. A: Agriculture, F: Flow regulation, and D: Drought. Pairwise
interactions are noted with an asterisk. ns: non-significant coefficient.

Response
variable Model equation (A) (F) (D) A*F A*D FD R2m RZc
FRic y=0.017-0.016A-0.009D+0.01A*D < 0.001 ns 0.03 ns 0.018 ns 0.370.38
FDis y=0.253-0.032A <0.001 ns ns ns ns ns 0.21 0.21
FEve y=0.809-0.074A-0.097A*F+0.091D*F  0.004 ns ns 0.002 ns <0.0010.28 0.28
y=2.66-0.624A-0.642D-
FR 0.475F+0.506 A*D+0.354A*F <0.001 <0.001 <0.001 0.0020.002 ns 0.59 0.59

Null models revealed that stressors caused non-random changes in FR.
All terms were significant (p < 0.05) and empirical slopes were significantly lower
for all environmental filters, and significantly higher for the interactions among
them and the intercept (Fig. 4). Nevertheless, excluding FEve, FD measures did
not produce significant null models (p < 0.05) so their observed responses to
environmental filters were actually a direct consequence of taxonomic diversity
reduction (see Appendix 3.7 in Supporting Information for details about the null

models).

Species richness was positively related to FR and the richness of the
different FGs, except for FG3 and FG4 that showed a weak, flat response (Fig.
5). Nevertheless, null model results (Fig. 4) showed that FR increased more than
expected by chance as taxonomic richness rose. More concretely, empirical
intercept was lower in comparison with the simulated distribution (z-score: -2.78,
p = 0.005), whilst the empirical slope was significantly higher (i.e. species
richness, z-score: 4.72, p = 0.003). Finally, species richness and FR showed
humped relationships with the number of functional groups (FGR, Fig. 5). FGR
peaked at medium-high values of species richness and FR and consequently at
low-moderate anthropogenic stress intensity (Appendix 3.8 in Supporting

Information).
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Fig. 5. Plots relating functional redundancy (FR), taxonomic richness and number of
functional groups (FGR). Single results for each functional group (FG) are also shown.
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The best obtained model was applied to forecast the FR values for the
river stretches of the entire river network. There was a clear FR gradient,
decreasing from headwaters to lowlands (Fig. 6). The model showed a mean
error percentage of 36.3 % without any geographic concentration of high

residuals.

Functional Redundancy (FR)
<2
2-25
251-3
3.01-4

>4

Fig. 6. Predicted FR values for riparian communities in the entire river network of the
Segura basin.

Discussion

All environmental filters led to reductions in FR, thereby reducing ecosystem
resistance and resilience to future disturbances. The FD components chiefly
declined in response to agriculture, the most important stressor in the study
area. However, only FR showed a non-random reduction in response to
increased stress or species loss, with the exception of functional evenness,
which although less sensitive, also experienced a non-random decline in
response to stress. Natural environmental variability (i.e. associated to elevation
gradient) exerted an inconspicuous influence on the spatial distribution of FD

indices in comparison with the effect of multiple stressors (Table 1).
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Our results for single stressors are similar to those observed in previous
studies, where FR decreased along single anthropogenic impact gradients for
plants (Laliberté et al., 2010), birds (Huijoers et al., 2015), soil microbes and
invertebrates (Salminen et al.,, 2001), and aquatic invertebrates (Gutiérrez-
Cdnovas et al., 2015). However, one of the main novelties of this study was in
revealing non-random effects between combined environmental filters on
riparian vegetation. The decrease in FR following species loss was greater than
expected by chance and particularly evident at high species richness as
derived from the relationships among FR, FG and species richness (Fig. 5). The
reduction in FR could be associated with a loss of richness within some
functional groups (mainly FG1, FG2 and FGS5), likely as a consequence of
different response diversity or frait-combinations of the species within each
functional group. Thus, the random loss of one species might not affect
ecosystem functioning in functionally redundant communities, as its function
could be compensated for by the remaining species of the same FG if they are
capable of expanding to fill the gap (Fonseca & Ganade, 2001). In particular,
different responses of functionally equivalent species to environmental change
increase response diversity (EImqvist et al., 2003), enhancing the capacity of

ecosystems to resist impacts (Mori et al., 2013).

It is worth noting that functional redundancy can be partitioned into
infrinsic  and extrinsic redundancy. We mainly focus here on intrinsic
redundancy, which results from the patterns of functional similarity among
species. On the other hand, extrinsic redundancy (or lack thereof) can result
from non-random compositional change with respect to functional traits
(Petchey et al., 2007). Thus, although we have detected that FR increases more
than expected by chance as taxonomic richness rises, further studies will allow
us to explore extrinsic redundancy which is also a key variable in functional

ecology with direct applications to management.

Although both functional (infrinsic) redundancy and FD measures
decreased as stressors infensified, functional diversity components seem o be
less affected by environmental stressors, helping to mitigate the effect of

stressors in redundant communities (i.e. the reduction of FD was minimal in
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redundant places; see Appendix 3.9 in Supporting information to check the
spatial pattern of FD and FR indices as well as their pairwise relationships).
Agriculture, drought and flow regulation (in order of importance) reduced FR
and the FD components, suggesting that general functional response is similar
irespective of whether the impact had natural (drought) or anthropogenic
origin (agriculture and flow regulation), as found by Gutiérrez-Cdnovas et al.
(2015). However, some differences depending on the nature and source of
stress can be observed. In general, agriculture caused the greatest impact on
all functional measures, probably due to its multiple effects on the riparian
community, such as direct destruction of riparian forest (Allan & Flecker, 1993),
higher nutrient loading due to fertilization (Monteagudo et al., 2012), and water
abstraction for irrigation (Belmar et al., 2013). The traits most disfavoured by
agriculture include high species woodiness, slow growth, large lateral extension,
sexual reproduction and short-term persistent seed bank (Kleyer, 1999). Flow
regulation modifies abiotic features and homogenises habitat conditions
(Belmar et al, 2013), affecting reproduction, recruitment, dispersal
opportunities, succession and fragmentation of the riparion community
(Jansson et al., 2000; Nilsson & Berggren, 2000). Drought sorted out woody
riparian communities, favouring sclerophyllous and evergreen shrubs (Aguiar &
Ferreira, 2005). Drought-adapted species usually have long roots, low seed
buoyancy, low canopy, little specific leaf area or small and thick leaves
(Cornwell & Ackerly, 2009; Douma et al., 2012). In addition, the regional
persistence of drought could have helped some species to tolerate flow
regulation, which might partially explain its lower impact on FD measures. In
fact, the strong flow regulation by dams leads to a terrestrialisation of riparian
and river communities favouring the occurrence of opportunistic, terrestrial and
drought-adapted species (Catford et al, 2014). Although these two
disturbances differ in periodicity, timing and origin, both alter the flow regime

and the water supply for riparian vegetation.

The interactions between agriculture and the other stressors were not
surprising since several links exist among them in the study area. Large
agricultural surfaces in areas with long drought periods produce high water

demands that have friggered massive dam construction and other hydraulic
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infrastructures. The combination of high nutrient loading, clearing of river banks,
and reduction of the water table may favour similarly opportunistic, drought-
adapted and generalist species (e.g. Arundo donax, see Quinn & Holt, 2008)
leading to a simplification of ecosystem structure and function. Given these
complementary effects, the management of anthropogenic pressures should
be addressed in a holistic way considering also the underlying natural stress

such as the Mediterranean drought in the study area.

