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Resumen

El concepto de nicho es especialmente relevante en ecologia. Aunque es
habitualmente utilizado en ecologia de comunidades, también puede ser aplicado a
otros niveles de organizacion ecolégicos como individuos (ecofisiologia),
poblaciones (ecologia de poblaciones) y a escalas espaciales y temporales mas
amplias (biogeografia o macroecologia). El nicho ecoldgico de las especies puede
ser considerado desde dos aproximaciones diferentes: el nicho Grinneliano,
entendido como la respuesta de las especies a un conjunto de variables; y el nicho
Eltoniano, definido como el impacto de las especies en el medio ambiente o como el
conjunto de rasgos funcionales especificos de las especies. Propablemente, el
concepto de nicho de Hutchinson (1957), una extensién del nicho Grinneliano, y
definido como “hipervolume en el multidimensional espacio de variables ecoldgicas,
tanto abidticas como bidticas, donde una especie puede mantener una poblacién”, ha
sido el mas influyente en Ecologia. Asimismo, la amplitud de nicho (especializacién
de un determinado taxon) puede ser abordada tanto desde una perspectiva
Grinneliana como Eltoniana, ya sea a nivel fundamental (dimension total del nicho
potencial de una especie estimado en laboratorio) o realizado (porcién del nicho
fundamental que la especie ocupa estimado a partir de datos de campo). Por tanto,
la teoria del nicho proporciona un marco ideal para comprender la ocupacion de
habitats, interacciones bioldgicas y distribucién actual de las especies, asi como
para evaluar la viabilidad de sus poblaciones frente a desafios presentes y futuros

como las invasiones biolégicas y el cambio climatico.

Los estudios fisioldgicos ayudan a definir la amplitud de nicho de las
especies y mejoran nuestro conocimiento acerca del uso que las mismas hacen del
habitat, asi como a interpretar mejor sus rangos geograficos. Como otras
variaciones bioldgicas, los patrones espaciales y temporales de las respuestas
fisiologicas, tanto a nivel inter-especifico como intra-especifico, son resultado de
influencias genéticas, de desarrollo y ambientales. Los analisis comparativos del
nicho fundamental y realizado a nivel interespecifico pueden ayudar a esclarecer
como las especies responden a condiciones del medio y entender qué factores
ambientales y/o biol6gicos pueden estar determinando la distribucién y ocupacién
de habitat actual y/o futuro de las especies. A nivel intra-especifico, una poblacién

puede mostrar variaciones en rasgos morfolégicos, metabdlicos y de historia de
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vida anuales e incluso estacionales, las cuales son consideradas medidas indirectas
del estado de salud de los organismos. Ademas, las diferencias entre un conjunto
de poblaciones pueden ser resultado de adaptaciones locales o plasticidad
fenotipica, entendida como la capacidad de un organismo para modificar su forma
y funcidon frente a cambios ambientales a través de ajustes fisiolégicos. La
plasticidad fenotipica es vista como una respuesta adaptativa a la heterogeneidad y
predecibilidad ambiental, y se ha convertido en un concepto clave en el estudio de

las respuestas de las especies al cambio global.

El cambio climatico y las invasiones bioldgicas son dos factores del cambio
global que derivan directamente de la actividad humana y constituyen las
principales amenazas para una gran cantidad de ecosistemas y especies,
especialmente en medios acuaticos. El efecto del cambio climatico en las especies
depende principalmente de la amplitud de la plasticidad fenotipica de los
organismos en respuesta a cambios ambientales, sus tasas de evolucidn, y la
variacién espacial de ambos a lo largo del rango geografico ocupado por la especie.
Esto es especialmente relevante en las poblaciones que ocupan el margen de su
rango de distribucion, donde la capacidad para mantener las poblaciones actuales
dependera de la capacidad para adaptarse y tolerar las nuevas condiciones,
reflejada en sus limites de tolerancia fisiolégica, asi como de su potencial para
cambiar esos limites via cambios adaptativos y plasticos. Por tanto, el estudio de
las variaciones intraspecificas de rasgos fisioldgicos y de historia de vida entre
poblaciones del centro y margen de su rango de distribuciéon proporciona un
potente marco para el estudio de la plasticidad fenotipica con importantes

implicaciones en conservacion.

Por otra parte, la probabilidad de que una especie exdtica se establezca en
una nueva region depende ampliamente de sus requerimientos de nicho. Por
ejemplo, la plasticidad fenotipica o la combinacién de ciertos rasgos biolégicos
pueden favorecer su caracter invasor. Asi, entender qué rasgos determinan el éxito
invasor de una especie ex6tica y su comparacion con los nichos de especies nativas
similares, es fundamental para predecir la probabilidad de que invada nuevas
regiones y de su impacto en las comunidades y ecosistemas. Las especies

invasoras, dependiendo de la similitud de nicho con especies nativas y su
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tolerancia al estrés ambiental pueden suponer una fuerte competencia sobre las
especies nativas afectandolas a través de la interferencia y limitacion de recursos,
y alterando la configuracién de las comunidades a lo largo de gradientes
ambientales. Por tanto, el conocimiento de las interacciones competitivas entre
especies invasoras y especies nativas funcionalmente similares proporciona un
importante punto de partida para evaluar y predecir las consecuencias de las

invasiones biolégicas sobre las comunidades receptoras.

La presente tesis explora aspectos claves de la variacién de nicho tanto a
nivel intra-especifico como a nivel inter-especifico, empleando los corixidos
(Hemiptera) como organismos modelo. Esta familia de chinches acuaticos es una
de las mas extendidas y bien adaptadas a una gran variedad de cuerpos de agua en
todo el mundo. Los corixidos estan presentes habitualmente en todo tipo de
medios leniticos, temporales o permanentes, desde aguas dulces a salinas. Son
igualmente clave en la red tréfica de los ecosistemas que habitan, al tratarse de
uno de los grupos mas abundantes y que mayor biomasa aporta, constituyendo
una imortante fuente de alimento tanto para vertebrados como invertebrados. Las
especies de esta familia se caracterizan por ser principalmente omnivoras,
adquiriendo su alimento, frecuentemente, en el fondo de los cuerpos de agua que
habitan. Los corixidos son nadadores enérgicos, que visitan regularmente la
superficie del agua para renovar la burbuja de gas que presentan adherida a la
superficie del cuerpo y que les sirve de reserva de aire. Como consecuencia de su
distribucién mundial y su importancia para los ecosistemas, la ecologia y biologia
de esta familia de insectos ha sido ampliamente estudiada. Para un buen niimero
de especie, se conocen bien aspectos de sus mecanismos fisioldgicos, su tolerancia
a estresantes ambientales, historia de vida, dispersidn, distribucidn y asociaciones,
competencia y coexistencia, alimentacion, depredacién y parasitismo. Estos
aspectos, junto al caracter eurioico de muchas especies, su pequefio tamafio y su
abundancia, hacen de las especies de esta familia organismos ideales para estudiar
la variacidén inter e intraespecifica de los rasgos fisiolégicos y de historia de vida
que definen el nicho ecolégico. Ademas, esta familia presenta la Unica especie
invasora de insecto totalmente acuatico establecida en Europa, Trichocorixa

verticalis verticalis (Fieber, 1851), originaria de Norteamérica, donde habita
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principalmente humedales costeros, y actualmente extendida en Sudafrica, Nueva
Caledonia, Marruecos, Espafia y Portugal. Esta especie ofrece una excelente
oportunidad para estudiar qué rasgos pueden favorecer el éxito en el
establecimiento y dispersion de especies exoéticas y sus interacciones con especies
nativas, lo cual puede resultar de gran ayuda a la hora de predecir los impactos que

las invasiones bioldgicas pueden generar sobre las comunidades acuaticas.

El objetivo general de esta tesis es determinar las caracteristicas fisiologicas
y biolégicas que caracterizan el nicho ecolégico de especies relacionadas
(coocurrencia y similiar tamafio) de corixidos, que pueden explicar sus
distribuciones, patrones de coocurrencia y respuestas frente a presiones
ambientales o bioldgicas. Para lograr estos objetivos estudiaremos varias especies
nativas del género Sigara (Corixidae) y la especie invasora Trichocorixa v.
verticalis. Los resultados pueden proporcionar el conocimiento necesario para
entender el impacto que el cambio climatico y las invasiones biol6gicas pueden

tener sobre las especies nativas y sus interaciones bioticas.

En el capitulo 1 se estudi6 el papel que juega la salinidad y quimica del
agua en la ocupacién de habitat de tres especies de corixidos que muestran una
clara diferencia en la preferencia de habitat: Sigara nigrolineata nigrolineata
(Fieber, 1848) en medios l6ticos dulces, Sigara scripta (Rambur, 1840) presente en
aguas hiposalinas y Sigara selecta (Fieber, 1848), especie que ocupa
principalmente aguas meso e hipersalinas. Especificamente, los objetivos fueron
determinar, para cada una de las especies, el nicho realizado con relacion a la
salinidad y composicion ionica del agua a partir de datos de campo, para comparar
con el nicho fundamental definido en condiciones de laboratorio para las tres
estadios de vida de las especies (huevo, ninfa y adulto) e identificar cual de estos
estadios es el menos tolerante fisiologicamente y por tanto mas limitante para su
distribucién. Asi, se definié la amplitud del nicho realizado de las especies (tanto
para adultos como para ninfas) empleando el andlisis OMI (Outlying Mean Index) a
partir de datos de campo de su distribuciéon y abundancia con relaciéon a la
conductividad y composicién idnica del agua de sus habitats. Ademas, la tolerancia
fisiologica a diferentes conductividades y composiciones i6nicas (nicho

fundamental) fueron estimadas en laboratorio para huevos, ninfas y adultos de las
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tres especies estudiadas. Los efectos de la conductividad y composicion idnica
sobre el tiempo de supervivencia de adultos y ninfas, y sobre el tiempo de eclosion
de huevos, fueron analizados mediante ANOVA para estimar diferencias tanto
entre estadios de cada especie como entre especies. Los resultados mostraron una
alta concordancia entre la tolerancia a la salinidad y composicién idnica definida
en laboratorio y la observada en la naturaleza. Los adultos de Sigara nigrolineata
mostraron la menor tolerancia a la salinidad, mostrando esta especie un
comportamiento generalista respecto a la composicién ioénica del agua. Sigara
scripta mostr6 alta tolerancia a aguas hipo y mesosalinas, asi como una alta
supervivencia en aguas sulfatadas. Sigara selecta fue la Unica especie que mostré
preferencia por aguas hipersalinas y cloruradas. Finalmente, las fases de vida mas
jovenes presentaron respuestas similares a los adultos pero menor tolerancia a
altas salinidades que los adultos; este fue el caso de los huevos de S. nigrolineata y

las ninfas de S. scripta y S. selecta.

En el capitulo 2 se estudiaron posibles diferencias en rasgos metabélicos
(consumo de oxigeno - M0Oz) y reproductivos (produccion de huevos y volumen de
los mismos) entre dos poblaciones de Sigara selecta, una situada en el centro de su
area de distribucion (sureste de Espafia) y otra situada en el margen o borde norte
(sureste de Inglaterra). Asimismo, se estudié la plasticidad de esas caracteristicas a
cambios ambientales, interpretando las implicaciones que podria tener en las
respuestas de ambas poblaciones frente al cambio global. Para ello, hembras de
ambas poblaciones se aclimataron en el laboratorio a diferentes tratamientos
combinados de temperatura x salinidad. Durante el periodo de aclimataciéon (7
dias) se estimo la tasa de ovoposicion (produccion de huevos por dia) y el volumen
de los huevos. Tras la aclimatacion se midié la tasa de consumo de oxigeno. Los
resultados no revelaron diferencias significativas en la tasa de consumo de oxigeno
entre ambas poblaciones. En cambio, la tasa de ovoposicién de la poblaciéon del
margen norte fue superior a la de la poblaciéon del centro, pero los huevos
producidos presentaron menor volumen. La poblacién del margen presentd,
igualmente, mayor plasticidad fenotipica tanto para el consumo de oxigeno como
para la tasa reproductiva. En resumen, la poblacion del margen parece presentar

una mayor resiliencia frente a cambios ambientales como el cambio climatico
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debido a una plasticidad fenotipica mas elevada, por lo que un aumento de
temperatura podria favorecer su persistencia y expansion hacia al norte dénde
habria disponibilidad de nuevos habitats favorables. La poblacién del centro, por
otra parte, parece mostrar una respuesta mas resistente, pudiendo combatir los
efectos del cambio climatico regulando su metabolismo y tasa reproductora dentro
de un amplio rango de condiciones. Sin embargo, si estas excedieran su limite de
tolerancia, las poblaciones actuales probablemente se extinguiran y se produciria

un desplazamiento hacia el norte, donde las condiciones serian mas benignas.

En el capitulo 3 se estudiaron varios rasgos fisiolégicos, de historia de vida
y morfoldgicos que, a priori, pueden hacer de la especie invasora T. v. verticalis un
mejor competidor respeto a varias especies nativas del género Sigara, pudiendo
explicar su distribucién y expansiéon recientes en el suroeste de Espaifia,
particularmente en medios mesosalinos. En concreto, se comparan dichos rasgos
con tres especies de Sigara con las que convive en el drea de invasion a lo largo de
un gradiente de salinidad: Sigara lateralis y S. scripta en aguas subsalinas e
hiposalinas y S. selecta en aguas mesosalinas. Para estimar la habilidad para tolerar
factores ambientales se midié la tolerancia a la salinidad (de huevos, ninfas y
adultos) y tolerancia térmica, Como indicadores de la capacidad de reclutamiento
de nuevos individuos se estudi6 la tasa reproductiva (estimada como la produccién
de huevos por dia) y el tiempo y porcentaje de eclosiéon. Asimismo, con relacién a la
capacidad de dispersién y expansion, se estimé la capacidad de vuelo mediante el
calculo del ratio de aspecto alar y la carga alar. La tolerancia térmica y fecundidad
se estudiaron a dos salinidades que representan los extremos del gradiente en el
cual la especie invasora coexiste con las especies nativas seleccionadas. Los
resultados de los experimentos fueron analizados mediante ANOVAs para detectar
diferencias entre especies y tratamientos. Los resultados mostraron que adultos y
ninfas de S. selecta presentan la mayor tolerancia a la salinidad, sin embargo, T. v.
verticalis mostré la mayor tolerancia para la fase de huevo. Asimismo, T. v.
verticalis mostré la mayor tolerancia a altas temperaturas, aunque su tolerancia al
frio fue menor que la de las especies nativas. T. v. verticalis se caracterizé por tener
el mayor valor de ratio de aspecto alar, lo que indica que la especie presenta alas

alargadas y estrechas, relacionadas un vuelo activo y enérgico. T. v. verticalis
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también present6 una mayor tasa reproductiva que las especes de Sigara a ambas
salinidades estudiadas, sobre todo en condiciones mesosalinas. En resumen, el
éxito en el establecimiento y dispersion de la especie exdtica T. v. verticalis podria
deberse principalmente a su alta capacidad reproductora, importante resistencia a
la salinidad y temperatura, especialmente de los huevos, y a una mayor capacidad

de dispersion por vuelo.

En el capitulo 4 se estudi6 el impacto de la especie invasora T. v. verticalis
sobre los patrones de coocurrencia de las tres especies nativas de Sigara con las
que puede coexistir a lo largo de un gradiente de salinidad, asi como los
mecanismos que determinan dicha coocurrencia (filtro de hdbitat o diferenciacion
de nicho). Para ello se describieron los nichos de especializacion de habitat y
funcional de las especies (mediante un Anadlisis de Coordinadas Principales - PCoA)
y su solapamiento (porcentaje de solapamiento) a partir de rasgos fisiolégicos
(tolerancia a la salinidad) y bioldgicos definidos y categorizados mediante
experimentos de laboratorio y fuentes bibliograficas. Para determinar si la
presencia de T. v. verticalis modificaba los patrones de distribucién y coocurrencia
de las especies nativas se realizé un analisis de coocurrencia empleando datos de
campo de la distribucién de las especies tanto en el area invadida cercana (sur de
la peninsula ibérica y norte de Marruecos) como no invadida (SE Espaiia).
Finalmente, mediante el empleo de modelos nulos identificamos que mecanismo
de asociacion de especies estaba jugando un papel significativo en la distribucién y
coocurrencia de las especies tanto en el area invadida como en la no ocupada. Los
resultados revelaron que la presencia de T. v. verticalis modifica los patrones de
distribucién y coocurrencia de las especies nativas a lo largo del gradiente de
salinidad. En el area no invadida, el filtro de habitat parece determinar la
segregacion de las especies nativas (mostrando un patrén de coocurrencia
negativo entre ellas). En este escenario, debido al alto solapamiento en el nicho
funcional las especies se segregan en funcién de su tolerancia fisiologica a lo largo
del gradiente de salinidad, reduciendo las especies de esta forma la competencia.
Por otro lado, la diferenciaciéon de nicho parece configurar la coexistencia entre la
especie invasora y las especies nativas S. selecta y S. scripta en el area de invasion.

Una posible explicacion puede ser la baja similitud funcional de T. v. verticalis con
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las especies nativas, fundamentalmente en su nicho tréfico, de manera que el

reparto de recursos permitiria la coexistencia de las especies.



GENERAL
INTRODUCTION

Rambla Salada (Fortuna). Author: Ecologia Acuatica






General introduction

General introduction

Ecological niche: concepts and approaches

The term niche is a central concept in ecology. Although its use is common
in community ecology (e. g., Pianka, 1994; Begon et al., 2006), it can also be applied
at other ecological levels such as individual or population/species levels (Begon, et
al., 2006). Ecophysiologists often work to identify environmental conditions that
affect an organism’s performance and implicitly, some component of its fitness
(e.g., thermal niche) (see Calosi et al., 2010). Similarly, much of population biology
is concerned with identifying limiting factors of the environment that can alter the
dynamics of populations (Leibold, 1995). Community studies usually focus on
environmental gradients and refer to niches as differential habitat preferences of
species (ter Braak & Verdonschot, 1995) or to explain interspecific competition or
coexistence interactions (e.g., trophic niche). Biogeographers or macroecologists
consider how environmental conditions, principally those related with long
periods of climate and geographic history, can constrain the distribution of taxa
(e.g., climatic niche; Arribas et al,, 2013). Finally, ecosystem ecologists seek ways of
describing how the functional traits of taxa alter ecosystem processes or structure
(e.g., functional niche; Leibold, 1995; Diaz & Cabido, 2001). However, despite its
strong synthetic role among disparate fields of ecology and its crucial importance
in community theory, the niche concept remains unclear (Real & Levin, 1991;

Mcinerni & Etienne, 2012).

Clarifications of the niche concept have repeatedly emphasized the need to
discern Grinnellian from Eltonian dimensions of the niche (Guisan & Thuiller,
2005; Soberon, 2007). The Grinnellian niche describes the response of species to a
given set of variables, in this case considered as resources (Grinnell, 1917), while
the Eltonian niche (sometimes called functional or trophic-niche) focuses on the
impact of species in the environment (Elton, 1927) or its functional role in the
ecosystem (Sober6n, 2007). The Grinnellian niche can be further extended to
Hutchinson’s concept of the ecological niche (which has been the most influential

concept) where all biotic and abiotic resources are considered. In this case, the
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ecological niche is generally defined as a hyper-volume in the multidimensional
space of ecological variables, within which a species can maintain a viable
population (Hutchinson, 1957). Similarly, the Eltonian-niche concept can be
extended in an n-dimensional functional space, measured as the species position
along axes embodying functional attributes, rather than resource variables
(Rosenfeld, 2002; Mouillot et al, 2007). This functional conception of the
ecological niche received new theoretical and methodological attention following
the growing interest in functional traits in community and applied ecology (McGill
et al, 2006; Ackerly & Cornwell, 2007). Thus, environmental gradients and
functional relationships among species must be considered to define the niche

hypervolume (Whittaker et al., 1973).

Specialization is intrinsically linked to the niche concept, being “the niche
breadth” a particular characteristic (Devictor et al, 2010). The breadth of a
species’ fundamental (the entire hypervolume under which an organism can
potentially exist) or realized niche (portion of the fundamental niche that a species
actually occupies) should also be viewed in terms of either the Eltonian or the
Grinnellian niches. In general terms, the fundamental niche is determined by
controlled experiments whilst the realized niche is determined from field data.
However, metrics used to measure both niches are different depending on whether
we are defining Grinnellian or Eltonian niches: the variation in species’
performance in a controlled experiment will reflect its fundamental Grinnellian
niche, while the variation in performance along different resource categories using
field data will reflect the realized Grinnellian niche. In parallel, the fundamental
Eltonian niche would be derived from metrics based on the species-specific
functional traits, while the realized Eltonian niche will be quantified using the

diversity and strength of impact of the species on others (Devictor et al., 2010).

Consequently, identifying some of the dimensions or components of the
ecological niche is crucial to assess the current and future performance of species
or populations, as well as their viability in the face of potential threats like habitat
modification, biological invasions or climate change (Begon et al., 2006). Niche

theory, therefore, provides a vital foundation for many management actions
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anticipating which populations or species are likely to be most affected by the

above mentioned threats (Gaston et al., 2009).

Intra-specific and inter-specific physiological variation

Understanding how species respond to environmental factors is a central
concern in ecology (Chown, 2001). Physiological studies help to define the niche
breadths of species and to improve our knowledge of the habitat use by species
and their geographical ranges (Hoffmann & Blows, 1994; Gaston, 2003, 2009;
Calosi et al., 2010).

Like all other biological variations, spatial and temporal patterns of
physiological responses among and within species (species response to the
environment may differ among populations but also among different individuals
from the same population) are found as a result of genetic, developmental and
environmental influences (Gaston et al., 2009). Thus, intraspecific and interspecific
macrophysiological patterns concern spatial or temporal variation in the
physiology of individuals, populations and species with positional (e.g., latitude,
longitude, altitude, depth), temporal or environmental variables characterizing
those locations or times (e.g., temperature, precipitation, salinity, solar radiation,
productivity) (Gaston et al, 2009). This physiological variation has important
ecological implications on the distribution and abundance of organisms and their

differential fitness (Spicer & Gaston, 1999).

However, although organisms respond to each condition in their
environment, the effects of such conditions may be determined largely by the
responses of other community members. Thus, comparative analyses at inter-
specific level of the fundamental niche (where an organism could live) and the
realized niche (where it actually lives) can help to elucidate how species respond
to particular environmental conditions in nature (e.g., water salinity gradients in
aquatic species) and to understand which environmental and/or biological factors
could be driving the current/future distribution and habitat occupation of species

(see Chapter 1).
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At intra-specific level of variation, a single population can display annual or
even seasonal variation in morphological, metabolic and life-history traits, which
are considered indirect measures of an organism’s fitness (Stearns, 1992).
Moreover, differences among a set of populations may be observed as the result of
local adaptation or phenotypic plasticity (Roff, 2002). Phenotypic plasticity or the
capacity of organisms to modify their form and function to changing environments
through physiological adjusts (Ghalambor et al., 2007) is viewed as an adaptive
response to the environmental heterogeneity and predictability (Lardies &
Bozinovic, 2008) and it has become a key concept in understanding responses to

global change (Stillman, 2003; Chown & Nicolson, 2004; Magozzi & Calosi, 2015).

Dealing with climate change

Humans are altering the global climate through the release of greenhouse
gases (Houghton et al.,, 2001). As a consequence, global surface temperatures and
inland waters salinity are projected to increase in the near future, placing
additional pressure on already-stressed inland and coastal aquatic ecosystems
(Houghton et al., 2001). Although aquatic systems are generally viewed as resilient
and able to maintain a healthy and self-sustaining condition despite large year-to-
year variation in hydrologic and temperature conditions, rapid climate change may
impose new environmental regimes that will exceed the limits of the resilience of
aquatic ecosystems (Poff et al., 2002). Moreover, these systems are increasingly
isolated and disconnected, making adjustment to rapid climate change through

animal and plant dispersal very problematic.

The effects of climate change on individual species mainly depend on: a) the
extent of phenotypic plasticity in the environmental responses of organisms; b)
their evolution rates; and c) the nature and form of spatial variation of phenotypic

plasticity and evolution rates along its geographical range (Ghalambor et al., 2007).

The vulnerability of a species to global warming largely depends on its
capacity to maintain present populations (species persistence) and to shift its
geographical range to suitable future environments (Parmesan, 2006; Williams et

al,, 2008), being largely influenced by population responses at range margins
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(Kirkpatrick & Barton, 1997; Hampe & Petit, 2005; Gaston, 2009). Persistence will
depend on the ability to adapt and tolerate novel conditions, i.e., on a species
physiological tolerance limits, as well as their potential to shift these limits via
plastic and adaptive changes (Chown et al., 2007; Gaston et al., 2009; Hoffmann,
2010). Thus, if we want to better predict how organisms may respond to ongoing
climate change, we need to have a more extensive understanding of geographical
variation and plasticity responses in key traits within species (Chown & Gaston,
2008). Unfortunately, few studies, particularly on insects, have considered the
change in phenotypic plasticity among populations along species” geographic
range, despite the fact that this type of study is ideal for understanding how
phenotypic plasticity evolves in relation to environmental variation and how these
differences may shape responses to global change. Thus, the study of intraspecific
variation of key physiological and life-history traits between core and marginal
populations provides a powerful framework for studying phenotypic plasticity

with important conservation implications (see Chapter 2).

Dealing with invasions

One of the most important human impacts on a wide range of ecosystems
and one of the major causes of global change is the introduction and invasion of
alien species (Ricciardi, 2006). Alien invaders are of particular concern in aquatic
ecosystems (Dudgeon et al, 2006), where the main sources of invader
introductions are ballast water, pet, aquarium and ornamental trade, sport fishing

and research (Coccia, 2015).

The likelihood of new invaders establishing in a new region is largely
dependent on their niche requirements. For example, phenotypic plasticity or
certain trait combinations may enhance the invasive character of exotic species
(e.g., Van Kleunen et al, 2010; Davidson et al, 2011; Capellini et al, 2015).
Therefore, understanding the traits determining successful invasions should be a
research priority to predict how likely are exotic organisms to successfully invade
new regions especially through the niche comparison with similar native species

(see Chapter 3).
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Direct effects of invasive species on their resources or competitors can be
dramatic and conspicuous in the receiving community (Downing et al, 2012;
Jackson et al., 2012). Invasive species may cause strong interspecific competition
among closely related species (Violle et al., 2011), affecting performance of native
species through resource limitation and interference (Chase & Leibold, 2003).
When competition occurs, the degree of resource/niche overlap among invasive
and native species largely determines species exclusion or co-existence (De Roos et
al,, 2008). Niche similarity among species can cause the strongest impact on
inferior competitors, being competitive displacement the most severe outcome
(Reitz & Trumble, 2002). However, niche differentiation, in which competing
species specialize on distinct resources (resource partitioning) or exploit the same
resources at different places or times, favors species co-existence (Chesson, 2000;
Gross et al., 2007) and promotes the complementarity of the resource use in space

and time (Silvertown, 2004; Carroll et al., 2011).

Other major way in which niches can be differentiated is on the basis of
conditions (Wilson, 1999). Two species may use precisely the same resources, but
if their ability to do so is influenced by environmental conditions and if they
respond differently to such conditions, then each may be competitively superior in
different environments (Begon et al.,, 2006). Habitat filtering imposes ecological
filters that select individual species from a regional pool because they possess a
trait syndrome suitable for a given habitat (Keddy, 1992; Diaz et al., 1998). Thus, in
a given community, habitat filtering forces species to converge toward an optimum
trait value and to become functionally similar. Functionally dissimilar species are
excluded because they cannot cope with local environmental stress or competition
(Grime, 1973; Mayfield & Levine, 2010). Therefore, invaders could alter the
assembly rules of native species communities along abiotic gradients depending on

their niche similitude and tolerance to the stressor.

Understanding of competitive interactions between invaders and
functionally similar native species through niche analysis provides an important
benchmark for assessing and predicting the consequences of invasion, such as
modification of co-occurrence patterns among native species (see Chapter 4). In

this context, identify whether habitat filtering or niche differentiation processes
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are determining the assembly rules in the natural and invaded communities is of

great interest.

Corixidae as focus organisms

This thesis explores key issues of niche variation at both intra- and
interspecific levels, using corixids as focus organisms. This family, commonly
named water-boatmen, is included in the order Hemiptera (Linnaeus, 1758) and
infraorder Nepomorpha (Popov, 1968) and is one of the most extended and well
adapted to aquatic ecosystems worldwide (Jansson, 1986; Polhemus & Polhemus,
2008). Corixids normally inhabit all kinds of lentic water bodies, temporary or
permanent, like ponds, marshes, lakes or reservoirs, but also pools in rivers and
streams (Nieser et al., 1994). This group of insects has representative species from

fresh to saline water bodies (Scudder, 1976).