Conservation and biomonitoring efforts have been traditionally focused
on taxonomic features (such as species presence, abundance and rarity),
ignoring other ecosystem properties (Cadotte et al., 2011). However, functional
features are linked to ecosystem functioning (Hooper et al., 2005) or community
assembly (Weiher et al., 2011), which allows explaining, in some cases, non-
random patterns, as observed here. Their use has several advantages, such as
better inter-taxon and inter-region comparability (McGill et al., 2006).
Accordingly, we feel that this kind of measures should be incorporated in
conservation prioritisation and ecosystemm management in order to have a
broader perspective of the response of biological communities to different
environmental stressors. In particular, FR informs about the species playing
similar roles (Lawton & Brown, 1993), and consequently the likelihood of losing
particular ecosystem functions as a result of biodiversity reduction (Naeem &
Wright, 2003; Loreau & Mazancourt, 2013). Thus, FR could provide additional
and complementary information to taxonomic diversity on how communities
respond fo stress. Besides, quantifying community functional responses to
increasing intensity and frequency of anthropogenic impacts is required to
further evaluate the loss of ecosystem services associated with biodiversity

erosion in the current context of global change (Cardinale et al., 2012).

Although FR and other FD indices can be useful in conservation ecology
and environmental management, there are some methodological
considerations. The grouping of taxa in FGs may result in a loss of information in
comparison with continuous measures. On the other hand, this approach is
interesting to explore further to understand how environmental filters may

modify particular ecosystem functions and services provided by biological
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communities. Thus, each FG and even each species within the same FG may
respond differently to the same stressor. Otherwise, accounting for intraspecific
variability enables more accurate measures of multidimensional functional
overlap (Gutiérrez-Canovas et al., 2015), but gathering such data could be
costly in comparison with the data quality improvement. Finally, functional
measures could depend on the number and nature of traits used for its
computation, as species are more likely to have non-overlapping functional
niches (low FR) in a functional space when using single or few functional traits
(Rosenfeld, 2002).

This is one of the first studies predicting a whole community functional
measure for an entire administrative area, which may help to improve
ecosystem biomonitoring and management (Devictor et al., 2010; Matsuzaki et
al., 2013; Sasaki et al., 2014). In a changing environment, this measure provides
three major advantages: (i) valuable information on how river ecosystems
respond to human and natural environmental stressors, which can help
managing the current increase of multiple stressors across the river network, (ii)
assessment of stressors’ effects on functional features from the descriptive to the
predictive (being the assessment framework of broad-scale applicability across
ecological domains) and, (i) the geographical distribution of sites that

potentially could show more stability, resistance and resilience, and vice versa.

Concluding remarks

Functional redundancy proved to be more sensible than other functional
diversity measures to impacts of the most important stressors in Mediterranean
rivers as well as the interactions among them. FR can be considered as an
ecologically-sound measure able to detect non-random responses to single
and multiple stressors. According to the FR gradient found across the
catchment, temporary streams flowing through an agricultural, regulated basin
had reduced values of FR. On the other hand, the free-flowing medium-sized,
perennial water courses flowing through unaltered sub-basins displayed higher

values of FR and potentially greater stability against human impacts. Thus,
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undisturbed conditions held more diverse communities, where redundant
species may ensure ecosystem functioning when response diversity is high. Our
study reveals that the response of FR can be predicted for entire river networks,
constituting a potential tool to detect more impacted river reaches and
improve their condition through restoration measures, as well as to conserve the

reaches with better functional conditions.
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Appendix 3.1. Effect and response traits considered to characterise the functional
features of the woody riparian species. Type of traits: C=continuous, SC=semi-
continuous, CAT=categorical. Functions and responses involved: B= Biodiversity, CL=
Climate, CP= Competence, CU=Cultural, D= Disturbance regime, N= Nutrient cycling,
P= Productivity, S= Soil formation and sediment fixation, W= Water availability, MP=
Macrophanerophytes, MEP= Mesophanerophytes, NP= Nanophanerophytes, CH=
Chamaephytes, E= Epiphytes.

Trait Effect/ Type Units/Categories Response Function
Response
Max plant height E C M B,CL, CP,D,N, W
Growth rate E SC Fast / Moderate / Slow CP,D,N,P, W
Specific leaf area E C cm2g! B,N,P,S, W
Leaf size E SC Large / Moderate / Small B,N,P
Leaf thickness E SC Gross / Medium / Thin B,N,P. W
Leaf type E CATBroadleaf / Needle / Scaly / Palm B,D,N,S
Leaf E CAT Simple / Compound D, N
compoundness
Leaf E CAT Evergreen/Deciduous/ D,N,P, W
deciduousness Marcescent
Flower colour E CAT Coloured / Not coloured B, CU
Lateral spread E SC High / Medium / Low B,CL P
Ramification E SC High / Medium / Low B,CL N,P, S, W
Raunkiaer form E/R CAT MP/MEP/NP/CH/E CL,D B,CLD,NPS W
Plant size E/R CAT Trees / Large shrubs / Small shrubs CL, D B,CL,D,N,P,S, W
/ Lianas
P leaf content E/R SC % D, N N
N leaf content E/R SC % D, N N, P
C : N ratio E/R SC High / Medium / Low D.N N, P
Nitrogen fixation E/R CAT Nitrogen fixer / Non fixer D,N, W N, S
Photosynthesis E/R CAT C3/C4 CL W B,N,P, W
pathway
Rooting depth E/R SC Deep / Moderate / Shallow  CL,N, W, B,CL D,P,S, W
Lifespan R SC Long / Moderate / Short CL D
Shade tolerance R SC High / Medium / Low CL
Stem density R C mg mm-3 D
Flexibility R SC High / Medium / Low CL W
Fruit type R N Fleshy / Not fleshy CL D, W
Plant thorniness R B Yes / No CL W
Seed mass R C mg
Seed number/fruit R C n CL D
Seed dispersion R N Anemochory / Zoochory / D
Hydrochory
Pollination R N  Wind / Biotic / Accidental / Self CL, D, W
Reproduction type R N Sexual / Vegetative / Both CL D
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Appendix 3.2. Data sources used to obtain the functional trait values.
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Appendix 3.4 Details about Functional Redundancy estimations.

There are different ways to estimate FR, which may consist on the average number of
species per functional group (i.e. ratio between the species richness and the number of
functional groups, e.g. Laliberté et al., 2010; FRa), the difference between taxonomic
and functional diversity (e.g. Pillar ef al., 2013; FRb) and the sum of the overall species
pairwise overlap in the functional space (e.g. Gutiérrez-Cdnovas et al., 2015). We
discard the latter approach because it requires infraspecific trait information. In this

appendix, we show the performance of FRa and FRb estimations from multiple traits.
Eg. 1 FRa= (Species Richness)/(Number of Functional Groups)

Details about how to estimate FRa are available in the Materials and Methods section.
Eq. 2 FRb= (Taxonomic Diversity)-(Functional Diversity)

We used the Gini-Simpson diversity to quantify Taxonomic Diversity (range of values
within 0-1) and the Rao’s quadratic entropy (Rao, 1982) to estimate Functional Diversity
(the latter index was standardised by the maximum value to constrain the values within
the range of 0-1). Rao index was estimated using the abundance data and the

Euclidean transformed version of the effect-traits-based Gower dissimilarity matrix.

We applied eq. 1 and eq. 2 to each of the riparian communities in our dataset to
quantify FR. FRb was highly correlated with FRa (Spearman R=0.76; p<0.001), as can be

also seen in their spatial patterns (Fig. $3.4.1).

For the individual models, both FRa and FRb decreased significantly to agriculture and
drought (Fig. S3.4.2, Table $3.4.1). However, only the empirical responses of FRa were

significantly distinct from the null models (Table S3.4.2).

The best-fitting model relating FRb with multiple stressors showed a lower explained
variance compared to the FRa's optimal model (R2=0.40 vs R?=0.59, respectively; see
Table $3.4.3 for further details). Again, only the model coefficients of the FRa were
distinguishable from those produced by the null model (Table S3.4.4). For all these
reasons, we believe that FRa may provide a better assessment of the anthropogenic

impacts on biodiversity.
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Fig. $3.4.1. Values of FRa and FRb values across the study area classified in five classes
(quantiles).
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Fig. $3.4.2. Plots showing the response of FRa and FRb single environmental filters. Solid
line represents the fitted models for each single stressor, dashed lines represents the
fitted model for the lowland rivers, dotted lines show the fitted model for the mid
altitude rivers and dashed-dotted lines display the fitted model for the high alfitude
rivers.
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Table $3.4.1. Results of the Linear Mixed-Effect Models relating the divisive and additive
estimations of FR (FRa, FRb, respectively) with individual stressors. Intercepts, slopes and
goodness of fit for the fixed terms (R2m) and full model (R2c). ns: p>0.05; *: p<0.05; **:
p<0.01; ***: p<0.001.

stressor intercept slope R2m R2c
FRa Agriculture 3.189*** -0.824*+* 0.264 0.459
Flow regulation 3.298%** -0.183 0.011 0.423
Drought 3.264*** -0.490** 0.082 0.433
FRb  Agriculfure 0.387*** -0.07 1%** 0.292 0.344
Flow regulation 0.398*** -0.017 0.015 0.269
Drought 0.397*** -0.032* 0.054 0.277

Table $3.4.2. Results of the null models for the models relating the divisive and additive
estimations of FR (FRa, FRb, respectively) with individual stressors. (see Materials and
Methods for further details). Red represents significant results.

Agriculture Drought
intercept slope intercept slope
FRa z-value 4.98 -2.07 5.13 -2.12
p-value 0.003 0.047 0.03 0.029
FRb z-value -10.1 0.04 -10.2 -1.25
p-value 0.001 0.971 0.001 0.199

Table $3.4.3. Results of the Linear Mixed Models for the best-fitting models relating the
divisive and additive estimations of FR (FRa, FRb, respectively) with multiple stressors.
Intercepts, slopes and goodness of fit for the fixed terms (R2m) and full model (R2c). A=
percentage of agriculture in each basin; Drought: days of drought; F: Flow regulation
index (see Materials and Methods for further details about flow regulation). *: p<0.05; **:
p<0.01; ***: p<0.001.

intercept A D F AD AF F:D R2m R2c
FRa 2.660*** -0.624*** -0.642%** -0.475** 0.506** 0.354* 0.59 0.59
FRb 0.397*** -0.075%** -0.033*  0.029* 0.37 0.40
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Table $3.4.4. Results of the null models for the best-fitting models relating the divisive
and additive estimations of FR (FRa, FRb, respectively) with multiple stressors. A=
percentage of agriculture in each basin; Drought: days of drought; F: Flow regulation
index (see Materials and Methods for further details about flow regulafion). Red
represents significant results.

intercept A D F A:D AF F:D
FRa z-value 2.640 -0.070 -3.770 -3.650 2.530 2.260
p-value 0.027 0.047 0.001 0.003 0.023 0.021
FRb z-value -9.980 -0.420 -0.080 -1.270
p-value 0.001 0.681 0.929 0.223
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Appendix 3.5. Functional group description based on distinctive functional effect fraits.

Functional group Main effect traits shared by the species within each functional group
FG1 (shrubby Large shrubs, deep roofts, fast-medium growth, non-coloured flowers,
phreatophytes) high-medium C : N ratio, high P, broad, deciduous and simple leaves
FG2 (arboreal Trees, deep roofts, fast growth, low-medium lateral spread, high-
phreatophytes) medium C : N ratio, broad, large and deciduous leaves

FG3 (drought- Shrubs, deep roots, high ramification and lateral spread, low C : N
adapted) ratfio, low P, squamated, crass and little leaves

FG4 (evergreen Large shrubs, slow growth, low lateral spread, high ramification shallow
shrubs) roots, medium N, low P, large, broad, simple and evergreen leaves
FGS5 (Lianas and Lianas, medium-fast growth, low ramification, high-medium lateral
climbers) spread, shallow roofs, low P, medium N, evergreen and broad leaves.
FG1 (e.g. Salix eleagnos) FG2 (e.g. Populus alba) FG3 (e.g. Tamarix canariensis)

FG4 (e.g. Nerium oleander) FG5 (e.g. Lonicera biflora)
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Appendix 3.46. Results of mixed-effects models for single environmental stressors showing
the models equations, p-values, marginal R?2 (R2m) and conditional R?2 (R2c). Red

represents significant results.

Functional variable Model P-value R2m R2c

Functional Richness Agriculture y=0.022-0.018x <0.001 0.296 0.31

Functional Richness Flow regulation y=0.023-0.004x 0.393 0.011 0.141
Functional Richness Drought y=0.022-0.011x 0.005 0.109 0.192
Functional Divergence Agriculture y=0.253-0.032x <0.001 0.212 0.212
Functional Divergence Flow regulation y=0.256-0.01x 0.258 0.02 0.094
Functional Divergence Drought y=0.257-0.008x 0.351 0.013 0.104
Functional Evenness Agriculture y=0.774-0.073x 0.008 0.096 0.096
Functional Evenness Flow regulation y=0.774-0.039x 0.161 0.028 0.028
Functional Evenness Drought y=0.774-0.012x 0.678 0.002 0.002
Functional Redundancy  Agriculture y=3.189-0.824x <0.001 0.264 0.459
Functional Redundancy  Flow regulation y=3.298-0.183x 0.322 0.011 0.423
Functional Redundancy Drought y=3.264-0.49x 0.004 0.082 0.433
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Appendix 3.7. Null model results for the individual significant stressors and the best-fitting
model for each functional index.

Table $3.7.1. Null model results for the individual significant stressors for each functional

index. FRic = Functional richness, FDis = Functional divergence, FEve = Functional
evenness, FR = Functional redundancy. Red represents significant results.

Functional Intercept p- Slope p- Intercept Z Slope 1
variable Model value value score score
FRic Agriculture 0.175 0.141 -1.276 1.365
FRic Flow regulation - - - -
FRic Drought 0.145 0.183 -1.345 1.248
FDis Agriculture 0.013 0.485 -2.799 -0.699
FDis Flow regulation - - - -
FDis Drought - - - -
FEve Agriculture 0.001 0.001 109.465 -7.092
FEve Flow regulation - - - -
FEve Drought - - - -

FR Agriculture 0.003 0.047 4.982 -2.07
FR Flow regulation - - - -

FR Drought 0.003 0.029 5.13 -2.126

Table $3.7.2. Null model results for the best-fitting models of each functional index. A =
Agriculture, D = Drought, F = Flow regulation. Red represents significant results.