Corixids are also key in the trophyc web of ecosystems where they occur,
being one of the most abundant groups (Nieser et al., 1994) and contributing with
a high biomass (Barahona et al., 2005). They are commonly predated by other
aquatic macroinvertebrates (including other hemipterans such as Notonectidae,
Naucoridae and Belostomatidae) and vertebrates (such as fish, amphibians and
birds) (Scudder, 1976; Jansson, 1986; Polhemus & Polhemus, 2008). The life of a
corixid consits of an egg stage, five larval instars and the adult. Morphologically,
larvae are essentially miniature adults and may be recognized by their similar
appearance and habits. The main differences are the lack of genitalia, wings and
hemielytra, altough wing-buds are clearly developed by the third instar (Savage,
1999) (Fig. 1A, B).
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Figure 1. Sigara selecta adult (A), nymph (B), ventral view of head (C) and right pala (D).

Apart from some genera described as predators (e.g., Cymatia and
Glaenocorixa), most of the Corixidae are omnivorous detritus feeders (Jansson,
1986; Polhemus & Polhemus, 2008), searching for food (biofilm, oligochaetes,
nematodes, rotifers and protozoans) in the soft bottom of the water body
(Barahona et al.,, 2005). They gather food by sweeping the flocculent material into
the rostrum with the palae (Fig. 1C, D).

Corixid species are energic swimmers, visiting the water surface regularly
to refill a gas bubble that serves as an oxygen reservoir (Jansson, 1986). These
external air stores, which adhere to the body of the submerged insect, are either in
the form of a thin layer of air retained by a fine pile of hairs on the integument, or

partially concealed air bubbles trapped between parts of the body (Ege, 1918).



General introduction

Concerning life history, corixid species show a characteristic seasonality in
their breeding, above all at temperate regions (Tones, 1977). In most temperate
genera, the species overwinter as adults and mating takes place in spring.
However, some species such as Corixa affinis may pass the winter as an egg and
genera Micronecta and Trichocorixa verticalis verticalis (in its invasive Iberian
area) may overwinter in the larval and egg stage (Poisson, 1935; Rodriguez-Pérez
et al, 2009). Eggs are usually laid underwater on plants or other objects attached
by an adhesive disc between spring and autumn, presenting species from one
single generation to polivoltinism, even developing four generations a year

(Savage, 1989; Barahona et al., 2005).

Ecology and biology of family Corixidae have been widely studied as a
consequence of its worldwide distribution and the key role it plays in all kinds of
aquatic ecosystems. Several important study examples on corixids physiology (e.g.,
Scudder et al., 1972; Catharine & Scudder, 1979; Cooper et al., 1987), salinity and
thermal tolerance (e.g., Scudder, 1976; Scudder, 1983; Van de Meutter et al., 2010;
Coccia et al., 2013), life history and secondary production (e.g., Poisson, 1935;
Kelts, 1979; Scudder, 1976; Barahona, 2005), dispersion (e.g., Pajunen & Jansson,
1969; Boda & Csabai, 2009), distribution and assemblages (e.g., Morroe et al,
2004; Karouzas & Gritzalis, 2007; Garrido & Munilla, 2008; Carbonell et al., 2011)
competence and coexistence (e.g., Hutchinson, 1959; Pajunen, 1982, 1990; Pajunen
& Ukkonen, 1987; Pajunen & Pajunen, 1991, 1993), food preferences (e.g., Popham
et al, 1984; Murillo & Recasens, 1986; Klecka, 2014), predation (e.g., Simonis,
2012, 2013) and parasitim (e.g., Coccia et al., 2014; Sanchez et al., 2015) can be

found in the scientific literature.

The eurytopic character of many corixidae species (they survive
experimental manipulation), small size (for convenience of handling), and
abundance (for reasons of ease acquisition and sometimes ethics), like model
organisms (Gaston et al., 2009), make them ideal to explore inter- and intraspecific
variation on physiological and life history traits definig ecological niche (Chapter 1
and 2). Besides, although few insect species have been detected as invaders in
European fresh waters (Karatayev et al., 2009), family Corixidae enlists the only

established alien waterbug, Trichocorixa verticalis verticalis (Fieber, 1851)
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(Rabitsch, 2008), originally distributed in North America and the Caribbean, where
it mainly lives in coastal wetlands (Hutchinson, 1931; Jansson, 2002) and now
extended in South Africa, New Caledonia, Morocco, Spain and Portugal (Figure 2).
Thus, it offers an excellent opportunity to study the traits underpinning the
successful establishment and spread of this invasive species and the resulting
interactions with similar native species that can help to predict impacts on aquatic

communities (Chapter 3 and 4).
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Figure 2. Map representing the current distribution of Trichocorixa v. verticalis in the native and
invaded areas (A) and the evolution of records in the invaded area in the Iberian Peninsula (B)
(modified from Carbonell et al., 2012).
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Objectives and thesis structure

The general goal of this thesis is to answer some key ecological questions
through key physiological and biological traits characterizing the ecological niche
of related corixidae species (native and exotic), that can explain their distributions,
resistance to environmental changes and co-occurrence patterns. The results can
provide insights to understanding the impact of climate change and biological

invasions on native species and their relationships.

More especifically, the aims of this thesis are:

1. To assess the significance of salinity and water chemistry in habitat
occupation of three Sigara species through the comparision of the realized
niche (field distribution along a salinity gradient) and their fundamental

niche experimentally obtained (Chapter 1).

2. To determine intraespecific variation in physiological and biological traits
in response to environmental change between core and marginal
populations of the saline species Sigara selecta within its distributional

range, and its implications to deal with climate change (Chapter 2).

3. To determine which physiological and biological traits underpin the
invasion success of the exotic corixid Trichocorixa v. verticalis against some
competitive native species in its invaded area at the Iberian Peninsula

(Chapter 3).

4. To analyze the impact of the invasion of T. v. verticalis on co-ocurrence
patterns between similar native species and to identify the mechanisms that
are driving these patterns (habitat filtering or niche differentiation)

(Chapter 4).
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This thesis is structured in four chapters corresponding to four scientific
articles. Chapters 1 and 3 have already been published in international peer-
reviewed journals indexed in SCI, while chapters 2 and 4 have recently been
submitted for publication and they are under review. The four chapters (articles)

on which this thesis is based are:

Chapter 1: Carbonell, J.A., Millan, A. & Velasco, ]J. (2012). Concordance between
realised and fundamental niches in three Iberian Sigara species (Hemiptera:

Corixidae) along a gradient of salinity and anionic composition. Freshwater Biology,

57:2580-2590.

Chapter 2: Carbonell, J.A., Bilton, D., Calosi, P., Millan, A., Stewart, A. & Velasco, ].
(under review). Metabolic and reproductive plasticity of core and marginal
populations of the eurythermic saline water bug Sigara selecta (Hemiptera:

Corixidae) in a climatic change context. Journal of Insect Physiology.

Chapter 3: Carbonell, ].A.,, Millan, A., Green, A.]., Céspedes, V., Coccia, C. & Velasco, .
(2016). What traits underpin the successful establishment and spread of the

invasive water bug Trichocorixa verticalis verticalis? Hydrobiologia, 768: 273-286.

Chapter 4: Carbonell, ].A., Velasco, J., Millan, A., Green, A.]., Coccia, C., Guareschi, S.
& Gutiérrez-Canovas, C. (under review). Biological invasion modifies the co-
occurrence patterns of native species along a gradient of environmental stress: a

case study with corixids (Hemiptera). Journal of Animal Ecology.
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Chapter 1: Concordance between realized and fudamental niches

Introduction

Understanding how species respond to environmental factors is a central
concern of ecology (Chown, 2001). Physiological studies help define the niche
breadths of species and improve understanding of their habitat use and
geographical ranges (Hoffmann & Blows, 1994; Gaston, 2003, 2009; Calosi et al,
2010). Moreover, physiological information may be used to assess the viability of a
population in the face of potential threats like habitat modification, global warming
(Bozinovic et al,, 2011) or invasions by alien species (Van De Meutter et al., 2010).
As a result, many studies have focused on the effects of stressors on species
physiology for conservation purposes (e.g., Homan et al., 2003; Kefford et al., 2005;
Sanchez-Fernandez et al., 2010; Arribas et al., 2012).

Water salinity and ionic composition can be natural stressors in aquatic
habitats, particularly in arid and semiarid zones such as the Mediterranean basin,
where highly mineralized waters are common. In this respect, the south-eastern
Iberian Peninsula is one of the most arid European regions and encompasses a
wide variety of aquatic ecosystems ranging from freshwater streams, ponds and
wetlands to hypersaline streams, saline lagoons and salt pans (Millan et al., 2006;
Picazo et al., 2012). Although many of these habitats are found throughout Europe,
some saline and hypersaline habitats are unique to this region and host a high
number of rare and endemic species, particularly aquatic Coleoptera and
Hemiptera (Moreno et al., 1997; Velasco et al., 2006; Sanchez-Fernandez et al.,
2008; Abellan et al., 2009; Millan et al., 2011). Within the Hemiptera, the Corixidae
family is the most diversified and well-adapted to aquatic habitats. Specifically, the
genus Sigara (Fabricius, 1779) includes representative species from freshwaters to
saline water bodies (Jansson, 1986) and encompasses a wide salinity gradient in

the Iberian Peninsula (Millan et al., 1988; Carbonell et al., 2011).

Physiological adaptations to salinity may be an integral part of the
evolution, ecology and biogeography of organisms of saline waters. The ionic
composition of water (anionic ratios of chloride, bicarbonate-carbonate and
sulphate) appears to be an especially important determinant of the distribution of

saline species (e.g, in the brine fly genus Ephydra; Herbst, 1999, 2001), and the
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effects of increasing salinity may vary depending on ionic proportions (Zalizniak et
al, 2006). Thus, low to moderate saline habitats host species with a limited
osmoregulatory ability (hyperosmotic regulation and osmoconforming) and broad
or nonspecific ion regulation capacity. On the other hand, high tolerance to salinity
stress (hypoosmotic regulation) and specific ionic regulation abilities are expected
in species occurring in much more saline habitats (Herbst, 2001). In this sense,
solute composition, along with salinity, thermal regime and habitat stability may
provide a template that shapes the distribution of many organisms inhabiting
saline systems (Herbst & Bromley, 1984). However, factors other than the direct
effects of salinity tolerance are rarely considered by researchers studying inland
saline biotas when attempting to explain species distributions along salinity

gradients (Ward, 1992).

Some salinity tolerance information for water boatmen (mostly regarding
adults of the species) is available (e.g., Kelts, 1979; Catharine & Scudder, 1979;
Cooper et al., 1987; Velasco et al., 2006; Van De Meutter et al., 2010). In general,
species show a wider salinity tolerance in the laboratory than the salinity range in
which they occur in the field, and mainly inhabit the more saline water bodies that
they can tolerate in order to avoid interspecific competition (Herbst, 2001).
However, the degree to which laboratory measures of tolerance reflect the field
distributions of biota is uncertain (Kefford et al., 2004b), and field observations
cannot establish a causal link (Underwood et al., 2000). In addition, although there
has been previous study of salinity tolerances of several adult Sigara species (Van
De Meutter et al., 2010), information on the salinity tolerance of eggs and nymphal
stages is still lacking. The presence of adults at a particular salinity does not
necessarily indicate that the species can complete its life cycle at that salinity.
Thus, defining salinity tolerances according to life stage is of high ecological
concern to improve knowledge about the breadth of salinity niches and determine
what might be the most vulnerable life-stage in terms of habitat occupation. The
nymphs of a corixid, Trichocorixa verticalis verticalis (Fieber, 1851), tolerate lower
salinities than the adults (Van de Meutter et al., 2010), and a similar pattern has
been reported for the eggs of many other macroinvertebrate species in comparison

to their adult counterparts (Kefford et al, 2004a, 2007). Therefore, salinity
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tolerance data from adult life-stages may overestimate their overall species

tolerance.

The present study aims to assess the significance of salinity and water
chemistry in habitat occupation of three corixid species that demostrate different
habitat preferences: Sigara nigrolineata nigrolineata (Fieber, 1848) in freshwater
streams, Sigara scripta (Rambur, 1840) in hyposaline waters and Sigara selecta
(Fieber, 1848) in mesosaline and hypersaline waters. These species cover a wide
salinity gradient that encompasses a variety of anionic compositions (carbonate,
sulphate and chloride-dominated waters). Our aims were (a) to determine the
realized niche in relation to saline and anionic composition of each species from
field data, (b) to compare these with their fundamental niches as defined under
standardized laboratory conditions for their three life-stages (egg, nymph and
adult) and (c) to identify differences in the physiological tolerances of the three
life-stages within and among species. We hypothesized (1) a strong concordance
between fundamental and realized niches, (2) that S. selecta would show a wider
salinity tolerance and would be more specialized to ionic compositions than S.
scripta and S. nigrolineata, the latter two having broad or nonspecific ion
regulation capacities, (3) that species inhabiting freshwater and hyposaline
habitats would be more tolerant of high sulphate than species inhabiting
hypersaline habitats and (4) that younger life-stages would be less tolerant of
higher salinity levels than the older / dominant life-stages, thus constraining the

habitats where the species can reproduce.

Materials & Methods

Study species

Sigara selecta occurs in brackish, saline aquatic systems distributed
throughout western Europe and northern Africa (Aukema & Rieger, 1995) and
seems to be associated with coastal lentic water bodies, at least in its Iberian
distribution (Nieser et al., 1994). Sigara scripta is found in circum-Mediterranean

countries and south-western Asia (Aukema & Rieger, 1995), inhabiting ponds and
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pools in both freshwater and hyposaline lotic systems (Carbonell et al., 2011) and
also occuring in brackish waters in coastal areas (Moreno et al, 1997; Van de
Meutter et al., 2010). Sigara nigrolineata nigrolineata is widely spread over the
Palaearctic Region (Aukema & Rieger, 1995) and frequently inhabits freshwater
ponds and pools in lotic and lentic systems (Millan et al., 1988; Carbonell et al,

2011) (Fig. 1).

Figure 1. Adult, nymph and egg of S. nigrolineata (A,B,C), S. scripta (D,E,F) and S. selecta
(GH)]I).
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Field data

Abundance records for the three species from 177 localities in the Iberian
Peninsula were gathered from the Aquatic Ecology Research Group’s biodiversity
database at the University of Murcia (Carbonell et al., 2011 and A. Millan et al,
unpublished data). This database includes biological and environmental data
obtained by sampling both lentic and lotic aquatic systems since 1980, following a
multihabitat protocol (Jaimez-Cuéllar et al, 2002). Macroinvertebrate samples
were collected using hand nets (pentagonal or triangular, 20 to 30 cm deep and 0.5

to 1 mm mesh).

To determine the realized niches in relation to conductivity and anionic
composition, four water variables were considered: electrical conductivity (EC)
and carbonate, sulphate and chloride concentrations (meq L-1). Water electrical
conductivity was measured in the field with standard portable equipment
(ECmeter, TetraComR, 325. WTW GmbH, Weilheim, Bayern, Germany). Sulphate
and chloride concentrations were determined photometrically with Spectroquant,
NOVA 60 kits (MERCK®. Darmstadt, Hessen, Germany) while alkalinity was
measured colorimetrically with an alkalinity test (AQUAMERCK®. Darmstadet,

Hessen, Germany).

The realized niche of the three species for conductivity and anionic
composition were assessed by applying the Outlying Mean Index (OMI) analysis
(Dolédec et al., 2000) using the niche procedure in ADE-4 (Thioulouse et al., 1997).
The OM]I, or species marginality index, measures the distance between the mean
habitat conditions used by species (species centroid), and the mean habitat
conditions of the sampling area (origin of the niche hyperspace). OMI analysis
places species along habitat conditions. The position of the species depends on
their niche deviation from a reference, which represents neither the mean nor the
most abundant species but rather a theoretical ubiquitous species that tolerates
the most general habitat conditions (i.e, a hypothetical species uniformly
distributed among habitat conditions). This analysis also calculates niche breadth
(tolerance) as a measure of the amplitude in the distribution of each species along

the sampled gradient. The OMI analysis was selected due to its demostrated
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suitability for the investigation of multidimensional niche breadths in the presence
of strong limiting factors (e.g., water salinity) (Dolédec et al., 2000). Moreover, the
analysis provides a separation of species based on their niche characteristics. This
analysis has also been used in the study of species niche segregation (e.g., corixids;

Van de Meutter et al., 2010, and benthic diatoms; Soininen & Heino, 2007).

The species abundance and environmental variables were logarithmically
transformed prior to analysis. This analysis was performed in R v 2.7.2 for

Windows (R Development Core Team, Vienna, Austria).

Salinity and anionic tolerance tests

Salinity and anionic tolerance tests for the three Sigara species were carried
out in controlled laboratory conditions following standard protocols (Kefford et al.,
2005, 2007). Adults and nymphs of the three studied species were collected in
spring and summer of 2011 at different sites within their southeast Iberian
distribution area (Table 1) (Fig. 2). About 300 adults and nymphs of each species
were collected with a hand net and transported in containers with their original
water to the laboratory. Before their use in tolerance tests, adults from each
species were kept for two days in a 7-L aquarium with their original water and a
natural substrate. They were held at 20-24 °C to acclimatize to laboratory
conditions, and were fed frozen chironomid larvae daily. Nymphs were kept in the
same laboratory conditions, but fed with a mixture of natural epipelon, Ruppia
maritima and frozen chironomid larvae. Finally, to obtain eggs, males and females
of each species were placed in aquaria and allowed to reproduce and lay eggs on

plastic mesh that could be removed daily and transferred to test vials.

Table 1. Collection site information (geographical coordinates and mean conductivity) for tolerance
laboratoryv tests.

Species Sample location Latitude Longitude Altitude Conductl-vnty
(mS cm1)
S. nigrolineata Corneros stream, Lorca, Murcia 37°42'N  1°54'W 530 1.26
S. scripta Chicamo stream, Abanilla, Murcia 38211'N 1°03'W 150 129

S. selecta Rambla Salada, Molina de Segura, Murcia 38207'N 12 08'W 140 48.3
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Figure 2. Sample locations: Corneros
stream (A), Chicamo stream (B) and
Rambla Salada (C).

Tolerance tests covered the salinity range where water boatmen occur:
freshwaters (< 0.5 g L'1), hypo-saline waters (3-20 g L-1), meso-saline waters (20-
50 g L1) and hyper-saline waters (> 50 g L-1) (Montes & Martino, 1987). Five
salinity treatments were used: 0.3, 10, 25, 50 and 75 g L-1, which correspond to 0.6,
16, 37, 74 and 100 mS cm-! EC, respectively. For each salinity concentration, four
different anionic compositions were tested, from chloride-dominated water (NaCl)
to different chloride-sulphate proportions (3NaCl:1SO4Naz, 2NaCl:1SO4Naz and
1NaCl:1SO4Naz). The different solutions were prepared by dissolving marine salt
(Ocean Fish, Prodac®. Citadella Pd, Italy) and sodium sulphate (Panreac®.

Castellar del Valles, Barcelona, Spain) in distilled water.

After acclimatising, adults were placed individually in 50 mL aereated boxes
filled with solutions under controlled conditions (20 + 1 2C, 12 h light: 12 h dark
photoperiod, light intensity of 15 pmol m-2 s-1, without food) in an environmental

chamber (SANYO MLR-351. SANYO electric Co., Ltd, Moriguchi City, Osaka, Japan).
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A total of 210 adults from each species were used in the experiment (ten
individuals x five conductivities x four anionic compositions + ten control
individuals). The tolerated control mortality rate was 20 %. Survival was
monitored daily for one week. Conductivity and dissolved oxygen were monitored

daily and did not vary significantly over time.

The same number of nymphs and eggs from each species were used as for
adults. Nymphs (third or fourth instars) and eggs (less than 24 hours old) were
placed individually in glass vials (5 mL solution) under the same experimental
conditions as adults. The nymph’s survival was monitored at 24 h intervals for 48

h, and eggs until hatching.

ANOVA was used to analyse the effects of conductivity and anionic
composition on the survival time of adults and nymphs, and the hatching time of
eggs for each species. Previous analyses showed no differences in tolerance
between sexes in adults (J.A. Carbonell et al, unpublished data). Differences in
survival after 48 hours between adults and nymphs for each species were also
analyzed using ANOVA. Because some data did not satisfy all ANOVA assumptions,
a more conservative approach was employed (p < 0.01). A post-hoc analysis with
Bonferroni correction was implemented to identify significant differences in the
response variables among treatments (Underwood, 1997; Rutherford, 2001). All
statistical analyses were conducted using SPSS for Windows, Rel. 15.0.1. 2006.
SPSS Inc., Chicago IL, USA.

Results

Realized niches

Conductivity and anionic ‘position niches’ (OMI) and niche breadths (Tol)
obtained by OMI analyses for the three species are shown in Table 2. Sigara scripta
was distributed across a range of 0.05-43 mS cm! and had the lowest OMI value
with regards to conductivity and had an intermediate value for niche breadth. This
means that its niche is midway in the total conductivity range in which the three

species are distributed, and that it selects waters with intermediate conductivities.
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Sigara nigrolineata showed the highest OMI and lowest niche breadth, being an
exclusive inhabitant of freshwater aquatic systems (0.02-18 mS cm). Sigara
selecta showed an intermediate OMI value and the highest niche breadth, being
able to inhabit the entire sampled conductivity gradient (Fig. 3A). In relation to
anionic compositions, S. nigrolineata displayed the highest OMI and niche breadth
values, while S. selecta demostrated the lowest (Table 2). Sigara nigrolineata
showed a preference for carbonated waters, but also showed a high tolerance for
anionic composition within the narrow conductivity range in which they occurred.
The niche of S. scripta overlapped in part with that of S. selecta, although the
former seemed to select sulphated waters, unlike S. selecta, which selected

chlorided waters (Fig. 3B).

Table 2. Conductivity range of natural habitats, outlying mean index (OMI) and niche breadth (Tol) of
each Sigara species along the sampled gradient in conductivity and anionic composition. OMI values
indicate the distance between the mean habitat used by species and the mean habitat conditions of
the sampled area. P values indicate whether the OMI is significantly different from the mean habitat
conditions in the dataset.

Speci Conductivity range Conductivity Anionic composition
pecies #

(mS cm1) OMI Tol P OMI Tol P
S. nigrolineata 0.02-18 0.3222 0.0293 0.0120 3.8385 0.3279 0.0010
S. scripta 0.05-43 0.1279 0.1003 0.0090 2.0484 0.0126 0.4376

S. selecta 0.3-128 0.1907 1.4327 0.0010 1.8913 0.0001 0.8292
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The effects of conductivity on adult survival time were significant for all

three species (Fig. 4A and Table 3), while anionic composition and the interaction

of conductivity and anionic composition had significant effects only for S. scripta

(Table 3), which showed its longest survival time in sulphated treatments (Fig.

5A). Sigara nigrolineata had the longest survival time at 0.6 mS cm-1, while S.

scripta showed optima at 0.6 and 16 mS cm-! (Fig. 4A). The most tolerant species, S.

selecta, was able to survive along the entire tested conductivity gradient, but its

optimum range seemed to be between 16 and 37 mS cm! treatments (Fig. 4A).
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Figure 4. Mean * SE survival time of adults, nymphs and eggs in conductivity treatments.
Significant differences determined by post-hoc analysis employing Bonferroni correction are
indicated as follows. Numbers above bars - differences in survival time among species in every
conductivity treatment. Letters above bars - differences in survival time among conductivity
treatments for one species.

Nymphs

Conductivity also had significant effects on survival time of nymphs (Fig. 4B
and Table 4), and again only the interaction of conductivity and anionic
composition had a significant effect on S. scripta (Table 4). Nymphs of S.
nigrolineata and S. scripta survived at 0.6 and 16 mS cm-! treatments, with the

latter as the upper limit, while S. selecta survived up to 37 mS cm-! (Fig. 4B). No
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significant differences were found between nymphs and adults for survival time
(measured for 48h period) for S. nigrolineata (F = 1.54, p = 0.191), while for S.
scripta (F = 10.94, p < 0.001) and S. selecta (F = 28.07, p < 0.001) the salinity
tolerance of the nymphs was lower than for the adults. At 0.6 mS cm-L, S. scripta
nymphs showed similar results to the adults, with survival time increasing as the

sulphate proportion rose, but this pattern was not evident at 16 mS cm-! (Fig. 5B).

Eggs

As for the other life-stages, the effect of conductivity was significant in egg
hatching times of the three species, while anionic composition only showed
significant effects for S. selecta, and the interaction of conductivity and anionic
composition had a significant effect on S. nigrolineata (see Table 5). Sigara
nigrolineata only hatched at 0.6 mS cm-! (Fig. 4C) with an average hatching time of
12.07 days, being significantly longer at 2NaCl:1SO4Naz. Sigara scripta eggs
hatched at 0.6 and 16 mS cm with no differences between conductivity
treatments (mean hatching time of 14.37 days). Eggs of S. selecta hatched at
conductivities up to 74 mS cm-1, presenting the longest hatching time of the three
species (mean hatching time of 18.5 days). At 74 mS cm-! treatment, the mean
hatching time of S. selecta eggs was significantly longer than in the lower

conductivities, decreasing significantly with increase sulphate proportion (Fig. 6).
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in legend - significant differences in survival time
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Table 3. Effects of conductivity and anionic composition on survival times of Sigara adults.

Species Effect df F P

S. nigrolineata  Full model 19 31.102 <0.001
Intercept 1 544.500 <0.001
Anionic composition 3 1.997 0.116
Conductivity 4 141.438 <0.001
Anionic composition x conductivity 12 1.599 0.095
Error 180

S. scripta Full model 19 20.077 <0.001
Intercept 1 323.670 <0.001
Anionic composition 3 7.673 <0.001
Conductivity 4 82.331 <0.001
Anionic composition x conductivity 12 2.427 0.006
Error 180

S. selecta Full model 19 10.622  <0.001
Intercept 1 741.222 <0.001
Anionic composition 3 1.972 0.120
Conductivity 4 44.667 <0.001
Anionic composition x conductivity 12 1.436 0.153
Error 180

Table 4. Effects of conductivity and anionic composition on survival times of Sigara nymphs.

Species Effect df F P

S. nigrolineata  Full model 19 65.925 <0.001
Intercept 1 824.005 <0.001
Anionic composition 3 0.161 0.922
Conductivity 4 312.322 <0.001
Anionic composition x conductivity 12 0.234 0.996
Error 180

S. scripta Full model 19 36.471 <0.001
Intercept 1 437533 <0.001
Anionic composition 3 2.677 0.049
Conductivity 4 164.091 <0.001
Anionic composition x conductivity 12 2.380 0.007
Error 180

S. selecta Full model 19 24.272 <0.001
Intercept 1 620.735 <0.001
Anionic composition 3 2.798 0.042
Conductivity 4 110.103 <0.001
Anionic composition x conductivity 12 1.029 0.424

Error 180
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Table 5. Effects of conductivity and anionic composition on hatching times of Sigara eggs.

Species Effect df F P

S. nigrolineata  Full model 19 54.321 <0.001
Intercept 1 18645.047 <0.001
Anionic composition 3 2.680 0.048
Conductivity 4 247.975 <0.001
Anionic composition x conductivity 12 2.680 0.002
Error 180

S. scripta Full model 19 27.090 <0.001
Intercept 1 7765.656 <0.001
Anionic composition 3 1.704 0.168
Conductivity 4 123.469 <0.001
Anionic composition x conductivity 12 1.309 0.216
Error 180

S. selecta Full model 19 13.416 <0.001
Intercept 1 7797.542 <0.001
Anionic composition 3 5.049 0.002
Conductivity 4 54.415 <0.001
Anionic composition x conductivity 12 1.842 0.045
Error 180

Discussion

We found strong concordance between the tolerances of three Sigara
species for salinity and anionic composition as revealed by field observations and
laboratory experiments. The most tolerant species, Sigara selecta, is able to inhabit
hypersaline waters around 128 mS cm-1, while the least tolerant, S. nigrolineata,
occurs principally in freshwaters and is rarely found in hyposaline waters.
However, S. scripta, with an intermediate salinity tolerance, sometimes coexists
with each of the other species, with its conductivity niche overlapping that of S.
selecta at the upper limits and that of S. nigrolineata at the lower limits, although
the three species never all occurred together in one location. It is likely that S.
scripta is an osmoconformer, like other corixid species that occur in hyposaline
waters such as Cenocorixa bifida and Cenocorixa expleta (Scudder, 1976). These
species have hyperosmotic regulation in freshwaters conditions up to a particular
osmotic concentration of the external medium (the osmotic concentration of their

haemolymph). Above that osmotic concentration they turn into conformers, with
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the osmotic concentration of the haemolymph exactly matching that of the external
medium until a lethal concentration is reached (Bradley, 2008). Such a regulation
mechanism would restrict the persistence of S. scripta under more saline
conditions. Sigara selecta is able to hyposmoregulate, as occurs in other species
from hypersaline waters such as S. stagnalis and Trichocorixa (Tones & Hammer,
1975; Jang & Tullis, 1980). Although comparative studies of the structural and
physiological mechanisms involved in osmorregulation have not been carried out
on the three studied species, differences in the structure and function of the
midgut, Malpighian tubules, labial epidermis and chloride cells on the exposed
body surface of species could play an important role in these processes, as is the
case for other corixids that inhabit saline waters (Scudder, 1976). Future studies of
osmoregulation mechanisms and ionic regulation for these species will be needed

to verify these asumptions.