Stressors/ FR FRic FDis FEve
Func.

indices
Model y=2.66-0.624A-0.642D- y=0.017-0.016A- y=0.253 y=0.809-0.074A-
equation 0.475DR+0.506A:D+0.354A:F 0.009D+0.01A:D  -0.032A 0.097A:F+0.091D:F
p-value
Intercept 0.027 0.221 0.013 0.001
A 0.047 0.165 0.485 0.001
D 0.001 0.139 - -
F 0.003 - - -
A:D 0.023 0.123 - -
AF 0.021 - - 0.001
F:D - - - 0.001
1 -score
Intercept 2.644 -1.185 -2.799 164.522
A -2.07 1.308 -0.699 8.605
D -3.774 1.36 - -
F -3.659 - - -
A:D 2.53 -1.449 - -
A:F 2.267 - - -26.093
F:D - - - 18.406
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Appendix 3.8. Best-fitting model for the number of functional groups (FGR) in response
to environmental filters.

Agriculture

1.5

log(FGR)
1.0

0.5

0.0

-2 -1 0 1 2

The best-fitting model for the number of functional groups (FGR) only included a single
and quadratic term of agriculture (Fig S4.2., FGR = -0.12Agriculture? -0.1Agriculture
+1.27; R2c=R2m=0.13).
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Appendix 3.9. Spatial pattern of the functional diversity and redundancy indices and
their pairwise relationships.
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Fig. $3.9.1 Spatial pattern of Functional Redundancy classified in five classes (quantiles).
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Fig. $3.9.2. Spatial pattern of Functional Richness classified in five classes (quantiles).
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Fig. $3.9.3. Spatial pattern of Functional Evenness classified in five classes (quantiles).
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Fig. $3.9.4. Spatial pattern Functional Divergence classified in five classes (quantiles).
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Table $3.9.1. Spearman correlations between functional measures. Red represents

significant  results

(p-value< 0.01).

FR=

Functional

Redundancy, FRic= Functional

Richness, FEve= Functional Evenness, FDis= Functional Divergence.

FR FRic FEve FDis
FR - 0.844 0.322 0.654
FRic - 0.256 0.662
FEve - 0.398
FDis -
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Functional redundancy as a tool for
bioassessment: a test using riparian

vegetation
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Abstract

There is an urgent need to track how natural systems are responding to global
change in order to guide management efforts. Traditionally, taxonomically-
based meftrics have been used as indicators of ecosystem health and
conservation status. However, functional approaches offer promising
advantages that can improve bioassessment and biomonitoring performance.
In this study, we aim to test the applicability of functional redundancy (FR), a
functional feature related to the stability, resistance and resilience of
ecosystems, as a tool for bioassessment, using woody riparian communities as
example. We investigated the response of FR and other traditional taxonomic
(species richness) and ecological status (Riparian Quality Index) biomonitoring
indices to natural (drought duration) and anthropogenic stressors (flow
regulation and agriculture) in a Mediterranean basin. Then, we explored the
ability of FR and the other indices to discriminate between different categories
of human alteration. Although we found significant negative relationships
between all biological indices (faxonomic, functional and ecological quality)
and stress gradients, FR was the most explicative indicator to natural and
anthropogenic stressors, when considered together. In addition, FR was the
most accurate index to discriminate between different categories of human
alteration in both perennial and intermittent river reaches, which allowed us to
set threshold values to identify undisturbed (reference condition), moderately
disturbed and highly disturbed reaches in both types of rivers. Using these
thresholds and the best-fitting model, we generated a map of human impact
on functional redundancy of riparian communities for all the stretches of the
river network. Our results demonstrate that FR shows clear advantages over
fraditional methods, suggesting that functional approaches should be
considered in order to get a better assessment and prediction of the ecosystem

responses to environmental changes.
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Introduction

Given the increasing intensity of global change drivers (Sala et al., 2000), there
is an urgent need to understand how biological communities are responding to
multiple environmental disturbances and their consequences on the
relationship biodiversity — ecosystem functioning (Hooper et al., 2012). For this
task, it is essential to use reliable and versatile bioassessment tools allowing an
early, precise and mechanistic evaluation of the effect of anthropogenic

impacts on ecosystems.

These bioassessment tools need to be supported by the best scientific
knowledge to ensure that they are both adaptive and credible (Friberg et al.,
2011). During the last decade, theoretical and empirical studies have
demonstrated the utility of functional measures to explore the effects of human
activity on biodiversity (e.g. Clapcott et al., 2010; Laliberté et al., 2010; Mouillot
et al., 2013). However, this new knowledge has rarely been translated to
biomonitoring or environmental management practices (Cadotte et al., 2011;
Mouillot et al., 2013), which are mainly focused on taxonomically based

indicators (Menezes et al., 2010).

Functional approaches present several advantages over taxonomic-
based metrics, such as a better inter-taxon and inter-region comparability
(McGill et al., 2006) and predictable mechanistic links between environmental
changes and ecosystem functions (Hooper et al. 2005; Mori et al., 2013).
Accordingly, recent studies have encouraged the use of functional traits and
functional diversity for biomonitoring (e.g. Dolédec & Statzner, 2008;
Vandewalle et al., 2010; Chillo et al., 2011). Although a number of functional
diversity (e.g. functional richness, evenness, divergence; see Mason et al., 2005
for a review) and functional redundancy (FR, Fonseca & Ganade, 2001;
Rosenfeld, 2002; Laliberté & Legendre, 2010) measures have been described,
FR could be a good candidate to be tested as a bioassessment tool since it has
recently been proved to be more sensitive than other functional diversity
measures in detecting environmental change (see Chapter 3). In addition,
there is evidence that the reduction in FR is caused by non-random habitat

filtering along stress gradients (e.g. Laliberté et al., 2010; Gutiérrez-Cdnovas et
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al., 2015; Chapter 3). FR can be defined as the number of species contributing
similarly fo an ecosystem function (Walker, 1992; Lawton & Brown, 1993), being
positively related to the stability, resistance and resiience of ecosystems
(Hooper et al., 2005; Guillemot et al.,, 2011). Thus, functionally redundant
communities might allow functionally similar species to partly or fully
compensate for the loss or failure of others (Rosenfeld, 2002; Guillemot et al.,
2011; Biggs et al., 2012). However, although it has lately been used for
conservation purposes (e.g. Matsuzaki ef al, 2013; Sasaki ef al., 2014), its
potential as a bioassessment fool has not been explicitly tested yet, especially

in the multi stressor context (e.g. Sasaki et al., 2015).

Here, we assessed the applicability of FR as a tool for bioassessment
using riparian plants as model organisms and rivers as focal ecosystems.
Riparian vegetation is a well-defined key component in the functioning of
freshwater ecosystems (Hladyz et al., 2011), providing essential functions (e.g.
soil fixation, organic matter supply), goods and services (e.g. clean water, fibre,
timber, food and energy). These communities, which are diverse but
taxonomically well-known, have been recognised as good indicators of human
disturbances (Bejarano et al., 2012; Villarreal et al., 2012; Bruno et al., 2014b)
and their use has a long tradition in biomonitoring (e.g. Bunn et al., 1999;
Werren & Arthington, 2002; Bailey et al., 2004). Besides, there are a number of

available databases from which frait information can be gathered.