In the tolerance tests, S. scripta and S. selecta were able to survive in
freshwater conditions. The survival ability of S. selecta, the most common Iberian
corixid in hypersaline waters (Velasco et al., 2006; Carbonell et al., 2011), under
non-saline conditions implies that this species is not a strict halophilic species
(halophilic - surviving only in saline environments) as occurs in other saline water
bug species (Tones & Hammer, 1975). The fact that S. selecta inhabits mainly
hypersaline waters might therefore be explained by factors other than purely
physiological ones. Their broad physiological tolerance can provide a chemical
refuge from interspecific pressures, such as competition or predation. Thus, for
example, a marked difference in susceptibility to mite parasitism between two
closely saline boatmen species, Cenocorixa expleta and C. bifida, excludes the first
species from fresh and low salinity lakes where mites are abundant, and forces

them to select the most saline lakes (Scudder, 1983).

Our realized niche studies in relation to anionic composition showed
narrow S. selecta and S. scripta niches, indicating lower tolerance or more specific
anion regulation in these species than for S. nigrolineata, which seems to select
carbonated waters. In addition, the broad chemical niche of S. nigrolineata also
indicates a low ionic specificity within the narrow range of conductivity in which it

occurs. In contrast, S. selecta selects chloride waters, whereas S. scripta inhabits
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sulphated waters, although their niches partially overlapped. This suggests that
species inhabiting inland hyposaline waters, such as S. scripta, show higher
tolerance to sulphate. This anion, together with carbonates, is more abundant in
this kind of water body than in coastal ones, which have a similar chemical
composition to seawater with sodium chloride as the predominant salt (Moreno et
al, 2009). On the other hand, the specificity of S. selecta for chloride-dominated
waters might explain the common occurrence of this species in coastal zones
throughout its global distribution (Nieser et al., 1994; Aukema & Rieger, 1995).
Even when occupying continental saline waters, its habitats contain mainly sodium
chloride. These results are in general agreement with the anionic tolerance values
obtained in laboratory experiments and with our predictions. Thus, our results
support the hypothesis that species inhabiting freshwaters are not expected to be
specialized to specific anionic compositions, because water chemistry at lower
salinities is not a significantly stressful factor, whereas as water salinity increases
species would be expected to be more specialized to ionic composition (Herbst,

2001).

Nymphs of S. scripta and S. selecta showed reduced tolerance and survival
times compared to adults, which is common among saline boatmen species, such
as Tricocorixa verticalis verticalis (Van de Meutter et al.,, 2010), as well as many
other freshwater macroinvertebrate taxa (Kefford et al., 2004a, 2007). It has also
been shown that differences in salinity tolerance between younger and adult life-
stages are of a greater magnitude in freshwater insects than in other aquatic
macroinvertebrates such as macrocrustaceans or gastropods (Kefford et al,
2004a). In freshwater species, the younger life-stages could be more sensitive to
salinity because nymphs may regulate their haemolymph at a lower osmolality
than the adults. As a consequence, they become osmoconformers at a lower
salinity. Moreover, the maximum osmolality of the haemolymph that nymphs can
tolerate might be lower than in adults (Kefford et al., 2007). These physiological
differences among younger and adult life-stages might be more important in

species living in saline waters.

Sigara nigrolineata eggs hatched only in freshwater conditions, thereby

showing lower tolerance than adults and nymphs, which were able to tolerate
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hyposaline waters. However, for the saline species, the salinity tolerance of eggs
was similar to (S. scripta) or higher than the nymphs (S. selecta). It is notable that S.
selecta has been found breeding in the field at a salinity of 55 g L1 (Velasco et al,
2006) and it is known that eggs of Trichocorixa verticalis verticalis hatch at
conductivities up to 73 mS cm-! (Kelts, 1979). Sigara selecta, together with S.
stagnalis (Leach, 1817) and T. v. verticalis, are the only known Hemiptera that can

live and reproduce successfully in hypersaline waters (Tones, 1977).

Eggs of saline species take longer to hatch than eggs of freshwater species
(S. nigrolineata eggs took an average of 10 days, S. scripta eggs 15 days and S.
selecta eggs about 18 days). The longer hatching time needed for saline species
might suggest that part of the egg resources are used to retain the osmolality of
their fluids, thus increasing osmoregulatory energy demands (Schowalter, 2011).
Osmoregulation is an energetically costly process that increases with external
osmolarity (Oren, 1999), which could also explain the longer hatching times of S.
selecta eggs at the upper limit of their conductivity tolerance in comparison to
their optimum (between 16 and 37 mS cm). Like S. selecta, there are several
species whose eggs take longer to hatch when they are exposed to higher salinities,
including the limpet Burnupia stenochorias (Kefford et al, 2004a) and the
waterbug Notonecta glauca (Komnick & Wichard, 1975). However, the relationship
between egg development period and salinity is not uniform across taxa, and
whether such delays have ecological implications is not known (Kefford et al,
2007). A trade-off exists between stress tolerance and competitive ability (Wilson
& Keddy, 1986). Generally, the costs of survival on other traits such as
reproduction also should be considered, because a trade-off between
ecophysiological stress and reproductive investment might prevail in stressed
populations (P’etillon et al,, 2011). As a result, the longer hatching time of S. selecta
eggs found in this study in comparison with the less saline tolerant species could

diminish their competitive ability.

Finally, anionic composition showed significant effects on egg hatching
times only for S. selecta. At 74 mS cm-1, the hatching time for this species was
shorter in sulphated waters than in chloride-dominated waters. This result could

be interpreted as an adaptive response of S. selecta to drought and/or a
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mechanism to deal with unfavourable conditions that allows them to synchronise
their life cycle with favourable habitat conditions. In the temporary saline
environments that it inhabits, such as estuarine habitats or salt marshes, as water
disappears by evaporation, salinity increases and the concentration of dissolved
substances changes, following the normal trend from carbonate to
sulphatochloride to chloride water as calcium carbonate and subsequently calcium
sulphate and possibly sodium sulphate are precipitated (Williams, 2006).
Increased sulphate could be a stimulus to rapid egg development and hatching
before lethal limits are reached. On the other hand, the resistance of S. selecta eggs
to desiccation has not been studied, although it has been shown that other corixid
species inhabiting hypersaline waters, including some Trichocorixa species, have
dormant eggs that are resistant to partial desiccation, freezing and high sulphide

production (Tones & Hammer, 1975; Kelts, 1979).
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Introduction

The vulnerability of a species to global warming largely depends on its
capacity to maintain present populations (species persistence) and to shift its
geographical range to suitable future environments (Parmesan, 2006; Williams et
al., 2008), which is largely influenced by population responses at range margins
(Kirkpatrick & Barton, 1997; Hampe & Petit, 2005; Gaston, 2009). Improving
environmental conditions at existing margins, such as regional warming at cool
margins, are likely to initiate range extensions purely on the basis of ecological,
physiological and population-dynamic processes requiring no evolutionary change
(Thomas et al., 2011). Populations” persistence will depend on their ability to
adapt and tolerate novel conditions, i.e. on a species physiological tolerance limits,
as well as its potential to shift these limits via plastic and adaptive changes (Chown

etal, 2007; Gaston et al., 2009; Hoffmann, 2010).

The adaptive ability of marginal populations can be limited because they are
generally genetically less diverse than those from the centre (the “centre-
periphery hypothesis” of Mayr, 1963), since they tend to occur in less favorable
habitats at lower and more variable densities, and often experience stronger
genetic drift (Lawton, 1993; Vucetich & Waite, 2003; Hampe & Petit, 2005).
However, some authors have argued that peripheral populations provide a source
of adaptively significant variation upon which natural selection may act, and may
be strongly adapted to local conditions (Brussard, 1984; Garcia-Ramos &

Kirkpatrick, 1997).

Phenotypic plasticity, or the capacity of a single genotype to exhibit a range
of phenotypes in different environments (Whitman & Agrawal, 2009), might
compensate for a lack of adaptive ability and precede, and even favor, adaptive
change (Charmantier et al., 2008; Lardies & Bozinovic, 2008). Phenotypic plasticity
has become a key concept in understanding responses to global change (Stillman,
2003; Chown & Nicolson, 2004; Magozzi & Calosi, 2015). For example, a species
ability to increase its thermal limits, a form of physiological (phenotypic) plasticity,
has been inversely related with vulnerability to climate change in a range of

taxonomic groups (e.g., Stillman, 2003; Calosi et al., 2008, 2010; Donelson et al,,
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2011; Arribas et al, 2012a). Animals can remodel their cellular make up
(Schlesinger, 1990), and thus their physiology to compensate the effects of
temperature variation, and this physiological plasticity, or acclimation, can confer
resilience to climate change (Chevin et al, 2010; Seebacher et al, 2015).
Ultimately, physiological plasticity should promote the establishment of a
population in a new environment and its persistence when environmental

conditions change (Ghalambor et al., 2007).

Given the common positive relationship between the extent of capacity for
thermal acclimation and latitude (Ghalambor et al., 2006; Calosi et al., 2008, 2010;
Gaston et al., 2009; Bozinovic et al., 2011), one would predict that organisms from
more variable environments would evolve a greater capacity for acclimation than
those from more stable/predictable regions (Angilletta et al, 2003). However,
other studies suggest that capacity for acclimation seems to be higher in organisms
living in moderately variable environments, such as temperate areas, and limited
in those living in very stable (Hoffmann & Harshman, 2000) or highly variable
environments (Sanders et al, 1991; Hofmann & Somero, 1995; Gaston et al., 2009;
Arribas et al., 2012b; Botella et al, in press), meaning that species from stable or
highly variable environments may be more vulnerable to climate change than
species from moderately variable environments (Stillman, 2003; Tomanek, 2009;
Magozzi & Calosi, 2015). A recent macrophysiological study found little support for
decreased plasticity in upper thermal tolerances from taxa inhabiting low
latitude/low seasonality environments, and proposed that phenotypic plasticity
could be favored in habitats where the potential for behavioral plasticity (i.e.,
behavioral thermoregulation) is limited (Gunderson & Stillman, 2015). Other
studies suggest the existence of trade-offs between absolute limits and plasticity;
organisms with the highest overall thermal tolerance exhibiting the lowest
plasticity of this tolerance (Calosi et al., 2008; Bozinovic et al., 2011; Gunderson &
Stillman, 2015).

Although these hypotheses were originally framed in the context of
between-species comparisons, one could expect similar patterns in phenotypic
plasticity to be found at the intraspecific level when comparing populations across

the geographical range of a species, or along a latitudinal gradient. To better
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predict how species may respond to ongoing climate change understanding the
plasticity of key physiological (e.g., metabolic rate) and life-history traits (e.g.,
reproductive traits) between core and marginal populations may be more
ecologically relevant than the comparisons of inter-population differences in these
traits, especially if this variability differs amongst traits (Chown, 2001; Hoffmann

etal., 2003; Forsman, 2014).

Metabolic rate is a fundamental trait to the biology of all organisms (Brown
et al,, 2004), largely defining the capacity for physiological work and life-history
performance of ectotherms (Prosser, 1991; Brown et al, 2004), and ultimately
underpinning their Darwinian fitness (Crnokrak & Roff, 2002; Brown et al., 2004;
Burton et al., 2011). In this context, metabolic rate can be seen as an adaptation to
a particular environment (Clarke, 2004; Clarke & Fraser, 2004; Watson et al., 2013;
Magozzi & Calosi, 2015), but also as an integrative measure of physiological
reaction to environmental perturbation, reflecting the energetic costs of
maintenance and repair (Prosser, 1991). These costs influence the quantity of
energy available for activity and reproduction and have negative consequences for
performance and fitness (Angilletta, 2001). Partly for these reasons, variation in
metabolic rate has long been investigated (see review by Kolsch & Krause, 2011),
and has been used more recently together with other physiological and life-history
traits (e.g., Lardies & Bozinovic, 2008; Jarrold et al., 2013; Magozzi & Calosi, 2015)
in attempts to improve our understanding of organismal responses to global

warming.

Latitudinal variation in life-history and metabolic traits among populations,
often linked to climate and temperature variability, are ubiquitous amongst
ectotherms (Lardies & Bozonovic, 2008). A negative relationship between mean
standard metabolic rate and ambient environmental temperature is a common
physiographic pattern found along latitudinal clines between populations of
terrestrial insects (Addo-Bediako et al., 2000; Gaston et al., 2009). In terms of
reproduction, an increased number of eggs and higher reproductive output at
elevated latitudes have been observed in some invertebrate species (e.g., Van't
Land et al, 1999; Lardies & Bozonovic, 2008). Moreover, egg size is, in general,

inversely linked to egg number (Fox & Czesak, 2000), although in some cases (e.g.,
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Dropsophila melanogaster) a positive relationship between egg size and latitude

has been described (Azevedo et al., 1996).

In the present study we explore differences in metabolic and oviposition
rates and egg size, and their plasticity, between core and marginal populations of
the eurythermic aquatic bug Sigara selecta (Fieber, 1848), and go on to consider
how these differences may shape population responses to ongoing global change.
Based on the general patterns described for invertebrates, we predict that: 1)
metabolic and oviposition rates will be higher in the northern marginal population
than in the southern core one, but eggs size should be higher in the southern core
population. Moreover, 2) the northern marginal population, inhabiting moderately
variable habitats, would show higher plasticity in metabolic and reproductive

traits than core one, from highly variable habitats.

Materials & Methods

Study species, specimen collection, and laboratory maintenance

Sigara selecta is a eurythermic aquatic corixid that inhabits saline and
brackish lentic coastal water bodies (Carbonell et al., 2012). It is a bimodal gas
exchanger capable of extracting oxygen from air and water. This species,
distributed in Western Europe and North Africa (Fig. 1 - Jansson, 1986; Aukema &
Rieger, 1995), offers an opportunity to examine geographic variation in phenotypic
plasticity of life-history and metabolic traits between core and marginal

populations.