Changes in land use and flow regulation are globally recognised as the
most important anthropogenic stressors impacting aquatic and riparian
ecosystems (Nilsson & Berggren, 2000), and particularly in Mediterranean and
semiarid areas (Kroll ef al., 2013; Bruno et al., 2014b). Concretely, the runoff from
agricultural lands carry nitrates and other major ions and nutrients, which alters
stream water chemistry (Navarro-Lidcer, 2006; Monteagudo et al., 2012) while
flow regulation affects the timing, magnitude and seasonality of the flow
regime as well as the physical habitat of the rivers (Belmar et al., 2013; Kroll et
al., 2013). Both anthropogenic pressures alter sediment cycling, habitat quality,
river connectivity, riparian regeneration and integrity (Nilsson & Berggren, 2000;

Allan, 2004; Aguiar & Ferreira, 2005), which favour the invasion of weeds and
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exotic, opportunistic species, accompanied with a decline in woody species
(Radosevich et al., 2007; Greet et al., 2012). This species replacement may
involve a modification of the functional trait composition of riparian
communities, leading to changes in the ecosystem services provided. Besides
anthropogenic disturbances, drought is a capital chronic stressor in
Mediterranean-climate areas, acting as a perennial filter for the regional
species pool (Penuelas et al., 2001). Drought intensification affects species and
trait composition, promoting a replacement of phreatophyte species, which
have the lowest tolerance to dry conditions (e.g. Salix alba in Mediterranean
rivers, Gonzdlez et al., 2012), by drought-adapted species (e.g. Tamarix species,
Nippert et al., 2010). Thus, bioassessment tools are starting to consider the
underlying natural filters that could interact with anthropogenic stressors.
Otherwise, we could produce misleading values for bioassessment under

natural drought conditfions.

To test the usefulness of FR in river bioassessment, we compare the
responses of riparian FR and other traditional taxonomic (species richness) and
ecological quality (Riparian Quality Index, RQI) indices, along the main
gradients of natural (i.e. drought) and anthropogenic stress (i.e. flow regulation
and agriculture) in a Mediterranean basin. Then, we also check the capacity of
the different indices to discriminate between several previously defined
categories of human disturbance. Subsequently, we determine the thresholds in
the FR values that better separate the different classes of human disturbance
both for perennial and intermittent rivers. Finally, using these thresholds and the
predicted values of FR for each one of the stretches of the entire basin, we
assign them a class of human impact based on the functional response of the
riparian communities. This approach could assist in reaching a cost-effective

ecosystem management.
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Materials and methods

Data collection

A total of 71 freshwater river reaches were selected to represent the
environmental variability along natural flow persistence, land use and
hydrological alteration gradients in the study area. In addition, we also account
for the remaining environmental variability through altitude since this variable is
able tfo summarise well the natural gradients occurring in the study area (Diaz
et al., 2008). Each locality was sampled once between 2010 and 2012 during
late spring and summer along 500-m long reaches at both riversides, as this
period is the most suitable for single surveys (Ferreira & Aguiar, 2006). Within
these 500-m long reaches we identified the presence of woody riparian
species, from the low-water margin up to the natural bankfull limit through ten

transects, obtaining a unique list of species for each locality.
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Fig. 1. Geographic location of the study area showing the 71 sampling sites (sorted by
perennial and intermittent river reaches), agricultural area and the main dams.
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Biological indices

FR was calculated for each sampling site as the ratio between species richness
and the number of functional groups (i.e. the average number of species per
functional group, Laliberté et al, 2010) because it showed a better
performance than other FR estimations, (such as the difference between the
taxonomic and functional diversities, Pillar et al. 2013) in response to stressors.
We used the definition of plant functional groups which considers sets of plants
that have traits with similar effects on the dominant ecosystem processes (i.e.
with similar effect fraits; Diaz & Cabido, 2001). To define functional groups, we
gathered a total of 19 contfinuous, semi-continuous and categorical biological
effect traits (i.e. those that directly influence a specific function of the
ecosystem (e.g. primary productivity, nutrient cycling, see Diaz & Cabido, 2001)
from 59 online frait databases and scientific publications (Appendix 4.1).
Extensive and specific Mediterranean databases were prioritised in order to
minimise the effect of intraspecific variability. We constructed an effect-trait
dissimilarity matrix using the Gower index, which can handle mixed variable
types (continuous, semi-continuous and categorical), as well as missing values.
Ward'’s clustering was the method used to classify species in functional groups
based on this matrix. We defined 5 functional groups with a suite of coadapted
characteristics to environmental conditions of channel and riparian zones that
at the same times guarantee a minimum number of species (6 species) to allow

further statistical analyses (see further methodological details in Chapter 3).

Besides FR, we calculated two usual biological indices for bioassessment,
a taxonomic index, species richness (SR), and another one related with the
ecological quality, Riparian Quality Index (RQI). SR was calculated as the
number of woody riparian species observed in each sampled reach. RQIl is a
widely used field index in the lberian Peninsula to assess the ecological quality
of riparian zones (Gonzdlez del Tdnago et al., 2006). It is composed of several
sub-indices characterising lateral, longitudinal and vertical continuity,
composition, structure, regeneration and bank condition. RQI index has been

proven to be effective detecting human impacts on riparian ecosystems
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(Barquin et al., 2011) and also in our study area (Belmar et al., 2013; Bruno et al.,
2014b).

Environmental stressors

Drought duration (days without water flow per year) was used as a surrogate
for the natural hydrological stress to which Mediterranean semiarid rivers are
normally subjected. It was estimated at reach scale in each fluvial node using
the estimates of the Integrated System for Rainfall-Runoff Modelling (SIMPA)
(see for details Belmar et al, 2011 and Chapter 3). After delineating the
catchment for each sampling site, we used the percentage of agricultural area
in each one of these catchments as a surrogate for land use intensity. As proxy
of hydromorphological alteration we used the flow regulation index. This index
was estimated using the methodology described in Falcone et al. (2010) and
adapted by Belmar et al. (2013). This method uses the number of dams and
their regulatory capacity (hm?3) in the drainage area associated with each
sampling site. Sites were assigned between 0 to 8 points for each variable
based on their percentile value within the data range. Then, those points were
added providing an index that potentially ranged from O (minimum flow

alteration) to 16 (maximum flow alteration).

Data analysis

The relationships between FR, SR and RQI with stressors were tested using linear
mixed-effect models (LMEs). We ftested the significance of simple and
quadratic coefficients for each standardised stressor as well as the between-
stressors interaction terms. Before their standardisation, drought duration was
log-transformed and agriculture was arcsine-square-root transformed to
improve linearity against response variables. In the same way, SR and RQI were
squared-root-transformed before the analysis. The models included a fixed part
with an intercept and the stressor slopes, along with a random intercept to

account for environmental variability. There are two measures of goodness-of-
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fit for LMEs: conditional R? provides the full model goodness-of-fit whilst marginall
R2 only provides this measure for the fixed terms. We are interested in the latter
one, which is associated with the effects produced by environmental filters
(fixed effects) and excludes the effect of environmental variability (random
effects). The environmental variability was included as a three level factor
representing elevation typology (high altitude: elevation > 1000 m a.s.l., mid
altitude: 1000 = elevation > 600 m a.s.l., lowlands: elevation < 600 m a.s.l.). LMEs
were performed using a backward-stepwise procedure retaining the model
that minimises the Bayesian Information Criteria (BIC). We checked model
assumptions visually (residual normality and homoscedasticity) and using

Moran's | test (spatial autocorrelation of residuals, ArcGlIS 9.2).

We then explored the sensitivity of FR, SR and RQI to human disturbance
intensity, which was estimated using the Mediterranean Reference Ciriteria
index (MRC; Sanchez-Montoya ef al., 2009). This index ranges from 0 (high
disturbance) to 20 (undisturbed sites), according to the number of criteria met.
Sites were classified info three alteration classes: Highly Disturbed (MRC<14
criteria), Moderately Disturbed (MRC within 14-19 criteria) and Undisturbed
(MRC=20 criteria; see Fig. S4.2.1 in Appendix 4.2). We performed one-way
ANOVA tests to look for differences in the values of FR, SR and RQI among the
three categories of human disturbance intensity. To avoid the confounding
effect of drought intensity (i.e. human impact can vary depending on the
underlying natural stress), ANOVA tests were carried out separately for the two
main river typologies in the study area: perennial (main stem and stable rivers)
and intermittent rivers (seasonal and temporary), classified following Belmar et
al. (2011; 2013). Main test model residuals were also checked for normality and
homoscedasticity assumptions. Homoscedasticity was not met in most models,
thus alpha was set to 0.01 to avoid false positives when applicable. Post-hoc
analyses were conducted using a modified version of the Tukey test, more
robust against the non-normal or heteroscedastic residuals, and unbalanced
data (Herberich et al., 2010).

We established FR reference values separately for perennial and

intermittent rivers. For both types of rivers, the FR 75" and 25™ percentiles were
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estimated using the FR value distribution at the Undisturbed sites. The EPA
(United States Environmental Protection Agency) considers 75t percentile of
reference sites as upper threshold because it is associated with minimally
impacted conditions (Herlihy & Sifneos, 2008), while the 25" percentile can be
used as the lower boundary of undisturbed classes (e.g. Sdnchez-Montoya et
al., 2010). Similarly, the 25t percentile of FR values in Moderately Disturbed rivers
was used to set the threshold with the Highly Disturbed class. Finally, taking into
account the predicted FR values, previously estimated for the entire network
using the best-fitting model (Chapter 3), and the thresholds obtained
separately for perennial and intermittent rivers, we generated a map of human

impact for the whole study area.

All stafistical analyses were performed in the R statistical software
(lioraries: ‘ade4’, ‘car’, ‘FD’, ‘multcomp’, ‘MASS’, ‘MuMIn’, ‘nmle’, ‘party’ and
‘vegan’; R-Development-Core-Team, 2014). We provide R code and FR

functions in Appendix 4.3.

Results

Generally, the three indices declined with increased stress in the individual
models (Fig. 2 and Table 1). These relationships showed varying marginal
deviances (R?2m), which were higher for SR. All indices showed a significant
negative relationship with agriculture, which is probably behind the partial
convergence of their spatial patterns (Fig. S4.2.2 in Appendix 4.2). Other
negative significant relationships were found for RQI with flow regulation and for
FR and SR with drought.

The best-fitting models showed similar conditional and marginal
goodness-of-fit for the three indices. However, the best one for FR showed a
greater percentage of explained deviance (58.8 %) than those for SR (56.3 %)
or RQI (51.5 %). The model for FR included the individual terms of agriculture,
drought and flow regulation, plus the interactions between agriculture and
both drought and flow regulation (Table 1). SR model included also the three

individual terms together with the interactions between drought and both
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agriculture and flow regulation. In both cases, the individual term slopes were
negative whilst pairwise interactions showed positive coefficients. The best-
fitted model for RQI included the individual terms of agriculture and drought,
along with the interaction between agriculture and hydrological alteration. In

this model, all the slopes were negative.
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Fig. 2. Plots showing the individual response of Functional Redundancy (FR), Species
Richness (SR) and Riparian Quality Index (RQI) to environmental stressors. Goodness of
fit and p-values are available in Table 1. Black lines represent the fitted values for each
LME. Solid lines represent the fitted models for each single stressor, dashed lines
represent the fitted model for the low altitude rivers, dotted lines show the fitted model
for the mid altitude rivers and dashed-dotted lines display the fitted model for the high
altitude rivers.
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Table 1. LMEs results showing the model equations, p-values, Bayesian Information
Criterion (BIC) and the marginal (R?2m) and conditional R?2 (R2c) for FR, SR and RQl.
Interactions are represented by “*".

Indices Model equation P-value BIC RZm R2c

Agriculture (A)

FR y=3.189-0.824x <0.001 248 0.264 0.459
SR y=3.064-0.678x <0.001 185.5 0.435 0.435
RQI y=9.28-0.47x <0.001 216.5 0.195 0.215

Flow regulation (F)

FR y=3.298-0.183x 0.322 268.1  0.011 0.423

SR y=3.148-0.2x 0.11 213.7 0.037 0.199

RQI y=9.261-0.655x <0.001 2028 0.359 0.359
Drought (D)

FR y=3.264-0.49x 0.004 261 0.082 0.433

SR y=3.141-0.321x 0.006 208.9  0.098 0.236

RQl y=9.406+0.125x% 0.337 2263 0.0 0.274

Best-fitting models

y=2.66-0.625A-0.642D-

FR 0.475F+0.506A*D+0.354A*F 239 0588 0.588
y=2.972-0.461A-0.305D-

SR 0.239F+0.233A*D+0.179D*F 176 0.563 0.563

RQ Y=9.325-0.463A-0.496DR-0.27 6A*F 1851 0.516 0516

ANOVA results showed significant differences in the values of FR, SR and
RQI among different categories of human alteration in both perennial (F=13.83,
p<0.001 for FR; F=7.99, p=0.002 for SR; and F=27.71, p<0.001 for RQI) and
intermittent rivers (F=7.01, p=0.003 for FR; F=15.66, p<0.001 for SR and F=4.96,
p=0.013 for RQI). Post-hoc tests (Table 2, Fig. 3) revealed that only FR showed
significant differences between all alteration classes for both perennial and
infermittent rivers. Contrastingly, there were no significant differences in SR
between the Undisturbed and the Moderately Disturbed sites for any type of
river. For RQI, we found significant differences between alteration classes for

perennial rivers but not for infermittent ones.
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Table 2. Post-hoc tests showing how FR, SR and RQI differ between categories of human
alteration. P-values are given for each pairwise combination, for perennial and
intermittent rivers. ns: non-significant. MRC: Mediterranean reference criteria. U:
Undisturbed sites (MRC=20); MD: Moderately Disturbed (14<SMRC>19); HD: Highly
Disturbed (MRC<14); ns = non-significant result.

Perennial Intermittent
Human alteration FR SR RQI FR SR RQI
U vs.MD <0.05 ns <0.05 <0.05 ns ns
Uvs.HD <0.001 <0.01 <0.001 < 0.001 <0.01 ns
MD vs. HD <0.01 <0.05 <0.001 <0.05 <0.01 <0.05

FR values were generally greater for perennial than for intermittent rivers
whatever the category of human alteration intensity considered (Fig. 3). For
Undisturbed reaches, FR values ranged mainly from 6.5 (75" percentile value)
to 5.3 (25" percentile value) in perennial rivers (median value = 5.5) and from
4.2 (75" percentile value) to 4.0 (25" percentile value) in intermittent rivers
(median value = 4.1, Fig. 4). Reaches showing FR values between 2.9 — 5.3 in
perennial and 2.1- 4.0 in intermittent rivers were considered as moderately
impacted. Reaches showing FR values below these thresholds were considered

as highly impacted.
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Fig. 3. Boxplots showing ANOVAs post-hoc results used fto test the sensitiveness of
functional redundancy (FR), species richness (SR), and riparian quality index (RQI) at
different intensities of human disturbance for a) perennial and b) intermittent rivers. U:
Undisturbed sites; MD: Moderately Disturbed sites; HD: Highly Disturbed sites. Grey
horizontal lines represent the thresholds between the different categories for FR.
Different letters (x, y, z) were assigned when alteration classes showed significant
differences in the post-hoc analysis.