Two populations from different latitude but similar longitude, occupying
cold and more thermally stable habitats close to the northern range margin (SE
England - ‘marginal population’) and warmer and more thermally variable sites
(SE Spain - ‘core population’) near the center of its distribution range, respectively,
were studied (Fig. 1 and Table 1). The sampling locality of the core population has
a semiarid Mediterranean climate, with a mean annual temperature of 18.1 °C and
high annual variation in temperature (28.3 ¢C), with a maximum annual

temperature of 33.1 ¢C (maximum water temperature of 36 2C in summer, see
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Barahona et al., 2005). The Atlantic locality of the marginal population is much
cooler (mean annual temperature 10.3 2C), has lower annual variation in
temperature (20.7 ¢C) and a maximum annual temperature of 21.8 2C (Table 1). An
increase in mean temperature and water salinity, and its variation, is expected at

both localities with ongoing climate change (IPCC, 2013).

q
A\ 2

Figure 1. European distribution of Sigara selecta and collection sites of marginal (A) and
core (B) populations. A) Cuckmere River, Sussex, United Kingdom (photograph from
Google Earth); B) Barranco del Diablo, Rambla Salada, Murcia, Spain.

Adult individuals were collected from each locality using a D-shaped pond
net with a 1 mm mesh. They were later transported to the laboratory inside plastic
containers filled with damp aquatic vegetation to prevent desiccation and
mechanical damage during transport. They were kept within thermally insulated

polystyrene boxes with water ice in the bottom in order to minimize thermal
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fluctuations as much as possible. Insects were transferred to an aquarium facility
24 h after collection. Upon arrival in the laboratory, individuals were maintained at
15 9C and a natural photoperiod (15 h light: 9 h dark) for 24 h in a 5 L aquarium
with their original water and aquatic vegetation. They were fed ad libitum with

frozen chironomid larvae.

Table 1. Sampling site information (geographical coordinates, environmental and
climatic variables) of studied marginal and core populations of Sigara selecta.

Sample location

Marginal Barranco del Diablo, Core Cuckmere River, Sussex

Rambla Salada, Murcia (Spain) (United kingdom)
Date 20/05/2014 09/06/2014
Latitude 38207'N 50245°N
Longitude 1°208'W 02 08’E
Altitude (m) 140 1
Conductivity (mS/cm) 57 39
Water temperature (2C) 24 19
Climatic information
Mean annual temperature (2C) 18.1 10.3
Summer average temperature (2C) 26.3 17.1
Winter average temperature (2C) 10.3 4.0
Maximum annual temperature (2C) 331 21.8
Minimum annual temperature (2C) 4.8 1.1
Thermal amplitude (2C) 28.3 20.7
Annual precipitation (mm) 293 742
Experimental design

To investigate the effect of temperature and its interactions with salinity on
metabolic and reproductive traits, an orthogonal experimental design was used
incorporating two levels of temperature (15 and 25 2C) and salinity (10 and 35 g L-
1). The chosen temperatures and salinities were representative of the habitat range
where the species is present. The two temperatures tested were chosen as they
correspond approximately to the summer average temperature for the two
sampling localities respectively (http://climate-data.org_last accessed 1 November
2014) (see Table 1). The two salinities correspond to the average point of
isotonicity for aquatic insects (10 g L-1; Chown & Nicolson, 2004; Bradley, 2009)
and one at which the species normally occurs in the field (35 g L-1), but at which

hyposmoregulation is necessary. Water of different conductivities was prepared by
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dissolving an appropriate amount of artificial sea salt (Instant Ocean, Aquarium

Systems, Sarrebourg, France) in distilled water.

Reproductive traits

Male-female pairs from each population were transferred to 100 mL
containers at each salinity x temperature treatment (n = 15 pairs by treatment and
population). Containers were held inside a controlled-temperature room kept at
each temperature (15 or 25 2C) with L:D 12:12 h for 7 d and specimens were fed
daily with frozen chironomid larvae. If the male died before the end of the trial, it
was replaced. A piece of plastic mesh was placed in each container as an
oviposition substrate. Eggs laid during the first two days were not included in our
estimations, to minimise the effect of females carrying eggs when collected in the
field; after this time egg production was monitored daily. After eggs were counted
they were removed from the substrate and measured. Length and width of
collected eggs were immediately scored (Fig. 2) using a Leica MZ8
stereomicroscope with a 1 pm micrometer. Volume was calculated using the

formula:

Eggvolume=4/3*mt*a*b*c

where a = length / 2, b and ¢ = width / 2

Fecundity plasticity was estimated as the change in magnitude of

oviposition rate and egg volume between acclimation temperatures and salinities.

Figure 2. Length and
width measures on
Sigara selecta’s egg.
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Metabolic rate determination

Routine metabolic rate (measured as oxygen consumption - MOz) was
determined using closed respirometry (e.g., Small et al., 2010; Magozzi & Calosi,
2015). MO, was measured after seven days acclimation at each temperature x
salinity treatment for the same individual females after the previous oviposition
period. Each chamber (10 mL blackened glass chambers) was supplied with
experimental water at the appropriate temperature and salinity previously pre-
filtered (0.22 pm vacuum filter) to remove algae and bacteria to minimize
background oxygen production and respiration respectively. In addition, to control
for background fluctuations in oxygen measurements, three respirometric
chambers were left empty in each trial, equipped with a magnetic flea and placed
on a multi-channel magnetic stirrer (MIX 15 eco; 2mag AG, Munich, Germany) to
ensure moderate mixing of water. All chambers were sealed while submerged, to

ensure no air bubbles were present.

Oxygen levels in the chambers were measured every 2 min using a
calibrated optical Oz analyzer (5250i, OxySense, Dallas, TX) in combination with an
external probe (101, OxySense) and a fluorescent disc placed inside each chamber
(Oxydot, OxySense). MOz was measured over a 1 h period but not longer, as some
individuals did not survive beyond that point at more stressful treatments.
Measurements were undertaken inside CT rooms at the appropriate treatment
temperature to improve thermal stability. MO, was expressed as nmol Oz h-1 STP
(standard temperature and pressure) per wet mass unit (mg). Upon completion of
MO; measurements, insects were removed from the chamber, blotted dry, and
weighed with an electronic high-precision scale to * 0.0001 g (MS 1225 P,

Sartorius AG, Goettingen, Germany) to obtain individual wet mass.

Metabolic plasticity was determined for each population at the two studied
salinities as the responses of metabolic rate to changing temperature, and was

expressed as Q1o values according to the formula:
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Q10 = K1 / Kp10/t1-42

Where K1 = the mean metabolic rate at temperature t; (152C)

K> = the mean metabolic rate at temperature t; (252C)

Data analysis

To explore how acclimation at different temperatures and salinities affected
oxygen consumption, oviposition rate and egg volume in S. selecta we employed
General Linear Models (GLM) test with ‘population’ and ‘temperature x salinity
treatment’ as fixed factors, and body mass as a covariate. Sidak's post-hoc tests
were implemented to identify significant differences in the response variables
between populations and/or treatments. In addition, we ran GLM tests with
temperature and salinity as fixed factors separately for each population, to
determine the effect of the increases in temperature, salinity and their interaction
on the studied traits. Possible trade-offs between metabolic and oviposition rates
were analyzed using Pearson's correlation tests for each temperature level and
population. All statistical analyses were conducted using SPSS for Windows,

version 15.0.1.

Results

Oviposition rate

Mean oviposition rates were higher overall in the marginal population
(core: 0.104 eggs day! £ 0.021; marginal: 0.408 eggs day'! + 0.079, F = 6.51, P =
0.012), which also had heavier females (core: 0.0063 g + 0.000; marginal: 0.0067 g
+ 0.000; F = 4.78, P = 0.032). Egg production of the marginal population was
significantly higher than that of the core at 25 2C x 10 g L-! treatment (Fig. 3 and
Table 2). In the marginal population, heavier females produced more eggs, but
such a body mass effect was not significant in the core population (Tables S1.1 and
S1.2 in Supporting information). Temperature had a significant positive impact on
the oviposition rate of both populations, with higher egg production at 25 than at

15 2C. In contrast, salinity did not significantly affect oviposition rate in either of
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the two populations (Tables S1.1 and S1.2 in Supporting information). The
marginal population showed higher plasticity of oviposition rate between

temperatures than that of the core one at both salinities (Fig. 3 and Table 3).

1,0

A [ Core population
B B Marginal population

*
0,8
0,6 -
0,4
0,2 i
0,0 ﬁ 0 ; ;

15°Cx10gL" 15°Cx35gL"' 25°Cx10gL" 25°Cx35gL"

Oviposition rate (eggs*day-)

A

Treatment

Figure 3. Average oviposition rate (+ SE) at four different temperature x salinity
treatments. Significant differences determined by post hoc analysis employing Sidak
correction are indicated as follows: letters in legend indicate differences between
populations; asterisks indicate differences between populations in every temperature x
salinity treatment.

Egg volume

Salinity, temperature and its interaction significantly affected egg volume in
both populations, but differently (Tables S1.3 and S1.4 in Supporting information).
Significantly differences in mean egg volume were found between populations in
all treatments, except 25 2C x 10 g L1 (Fig. 4 and Table 2). Core population eggs
were on average 27 % bigger than those of the marginal one (Core: 0.092 mm3 +

0.002; Marginal: 0.072 mm3 + 0.002) (Table 4). In the core population, eggs were
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bigger at low temperatures and high salinities levels (Fig. 4), whilst in the marginal

population the inverse pattern was observed.

Table 2. GLM showing the effect of population, treatment (temperature x salinity)
and weight (as covariate-cov) on oviposition rate, egg volume and metabolic rate.

SS: sum of square, df: degrees of freedom, F: F-ratio, P: probability level.

Trait Source SS df F P

Oviposition rate Full model 6.652 8 6.792 <0.001
Intercept 1.059 1 8.648 0.004
Weight (cov) 1.788 1 14.602 <0.001
Population 0.889 1 7.258 0.008
Treatment 2.469 3 6.723 <0.001
Population*Treatment 0.576 3 1.568 0.203
Error 10.651 87

Egg volume Full model 0.015 7 21.804 <0.001
Intercept 0.547 1 5749.694 <0.001
Population 0.008 1 80.091 0.008
Treatment 0.002 3 6.213 0.001
Population*Treatment 0.005 3 17.966 <0.001
Error 0.021 72

MO: Full model 10916.663 8 3.479 0.002
Intercept 5751.282 1 14.663 <0.001
Weight (cov) 1608.913 1 4.102 0.047
Population 1068.375 1 2.724 0.104
Treatment 6046.111 3 5.138 0.003
Population*Treatment 245.221 3 0.208 0.890
Error 24319.407 62

Table 3. Plasticity of reproductive and metabolic traits of marginal and core
populations of S. selecta to temperature at each studied salinity level. Fecundity
and egg volume plasticity expressed as mean magnitude change between 15 and
25 2C. Temperature sensitivity of MO, expressed as Q1o values. Qio: temperature

coefficient for the change in MO, between two temperatures.

Marginal population Core population
Salinity
Trait plasticity 10 35 10 35
A Fecundity 0.42+0.121 0.39+0.105 0.13+£0.031 0.08+£0.027

A Eggs’ volume 0.08£0.002 0.06+0.002 0.09+0.002 0.10+0.004

Q10 1.16 1.53 1.20

1.43
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Figure 4. Average egg volume (* SE) at four different temperature x salinity treatments.
Significant differences determined by post hoc analysis employing Sidak correction are
indicated as follows: letters in legend indicate differences between populations; asterisks
indicate differences between populations in every temperature x salinity treatment.

Oxygen consumption rate and metabolic plasticity

Mean oxygen consumption ranged between 21.4 *+ 3.5 nmol Oz h-1 mg1at 15
2C x 10 g L-1in the core population and 57.3 + 7.5 nmol Oz h-''mg1at 259Cx 35 g L-
1 observed in the marginal population (Fig. 5). No significant differences in oxygen
consumption rates were found between core and marginal populations, although
there were significant differences across treatments (Table 2). In both populations,
oxygen consumption rate significantly increased at the highest salinity and
temperature treatment (Fig. 5). Maximum AMO; was 105.94 nmol Oz h-1 mg-1in the
marginal population and 125.53 nmol Oz h' mg1in the core one between 15 2C x

10 g L1 and 25 °C x 35 g L1 treatments. In the marginal population increases in
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both salinity and temperature produced a significant increase in metabolic rate,
whilst in the core one only salinity increased the metabolic rate significantly

(Tables S1.5 and S1.6 in Supporting information).

Q10 values were higher at salinity 35 than at salinity 10 in both populations
(Table 3) and the marginal population showed higher Q1o values than those of the
core one at salinity 35. No significant relationships were found between metabolic

and reproductive traits (Table S1.7 in Supporting information).
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Figure 5. Average oxygen consumption rate (+ SE; nmol Oz h-'l mg! w.m. STP) at four
different temperature x salinity treatments. Significant differences determined by post
hoc analysis employing Sidak correction are indicated as follows; letters in histogram
indicate differences between treatments.
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Discussion

The populations that inhabit the margins of a species’ distributional range
are likely to be critically important in determining its responses to ongoing climate
change (Thomas et al., 2001; Iverson et al., 2004; Travis & Dytham, 2004). Our
results reveal that the northern marginal population of S. selecta was more
sensitive to changes in temperature and salinity than the core population studied,
showing higher phenotypic plasticity in its metabolic and reproductive traits. This
evidence could have positive implications when coping with future environmental

changes.

The life history traits of aquatic insects are mainly dependent on
environmental temperatures (Sweeney, 1984), particularly fecundity,
development larva growth rate and adult body size (Vannote & Sweeney, 1980).
Fecundity typically increases with temperature until a threshold causing a shift in
energy allocation away from reproduction into maintenance and repair (Huang et
al.,, 2007; Hercus et al., 2003; Massamba-N’Siala et al., 2012). This positive effect on
oviposition rate was seen in both populations at 25 2C, particularly in the marginal
population, which also showed greater plasticity in oviposition rate. This
difference in fecundity plasticity between populations could reflect local
adaptation to environmental temperature variation, with both wider daily and
seasonal thermal variation, and a longer reproductive period in the core
population than in the north marginal one. The northern marginal population may
therefore be adapted to maximize egg production in the shorter reproductive
period (from May to end of summer) when temperatures are optimal (>10 °C
mean temperature; Barahona et al., 2005). On the other hand, the core population
extends its breeding period with a lower oviposition rate, but resulting in a higher
annual reproductive output overall. This result is in accordance with known
latitudinal and climatic variation in voltinism (Sweeney, 1984). English corixids
are typically univoltine or in some cases bivoltine (Savage, 1989), whilst south-
eastern Iberian populations of S. selecta breed between March and October, with
four generations a year (Barahona et al., 2005). Differences in fecundity between

the two populations may be partially explained by weight differences between
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females. Those from the marginal population are about 9 % heavier than those
from the core population, probably due to a longer period of nymphal
development. Such larger size in colder conditions is normally attained by a
prolonged growth period overcompensating slow growth at low temperatures

(Koztowski et al., 2004; Gaston et al., 2009).