162




Chapter 4: Functional redundancy as a tool for bioassessment
L

Finally, we mapped the human impact on the functional redundancy of
riparian communities for the entire river network (Fig. 4). This map shows a clear
gradient of functional impairment, increasing from unregulated rivers in natural
sub-basins to regulated rivers in agricultural areas, both in perennial and

intermittent rivers.
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Fig. 4. Spatial patterns of the anthropogenic impact on Functional Redundancy (FR) of
riparian communities for both perennial and intermittent rivers. The thresholds of FR
values used to split these categories are also shown (see Methods section for further
details).

Discussion

Response and sensitiveness of bioassessment indices to environmental

stressors

We found that FR showed a clearer response to environmental filters than other
taxonomic or ecological quality-related indices. In particular, FR was the most

sensitive index to human alteration since it was able to accurately distinguish
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between the different categories of human disturbance. Thus, it resulted better
than SR at detecting changes at low and moderate disturbance intensities and

better than RQI at intermittent rivers.

Although all the indices displayed similar negative responses to single
environmental stressors, FR performed better in a multi-stressor context (Table 1).
Furthermore, its response to stress is non-random (tested through null models)
and predictable at large scale using only coarse-grain, and remote variables,
which are currently available for most regions (Chapter 3). On the other hand,
all the best-fitted models for FR, SR and RQI included multiple stressors and
pairwise interactions between some of them. The combined effects of several
filters might push an ecosystem beyond what could be achieved through
individual stress (Ban et al., 2014; Piggot et al., 2015; Sasaki et al., 2015).
Alternatively, antagonistic effects might be found, for instance, when the effect
of two stressors is similar and species are pre-adapted to habitat filtering.
Anyway, although an integrated management of catchment needs to be
informed by knowledge of the combined effects of multiple stressors, either
nafural or anthropogenic ones, the complete understanding of such

interactions is beyond our goals and should be studied in depth in future works.

Despite the better performance of FR in a multi-stressor context, the
differences found in the diagnose capacities among indices, especially in the
case of single stressors (e.g. only RQlI was able to detect the individual effect of
hydrological alteration), suggest that bioassessment should rely on multi-metric
approaches. In fact, many studies have shown that different aspects of
biodiversity are important for sustaining optimal levels of ecosystem
functionality (e.g. Tomimatsu et al., 2013). Given the scarcity of functional
approaches incorporated to environmental management (Cadotte et al.,
2011), we advocate for the integration of FR in bioassessment toolbox to move
beyond primarily descriptive biomonitoring, towards a deeper understanding of

the effects of environmental change on natural systems.
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Bioassessing naturally-stressed ecosystems

Our results reveal that intermittent rivers displayed lower FR compared to
perennial watercourses in absence of human disturbance (reference
condition). These differences are probably associated with a loss in species
within some specific functional groups, such deciduous trees and an increase in
sclerophyllous and evergreen shrubs (Aguiar & Ferreira, 2005). Similarly, river
biomonitoring tools based on aquatic macroinvertebrates also varied
differently in perennial and intermittent rivers (Sdnchez-Montoya et al., 2007;
2009). Therefore, in arid regions, ephemeral and intermittent streams are
recognised to be significantly less diverse than perennial rivers (Tabacchi et al.,
1996; Bonada et al., 2007b; Stromberg et al., 2005), differing clearly in
taxonomic and trait composition (e.g. Lite et al., 2005; Bonada et al., 2007a;
Bruno et al.,, 2014a). Therefore, to avoid biases in the assessment of the
anthropogenic impact, the underlying natural stress must be considered in
bioassessment practices. We show that FR was capable of detecting the
impact of human disturbance even at naturally-stressed ecosystems such as
intermittent rivers. Consequently, naturally stressed ecosystems should be
assessed and managed differently to achieve a good ecological status
(Gutiérrez-Canovas et al., 2008). Finally, assessing and monitoring the functional
features in naturally-stressed areas could be useful to gain insights into the
effect of the ongoing climate change on ecosystems, and so be able to
anticipate changes in temperate European watersheds (Bonada et al., 2007q),
where climate change models predict an increase in the aridity (leading to
higher river intermittence and drought; IPCC, 2013). Our results point to a
worrying situation under such circumstances, with a potential reduction of

riparian FR, which might translate info modified ecosystem functions.

Advantages and drawbacks on the use of FR in bioassessment

The use of FR could provide more predictable, generalisable and informative
assessment than other tfraditionally used metrics, given their relationship with

environmental change, and ecosystem functioning and stability (Hooper et al.,
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2005; McGuill et al., 2006; Guillemot et al., 2011). Functional approaches link
directly stressors intensity with the variation in species effect and response fraits
(Laliberté et al., 2010; Mouillot et al., 2013). In addition, the commonalities of
some traits across taxa and the lower biogeographical variation of functional
features (McGuill et al., 2006; Bonada et al, 2007a), may help to create
geographically-generalised indicators. Therefore, incorporating FR tfo
biodiversity evaluation and management may help us to anticipate the
ecosystem effects caused by rapid environmental change. In a context of
increasing aridity and human pressure in the Mediterranean basin, cascading
effects on aquatic communities may be expected. Thus, drought reduces
plants and leaf fraits diversity such as specific leaf area or nutrient content
(Wright et al., 2001), which may affect aquatic deftritus-based communities
(Lecerf et al., 2005). Similarly, agriculture can reduce the riparian species that
produce shade, affecting to water temperature and aquatic communities
(Thomas et al., 2015). The ability of FR to detect the impact thresholds along
disturbance gradients could serve to establish a backstop for preventing the
threshold from being crossed. These perspectives can take us beyond simply
invoking the precautionary principle of conserving biodiversity to a predictive
science that delivers practical solutions to cope with ecological uncertainties in
a changing world (Sasaki ef al., 2015). Previously, the accuracy and sensitivity
of FR should be checked in other geographical areas, ecosystems and

taxonomic groups.