As expected we found an inverse relationship between the number and size
of eggs, the eggs of the core population being approx. 27 % larger in volume, and
more plastic in that trait to increases in salinity than those of the marginal
population. These results are consistent with the semiarid Mediterranean climate
in southeast Spain, in which water bodies are subject to frequent droughts and
sudden increases in salinity and/or temperature (Millan et al., 2006). In such areas
larger eggs may be more resistant to drought than small ones, mainly because the
former have more stored water and a lower surface area/volume ratio (Le Lagadec

et al., 1988; Lapinski & Tschapka, 2014).

In the face of low environmental temperatures and short growing seasons
at the northern margin of S. selecta distributional range, one could expect higher
metabolic rates in its marginal populations than in populations in warmer
climates, following the metabolic cold adaptation hypothesis (Clarke, 1993). This
hypothesis suggests that in colder climates, high metabolic rates would allow
organisms to meet the elevated ATP costs of growth and development (Spicer &
Gaston, 1999; Addo-Bediako et al., 2002). However, in our study no between-
population differences in metabolic rate were found within the temperature and
salinity conditions tested. Similarly, many marine invertebrates do not show this
pattern of cold adaptation (Gaston et al., 2009), something which could depend on
the evolutionary age of a given group in an area (Clarke, 1993) and the climate and

temperature variability experienced (Portner, 2006).

As expected in ectotherms, metabolic rate increased with temperature
(Gillooly et al., 2001), and the metabolic rates of both populations increased at high
levels of temperature and salinity. Moreover, at a given temperature, both
populations had higher metabolic rates when acclimated at higher salinities. At

salinities above the iso-osmotic point (10 g L-1), there is an increase in the cost of
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osmoregulation in most aquatic insects (Nelson et al, 1977). However, this
potential osmoregulation cost did not result in a trade-off with oviposition rate
under the experimental conditions. However, at higher levels of environmental
variation (above 25 °C and 35 g L-1), physiological homeostasis could have
negative consequences on fitness, decreasing the amount of resources/energy
allocated to reproduction and maintenance (Folguera et al., 2011). Where this
threshold sits for this species could not be determined in our experiments,
however, salinities above those employed here rapidly led to the death of animals
(J.A. Carbonell, pers. obs.). Acclimation for longer time periods at high, but sublethal

salinities, may result in fitness costs.

In hyperosmotic media (e.g., 35 g L1), the metabolic rate of the marginal
population was more sensitive to changes in temperature than that of the core one,
as the former showed higher Q1o values, indicating greater metabolic plasticity
(Calosi et al., 2005, 2007). Population differences in metabolic plasticity could
reflect adaptations to environmental variability and predictability, as have been
observed between species (Stillman, 2003; Tomanek, 2009). The marginal
population normally experiences narrower variation in temperature (see Table 1)
and compensates for temperature change by increasing metabolism to a greater
extent. In contrast the core population, which experiences a more unpredictable
and wider range of temperatures, seems to be less sensitive to changes in
temperature. Lardies & Bozinovik (2006) found opposite pattern in populations of
the isopod Porcellio laevis, with those inhabiting the most seasonal environment
(Mediterranean climate), showing the highest degree of plasticity in metabolic and
reproductive traits; the same traits being less plastic in populations from an area
with a more stable climate. Similarly, in an assemblage of six caridean prawns
occurring in the same geographic and macroclimatic region, but living in different
thermal habitats, Magozzi & Calosi (2015) found high metabolic plasticity in
species inhabiting broader/more variable thermal environments. Seebacher et al.
(2015), in a recent macrophysiological study across different taxonomic groups of
ectothermic animals and habitats, conclude that there was a significant increase in
post-acclimation Q1o values with increasing latitude. Although in freshwater

ectotherms Q1o of metabolic rate was unrelated to climate, plasticity of other
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metabolic processes such as enzyme activities were related to both mean annual
temperature and temperature variation. Following acclimation, species from cool
and thermally stable environments were generally less sensitive to temperature
variation than species from warm and variable environments. However, in
terrestrial animals, Seebacher et al. (2015) showed that the Q10 of metabolic rates
was related to habitat temperature, being species from warm environments less
sensitive to temperature variation than animals from cooler ones, a similar pattern
we observed in the core and marginal populations of S. selecta. It seems that this
air-breathing aquatic animal behaves more like a terrestrial than an aquatic
organism in this regard, which could be explained by its probable terrestrial origin
(Pritchard et al., 1993) and how long ago aquatic habitats were invaded by this
species (Bozinovic et al., 2011). Moreover, the oxygen consumption rate found for
S. selecta in this study is of the same order of magnitude of that described for other
aquatic air breather hemipteran like Ilyocoris cimicoides (Verberk & Bilton, 2015)
and terrestrial insects like cockroaches (Streicher et al, 2012) and crickets

(Nespolo et al., 2003).

Although there is no clear intra-specific general pattern between metabolic
acclimation ability and climate or latitude, the low metabolic and reproductive
plasticity found in the core population reflect the low plasticity observed in the
upper thermal limit of saline aquatic beetles from south-east Spain (i.e. Arribas et
al, 2012b; Botella et al, in press). Several of these beetles are predicting to
experience great reductions in their area of distribution under future climate
scenarios (Arribas et al., 2012a). Such taxa may be highly vulnerable to warming
due to their relatively low plasticity in thermal tolerance, perhaps due to a trade-
off between plasticity and absolute thermal tolerance (Stillman, 2003, 2004; Huey
et al, 2009; Somero, 2010). Mediterranean S. selecta populations possess a wide
thermal tolerance, with a mean supercooling point = -9.23 * 0.21 and mean
temperature of heat coma = 49.89 + 0.02, both estimated in laboratory after
acclimation at 37 mS cm! and 20 2C (Carbonell et al., 2016). However, its current
realized salinity niche is near the species sub-lethal limits (Carbonell et al., 2012).
This means that any increases in temperature and salinity may result in local

extinction. The higher plasticity in metabolic and reproductive traits seen in the
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marginal population may provide resilience against the effects of ongoing climate
change. Core populations, which currently experience more extreme and variable
temperatures, but show lower plasticity, might be more resistant to environmental
changes within its tolerance range. However, outside of their tolerance limits these

populations will be more vulnerable to global warming.

The implications of these patterns for population persistence or range
expansion could be profound. An increase of mean temperature at the northern
edge of the distributional range of S. selecta will increase the degree of climatic
suitability or habitat quality in already occupied and new locations. Our results
suggest that warming in these northern locations could increase egg production,
and extend the oviposition period, increasing reproductive output, and allowing
both persistence and range extension. Increases in temperature could incur a
metabolic cost, but without an apparent trade-off in fecundity, at least below 25 ©C.
In addition, higher temperatures may lead to an increase in dispersal (Kirkpatrick
et al., 1997; Thomas et al., 2001), further facilitating range expansion. However, we
need to consider that the plastic responses see in our study may not be sustained
on the long term, considering potential costs associated with the plastic responses.
In marked contrast, core populations, despite being more resistant to
environmental fluctuations, might be more sensitive to rapid and intense warming
events, leading to a northward retreat of the species southern range limits

(Hughes, 2000; Parmesan, 2006).
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Table S1.1.

Effects of temperature, salinity and their interaction on oviposition rate for the

core population of S. selecta.

Effect SS df F P
Full model 0.153 4 2.012 0.110
Intercept 0.022 1 1.171 0.285
Weight (cov) 0.063 1 3.323 0.075
Temperature 0.096 1 5.082 0.029
Salinity 0.170 1 0.876 0.354
Temperature x salinity 0.005 1 0.245 0.623
Error 0.816 43

Table S1.2.

Effects of temperature, salinity and their interaction on oviposition rate for the

marginal population of S. selecta.

Effect SS df F P
Full model 5.962 4 7.854 <0.001
Intercept 2.409 1 12.696 0.001
Weight (cov) 3.399 1 17914 <0.001
Temperature 2.644 1 13.934 0.001
Salinity 0.002 1 0.008 0.929
Temperature x salinity 0.314 1 1.656 0.205
Error 8.160 43
Table S1.3.

Effects of temperature, salinity and their interaction on egg volume for the core

population of S. selecta.

Effect SS df F P

Full model 0.003 3 7.112 0.001
Intercept 0.342 1 2384.413 <0.001
Temperature 0.001 1 5.582 0.024
Salinity 0.001 1 7.411 0.010
Temperature x salinity 0.001 1 8.341 0.007

Error 0.005 36
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Table S1.4.

Effects of temperature, salinity and their interaction on egg volume for the

marginal population of S. selecta.

Effect SS df F P
Full model 0.004 3 27.308 <0.001
Intercept 0.213 1 4536.798 <0.001
Temperature 0.000 1 8.261 0.007
Salinity 0.003 1 65.324 <0.001
Temperature x salinity 0.000 1 8.338 0.007
Error 0.002 36
Table S1.5.

Effects of temperature, salinity and their interaction on oxygen consumption rate

for the core population of S. selecta.

Effect SS df F P
Full model 6585.627 4 2946  0.030
Intercept 3745.880 1 6.703 0.014
Weight (cov) 1057.905 1 1.893 0.178
Temperature 219.456 1 0.393 0.535
Salinity 3065.139 1 5485 0.015
Temperature x salinity 232.374 1 0,416 0.523
Error 18999.763 34
Table S1.6.

Effects of temperature, salinity and their interaction on oxygen consumption rate

for the marginal population of S. selecta.

Effect SS df F P

Full model 1019.602 4 5.182 0.003
Intercept 1899.266 1 9.653 0.004
Weight (cov) 558.252 1 2.837 0.104
Temperature 1027.307 1 5.222 0.030
Salinity 1667.542 1 8.476  0.007
Temperature x salinity 250.740 1 1274.000 0.269

Error 196.744 27
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Table S1.7.

Pearson product-moment correlation coefficients between metabolic rates and

oviposition rates for core and marginal populations of S. selecta at each studied

temperature.
15¢2C 25¢C
Cor. Pearson Sig. Cor. Pearson Sig.
Core population -0.105 0.866 0.320 0.439
Marginal population -0.698 0.190 -0.184 0.636
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Introduction

The introduction of alien species has a major impact on a wide range of
ecosystems and is a major cause of global change (Ricciardi, 2006). Alien invaders
are of particular concern in aquatic ecosystems (Dudgeon et al., 2006), especially
in protected areas (Guareschi et al., 2013). For example, in the protected Dofiana
wetlands (south-western Spain), multiple invasions of aquatic organisms have
occurred: e.g., the copepod Acartia tonsa (Dana, 1849), the crayfish Procambarus
clarkii (Girard, 1852), the gastropod Potamopyrgus antipodarum (Gray, 1843), the
fishes Gambusia affinis (Baird & Girard, 1853) and Lepomis gibbosa (Linnaeus,
1758) (Rodriguez-Pérez & Green, 2012) and the macrophyte Azolla filiculoides
(Lam. 1783) (Espinar et al, 2015). A recent addition to this list is the water
boatman Trichocorixa verticalis verticalis (Fieber, 1851). This species is a small (c.
5 mm) euryhaline corixid (Hemiptera) originally distributed in North America and
the Caribbean, where it mainly lives in coastal wetlands (Hutchinson, 1931;
Jansson, 2002). It has been recorded as an alien species in South Africa, New
Caledonia, Morocco and Portugal, being the only water bug recognized as an alien
species in Europe (Rabitsch, 2008). Since its first report in Europe (Cadiz, Spain)
by Glinther (2004), it has been recorded from various areas of southern Portugal
(Sala & Boix, 2005), southwest Spain (Millan et al., 2005; Rodriguez-Pérez et al,,
2009; Van de Meutter et al., 2010a) and Morocco (L'Mohdi et al., 2010), and it is
predicted to spread widely across Europe and the Mediterranean region in future

years (Guareschi et al., 2013).

The distribution of T. v. verticalis in the introduced range in south-west
Spain has been expanding in recent years (Carbonell et al., 2012a; Guareschi et al.,
2013), especially in and around Dofiana, where it has become the dominant
breeding corixid at several sites, especially in brackish and saline permanent water

bodies (Rodriguez-Pérez et al., 2009; Van de Meutter et al., 2010b).

The invasion process can be divided into a series of stages (transport,
establishment, spread and impact) and at each stage there are barriers that need to
be overcome for a species or population to pass on to the next stage (Blackburn et

al, 2011). In the first phase of the invasion process, the species must travel from


https://es.wikipedia.org/wiki/Spencer_Fullerton_Baird
https://es.wikipedia.org/wiki/Charles_Frédéric_Girard
https://es.wikipedia.org/wiki/1853

Chapter 3: Traits underpinnig the successful invasion of T. v. verticalis

its native range to a new ecosystem (transport). In the second phase it must
survive, grow and reproduce under the new environmental conditions
(establishment). In the third phase (spread), it must acquire a high rate of
population growth, invading new regions through active and/or passive dispersal
(including possible dispersal by migratory birds as eggs, see Figuerola et al., 2003)
and short generation time. Finally, in the last phase, the alien species must alter the
structure and functioning of the invaded ecosystem (impact) (Parker et al., 1999)

through interactions with other species or ecosystem engineering.

The pathway of entry for T. v. verticalis is unknown, but some authors have
suggested that it was facilitated by the introduction of American fishes Gambusia
affinis and/or Fundulus heteroclitus (Sala & Boix, 2005; L’'Mohdi et al., 2010), while
others have suggested it might have been transported in ballast water (Guareschi
et al., 2013). Some biological and ecological traits of T. v. verticalis relevant to its
invasiveness have been studied in its native (Tones, 1977; Kelts, 1979; Simonis,
2013) and invasive range (Coccia et al, 2013, 2014). Salinity tolerance was
compared between adults of T. v. verticalis and three native Sigara species (Van de
Meutter et al, 2010b), concluding that S. selecta outperforms T. v. verticalis in
terms of salinity tolerance, and that therefore its invasion success cannot simply be
explained only by its high halotolerance as an adult. Thermal tolerance has also
been studied (Coccia et al., 2013), finding that T. v. verticalis presents greater
thermal plasticity than the native Sigara lateralis, suggesting that this may
facilitate its spread in the future, since T. v. verticalis may be more able to
positively respond to climate change than native species. Furthermore, Van de
Meutter et al. (2010a) studied interactions between T. v. verticalis with the aquatic
macroinvertebrate community and found indirect evidence that the native S.
selecta has been displaced by T. v. verticalis, especially in artificial saline water
bodies (Rodriguez-Pérez et al., 2009). There is similar evidence for displacement of
S. selecta by T. v. verticalis in Moroccan salt-pans (L'Mohdi et al., 2010). Other
studies have focused on interactions of T. v. verticalis and Sigara spp. with
predators and parasites in the Dofiana area (Coccia et al., 2014; Sanchez et al,

2015), finding that in freshwaters the invasive species is more sensitive to



Chapter 3: Traits underpinnig the successful invasion of T. v. verticalis

predation by Odonata larvae and to parasitism by aquatic mites than the native

species.