In summary, FR of riparian communities fulfils most of the criteria
proposed by Bonada et al. (2006) to be an *“ideal” biomonitoring tool,
addressing the rationale - since it emerges from theoretical ecology concepts,
is predictable and able to assess ecological functions as well as discriminate
overall and specific human impact -, implementation - simple and low cost
sampling and taxa identification - and performance - large-scale applicability
and reliable indication of changes caused by overall and specific human
impacts -. However, there are some drawbacks that could limit the applicability
of FR. First, the availability of trait databases is a clear constraint for some
taxonomic groups, especially for those more diverse or small (e.g. insects,

bacteria). Second, although it could be calculated directly in the field, as other
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indices, it requires previous statistical analysis to obtain information on
functional groups and on species belonging to each of them. Third, the
functional patterns could be trivially explained by taxonomic variation, and not
due to any niche-driven process (Villéger et al., 2008; 2011). For this reason, null
models must be performed to check for the non-randomness of the relationship
between functional indicators and environmental change (see Chapter 3).
Fourth, FR should be treated carefully because its concept is a double-edged
sword in terms of practical conservation issues. It could be wrongly assumed
that species performing similar roles in ecosystems can be ‘expended’ with a
minimal impact on ecosystem processes (Rosenfeld, 2002). However, although
redundancy is a natural feature of ecosystems that may improve the amount
and stability of functions (Hooper et al., 2005; Pillar et al., 2013), species
contributing similarly to an ecosystem services may have very different
tolerances to environmental change (Lavorel & Garnier, 2002; Rosenfeld, 2002;
Laliberté et al., 2010). In this sense, the aggregate FR value provides the mean
behaviour of all the functional groups but exploring which functional traits are
lost with environmental filtering is also a key question in functional ecology with
direct applications to management. Accordingly, when the species belonging
to a specific functional group have been progressively depleted by
disturbances, ecosystem is exposed to a high risk of shiffing to an undesirable
state. Therefore, further research in determining the vulnerability of each
functional group (i.e. how the response of each functional group to stressor
relates to response diversity) seems necessary to develop mechanistic models

that predict which ecosystem functions and services can be disrupted.

Concluding remarks

Our results demonstrated that FR can be a suitable indicator to evaluate and
tfrack the anthropogenic impacts on biological communities. We have
detected a more accurate and sensible response of FR in comparison with
traditional indicators. More concretely, FR showed a clear response to single
and multiple stressors and a high sensitivity to detect both early signs of human

impact in ecosystems and variations between disturbance intensity. In addition,
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the map showing the human impact on functional redundancy for all perennial
and intermittent rivers in the basin can be a useful tool for managers, enabling
a broad and dynamic assessment of the ecological condition and resilience of
rivers. Therefore, given the advantages over traditional indices, functional
features as functional redundancy should be used and incorporated into the
bioassessment toolbox in order to help decision-makers to focus conservation
and restoration efforts, as well as to anticipate changes in the amount and

stability of ecosystem functions and services.
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Appendix 4.1. Effect fraits considered to characterise the functional features of the
woody riparian species. C=continuous, SC=semi-continuous, CAT=categorical.

Trait Type Units/Categories

Plant size CAT Trees / Large shrubs / Small shrubs / Lianas

Raunkiaer CAT Macrophanerophytes / Mesophanerophytes /
Nanophanerophytes / Chamaephytes / Epiphyte

Plant height C m

Growth rate SC Fast / Moderate / Slow

Specific leaf area C cm2gt

Leaf size SC Large / Moderate / Smalll

Leaf thickness SC Gross / Medium / Thin

Leaf type CAT Broadleaf / Needle / Scaly / Palm

Leaf compoundness CAT Simple / Compound

Leaf deciduousness CAT Evergreen / Deciduous/ Marcescent

P leaf concentration SC %

N leaf concentration SC %

C : Nrafio SC High / Medium / Low

Nitrogen fixation capacity CAT Nitrogen fixer / Non fixer

Photosynthesis pathway CAT C3/C4

Flower colour CAT Coloured / Not coloured

Lateral spread SC High / Medium / Low

Ramification SC High / Medium / Low

Rooting depth SC Deep / Moderate / Shallow

References: Data sources used to obtain the functional frait values.
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Appendix 4.2. Spatial patterns of the Mediterranean Reference Criteria (MRC) and the
taxonomic (species richness), functional (functional redundancy) and quality (riparian
quality index) indices.

Mediterranean Reference Criteria (MRC)

@ 20
O 14-19
@ <14

Fig. $4.2.1. MRC values for the river reaches sorted by three categories of human
disturbance: Undisturbed (U, MRC=20 criteria), Moderately Disturbed (MD, MRC within
14-19 criteria) and Highly Disturbed sites (HD, MRC<14 criteria).

a) Functional Redundancy (FR) h) Species Richness (SR) C) Riparian Quality Index (RQI)
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Fig. $4.2.2. Values of the functional, tfaxonomic and quality indices obtained for each
sampling site, classified by quartiles: a) FR, b) SR, or ecological status categories: c) RQI.
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Hydropower dam in the Zumeta river (Jaén)
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General Conclusions

Chapter 1

1. Riparian woody and herbaceous communities showed a progressive

longitudinal change in species composition and richness from
headwater streams to lowland reaches, following the strong
environmental and anthropogenic longitudinal gradient. Theses
gradients were clearer for woody than for herbaceous species.
Headwaters were the most favourable areas for riparian species due to
the absence of anthropogenic pressures and milder environmental

conditions.

. Variables related with hydrogeomorphology and land use, especially

agriculture, were the most important ones in explaining species
composition and richness distribution of riparian species in the Segura

basin.

. Given the notable congruence in the composition and species richness

patterns of both groups and in the main types of variables explaining
them, a global approach considering both groups jointly or even
selecting only one of them could be suitable when studying

Mediterranean riparian communities.

Chapter 2

4. Human pressures negatively influenced both riparian and aquatic

communities, regardless of the spatial scale considered (basin or reach),
the nature of the human pressure (agriculture or hydromorphological
alteration) or the type of indicator used (ecological condition or

biodiversity).

. In general, agriculture seemed to be the most important disturbance for

riparian woody plants, whereas hydromorphological alteration showed a

clearer relationship to aquatic macroinvertebrates.
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6. Human pressures acting at basin scale had an effect at least

comparable to or even greater than those operating at local scale.

7. Ecological condition indices (RQl and IBMWP) resulted more sensitive to
human pressures than biodiversity ones (riparian and water beetles

taxonomic richness).

8. Land use and hydrological planning at basin scale are essential
complements to conservation and restoration efforts, traditionally carried
out at reach scale, in order to maintain stream ecosystem integrity and

biodiversity.

Chapter 3

9. Functional Redundancy of Mediterranean riparian communities showed
a non-random reduction in response to increased individual and multiple
stressors, meaning that increased stress could jeopardise stability,

resistance and resilience of these systems.

10. Although both Functional Redundancy and all functional diversity
measures (i.e. Functional Richness, Evenness and Divergence)
responded similarly tfo environmental filters, Functional Redundancy

proved to be more sensible than the other functional diversity measures.

11. Functional Redundancy can be considered as an ecologically-sound
measure, providing additional and complementary information to

taxonomic richness on how biological communities respond to stress.

12. The response of Functional Redundancy can be predicted from large-
scale geographic variables for entire river networks, constituting a useful

potential tool for biomonitoring and environmental management.
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13. Functional Redundancy shows clear advantages over traditional

biomonitoring taxonomic (Species Richness) and ecological status
(Riparian Quality Index) indices. More concretely, FR has a clear
response to single and multiple stressors and high sensitivity to detect
early signs of human impact in both perennial and intermittent river

reaches.

14. A map showing the human impact on riparian Functional Redundancy

can be obtained for entire river network based on predicted values and
the thresholds defined for perennial and intermittent rivers. This can assist
decision-makers in sefting goals and designing strategies for

conservation and restoration at wide scale.

15. Functional Redundancy can be used as indicator to assess and predict

the impact of natural (drought duration) and anthropogenic stressors
(flow regulation and agriculture) on riparian communities. It could be
incorporated as a complementary tool in a multi-metric bioassessment
context considering various ecological aspects such as diversity,
functionality and quality of riparian ecosystems, allowing a better
assessment and prediction of ecosystem responses to environmental

changes.
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