However, no previous comparative information exists on reproductive
rates, dispersal ability or salinity tolerance of eggs or nymphs. There is a need for
an integrative study considering the major traits involved in the spread and
establishment phase of T. v. verticalis and how these traits influence the
interactions (competition, coexistence) with native corixids. In the present study,
we combined field distribution and experimental data on T. v. verticalis and three
native corixid species to address the major physiological and biological traits
related with the establishment and spread phases of the T. v. verticalis invasion.
We aimed to identify traits that enhance the potential of this alien species to
outcompete native species and that explain its distribution and recent expansion in
southern Spain, particularly in mesosaline waters. We compared physiological, life
history and morphological traits among T. v. verticalis and the coexisting Sigara
species (corixids with a similar size) along the salinity gradient at which they
occur: Sigara lateralis (Leach, 1817) and S. scripta (Rambur, 1840) in subsaline
and hyposaline waters and S. selecta (Fieber, 1848) in mesosaline waters. We
studied salinity tolerance and thermal tolerance as determinants of the ability to
tolerate a wide range of abiotic conditions (Alonso & Camargo, 2003, 2004; Gérard
et al., 2003). We also studied oviposition rate, hatching time and hatching success
as measures of reproductive capacity and the recruitment of new individuals
(Richards, 2002), as well as potential flight dispersal ability related to the
mechanism for active dispersal and spread (Sakai et al., 2001). We studied thermal
tolerance and fecundity traits at two salinity concentrations representing the
extremes of the gradient where the alien species coexists with native species, to
test if these traits change with salinity, since exposure to different salinities can
influence thermal tolerance (Sanchez-Fernandez et al., 2010; Arribas et al., 2012;
Coccia et al.,, 2013) and fecundity (Gelin et al., 2001; Castro-Longoria, 2003) in
aquatic Coleoptera and Hemiptera. We hypothesised that the establishment
success of T. v. verticalis in mesosaline waters would be mediated by wide
environmental tolerance and a high reproductive rate that exceeds that of the

native S. selecta. On the other hand, we hypothesized that, in hyposaline waters the
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reproductive ability of T. v. verticalis will be lower than that of native species.
Finally, we hypothesised that a high active dispersal capacity could contribute to

rapid spread of this alien species.

Materials & Methods

Study species

Trichocorixa v. verticalis is a euryhaline species which can inhabit low
salinity waters, but prefers coastal brackish and saline lentic waterbodies, and is
even recorded in the open sea (Hutchinson, 1931). In the invaded range, it breeds
in permanent water bodies with salinity exceeding 10 g L-1 (Rodriguez-Pérez et al.,

2009).

The three Sigara species show different habitat preferences with regard to
salinity, ranging from freshwater to saline (see also our results). Sigara lateralis,
widely spread in the Palaearctic Region (Aukema & Rieger, 1995), is an
opportunistic species frequently inhabiting temporary freshwater pools (Millan et
al., 1988; Boda & Csabai, 2009; Carbonell et al., 2011). It has been described as a
migratory species (Macan, 1976; Weigelhofer et al., 1992) and is typically captured
by light-trapping more often than any other aquatic insect (Popham, 1964;
Weigelhofer et al., 1992). Sigara scripta, a mainly circum-Mediterranean species
(Aukema & Rieger, 1995), inhabits freshwater or hyposaline ponds and stream
pools (Carbonell et al., 2011), as well as coastal brackish waters (Moreno et al.,
1997; Van de Meutter et al., 2010b). Sigara selecta, distributed in Western Europe
and Northern Africa (Aukema & Rieger, 1995), inhabits coastal lentic brackish and
saline water bodies (Nieser et al., 1994) (Fig. 1).

Conductivity niche analysis

In the Iberian Peninsula, T. v. verticalis coexists with native Sigara species
throughout its conductivity range. The realised conductivity niches of adults and

nymphs of the study species were analysed in order to determine the conductivity
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range where species can coexist, with overlapping niches. When sampling, we
follow a multihabitat protocol to estimate relative abundances for adults (232
localities) and nymphs (92 localities) of the four species in the Iberian Peninsula.
The information was gathered from the Aquatic Ecology Research Group’s
Biodiversity dataset at the University of Murcia, and the Wetland Ecology
Department’s dataset at the EBD-CSIC, Seville (Coccia et al., unpublished data). The
realised conductivity niche of the four species was assessed by an Outlying Mean
Index (OMI) analysis (Dolédec et al., 2000), using the niche procedure in ADE-4
package (Thioulouse et al., 1997). The OM], or species marginality index, measures
the distance between the mean habitat conditions used by species (the species
centroid), and the mean habitat conditions of the sampling area (the origin of the
niche hyperspace). OMI analysis places species along habitat gradients, in this case
a conductivity gradient. The position of the species depends on their niche
deviation from a reference point, which represents neither the mean nor the most
abundant species but rather a theoretical ubiquitous species that tolerates the
most general habitat conditions (i.e., that is uniformly distributed among habitat
conditions). This analysis also calculates niche breadth (tolerance) as a measure of
the amplitude in the distribution of each species along the sampled gradient. The
species abundance and conductivity were logarithmically transformed prior to
analysis, to reduce data variability. This analysis was performed in R v 3.0.2 for

Windows (R Core Team, 2014).

A B C

Figure 1. Studied species: S. lateralis (A), S. scripta (B), S. selecta (C) and T. v. verticalis (D).
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Evaluating tolerance to abiotic conditions: salinity and thermal tolerance

Salinity tolerance tests

Salinity tolerance tests for adults, nymphs and eggs of T. v. verticalis and S.
lateralis were performed in the laboratory in the spring of 2013 following the
methodology of Carbonell et al. (2012b), whose data for S. scripta and S. selecta
from spring 2011 were used in this study. In this earlier study, individuals of both
species (S. scripta and S. selecta) were collected in the same localities as individuals
used for the current study in 2013 (see Table 1) (Fig. 2). Those sites represent the
optimum salinity for the species (Carbonell et al, 2012b) and their natural

conditions have not changed significantly in recent years.

For S. lateralis and T. v. verticalis, about 200 adults and nymphs were
collected from two different localities (Table 1) with a hand net and transported in
containers with their original water to the laboratory. These two species are easy
to distinguish from each other in the field. Both species are different in colouration,
size (S. lateralis is bigger) and form, T. v. verticalis being more elongated (Giinter,
2004; Nieser et al., 1994). Before their use in tolerance tests, adults from each
species were kept for two days in a 5-L aquarium with their original water, held at
20-22 °C to acclimatize them to laboratory conditions, and fed daily with frozen
chironomid larvae. Nymphs were kept in the same laboratory conditions, and fed
with dried microscopic algae (Tetraselmis chuii) and frozen chironomid larvae.
Finally, to obtain eggs, males and females of each species were placed in aquaria
and allowed to lay eggs on a plastic mesh that was removed daily and transferred

to test vials.

Five treatments were used in conductivity tests: 0.6, 16, 37, 74 and 100 mS
cm-1 EC, which correspond to 0.3, 10, 25, 50 and 75 g L-1 respectively. The solutions
were prepared by dissolving marine salt (Ocean Fish, Prodac®. Citadella Pd, Italy)
in distilled water. After acclimatizing, adults were placed individually in 50 mL
aerated plastic vials filled with solutions in a controlled-temperature chamber (20
+ 1 2C, 12 h light: 12 h dark; no food) (Carbonell et al., 2012b). A total of 60 adults

from each species were used in the experiment (ten individuals x five
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conductivities + ten control individuals in filtered -1.2 pm vacuum filter - water
from sampling sites). Survival was monitored daily for one week or until control
mortality rate reached 20 %. The same number of nymphs and eggs from each
species were used as for adults. Nymphs (third or fourth instars) and eggs (less
than 24 hours old) were placed individually in glass vials (5 mL solution) under
the same experimental conditions as adults. The nymph’s survival was monitored
at 24 h and 48 h, and eggs were monitored until hatching or up to 25 days.
Hatching time and success of eggs was quantified. Interspecific differences in
survival time of adults and nymphs and the hatching time of eggs, as well as
differences in survival after 48 h between adults and nymphs, were analysed for
each species using Kruskal - Wallis non-parametric tests because these variables
did not meet residual normality assumptions (Shapiro-Wilks test, p <0.05).
Fisher's post-hoc LSD t-tests were applied using a Bonferroni correction for
multiple comparisons to identify significant differences in the response variables
among species and conductivity treatments (Quinn & Keough, 2002). Analyses

were performed using SPSS for Windows, Rel. 15.0.1. 2006. Chicago: SPSS Inc.

Table 1. Collection site information (dates of collection, geographical coordinates
and mean conductivity).

Altitude Conductivity

Species Sample location Date Latitude Longitude (m) (mS/cm)

S. lateralis FAO, Dofiana National Park, spring (2013) 37204'N 62220 2 2.08
Seville

S. lateralis Rambla de Las Moreras, autumn (2013) 379234'N 1217'W 10 0.55

Mazarrén, Murcia

S. scripta Chicamo stream, Abanilla, Murcia  spring (2011) 38211'N 1203'W 150 21.9

S. scripta Chicamo stream, Abanilla, Murcia autumn (2013) 38211'N 1203'W 150 22.2

S. selecta Rambla Salada, Molina de Segura, spring (2011) 38207'N 1208'W 140 48.3
Murcia

S. selecta Rambla Salada, Molina de Segura, autumn (2013) 38207'N 1°208'W 140 53.7
Murcia

T. v. verticalis Veta la Palma, Dofiana Natural spring & 36254'N 62150 1 33.7

Park, Seville autumn (2013)
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Figure 2. Sample locations: FAO (A),
Rambla de Las Moreras (B), Chicamo
stream (C), Rambla Salada (D) and Veta
la Palma (E).

Thermal tolerance tests

Thermal tolerance of T. v. verticalis was compared experimentally with the
three Sigara species with which it can coexist at hyposaline conditions (16 mS cm-!
=10 g L'1), and only with S. selecta at mesosaline conditions (37 mS cm1= 25 g L-1).
Thermal tolerance tests were carried out to determine upper and lower thermal

limits of adults acclimated at the two selected conductivity treatments.

Adults were collected from the field in autumn 2013 at the same localities

as previous experiments (Table 1) and were directly transferred to 5-L aquaria at
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experimental conductivities in the laboratory, then kept for 72 h at 20 2C in a
controlled-temperature chamber. Organisms were fed with frozen chironomid
larvae during the first 48 hours, but no food was provided for 24 h prior to
determination of thermal limits because gut contents can modify freezing
temperature (Chown & Nicholson, 2004). Following the acclimation period, 80
individuals (40 males and 40 females) of each species were removed from each
conductivity treatment and divided into two sub-groups of 40 individuals (20
males and 20 females): one used to measure upper thermal limits (UTL) and the
other to measure lower thermal limits (LTL). Although a number of potential end-
points exist for tolerance both to heat and cold (Chown & Nicolson, 2004), we
considered the supercooling point (SCP) or point before the freezing temperature
(Wilson et al., 2003) as LTL and the heat coma point or point of paralysis prior to
death and preceded by spasmodic leg movement as the UTL (Chown & Terblanche,
2007). Although death was easily identifiable in upper thermal tolerance
experiments, defining lower lethal limits proved more difficult because individuals
exhibiting total paralysis would revive and recover full or partial locomotor
abilities shortly after the end of the exposure period. Thus, SPC was selected as the
comparable objective variable among species for LTL, since freezing temperature

is largely unaffected by cooling rate (Chown & Nicholson, 2004).

Prior to testing, individuals were removed from their acclimation aquaria,
washed with distilled water, dried on absorbent paper, then placed upside down
tied by their wings onto a clean, dry rectangular piece of pottery using a small
piece of adhesive tape. This procedure keeps individuals motionless during the
experiment. Tests were carried out in air in a controlled-temperature chamber
(BINDER MKS53. BINDER GmbH, Tuttlingen, Germany), employing a dynamic
method using a ramping rate of + 1 2C min-1, from acclimation temperature (20 2C)
until the upper (70 2C) or lower temperature limit (-45 2C). An identical ramping
rate was employed in previous studies, thus allowing comparison amongst
treatments and taxa (Calosi et al., 2008; Sanchez-Fernandez et al., 2010; Arribas et
al., 2012; Coccia et al., 2013). To determine UTL and LTL, the body surface
temperature was measured throughout the experiment using an infrared video

camera (FLIR A325sc. FLIR Systems Inc., Wilsonville, USA) coupled to the climatic
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chamber, at a distance of c. 0.4 m from the insects. The infrared camera converted
body surface radiation into a thermal pattern and was capable of detecting
temperature differentials of 0.1 ¢C (Fig. 3). As a supplement, the insects were
recorded throughout the experiment using a video camera (Sony DCR-DVD110E.
Sony Co., Tokyo, Japan) synchronised with the infrared camera, From video
images, the moment at which movement of legs ceased was determined and the
body surface temperature at that moment was obtained from infrared thermal
images. Infrared recordings were analysed with ThermaCAM™ Researcher Pro
2.10 software. Differences in UTL and LTL were examined by ANOVA considering
acclimation conductivity, species and sex as fixed factors, together with their
interactions. As preliminary analyses showed no differences between sexes (UTL:
F =0.01, P = 0932; LTL: F = 1.21, P = 0.273), sex was removed from further

analysis.

-9.6 °C

-10
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-12
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-14
-15

-15.9°C

Figure 3. Thermal image showing supercooling point (SCP)

Evaluating the reproductive capacity: species fecundity tests

Fecundity tests were carried out on adults of the four species in autumn
2013. The oviposition rate of T. v. verticalis was compared experimentally with the
three Sigara species with which it can coexist at hyposaline conditions (16 mS cm-

1), and only with S. selecta at mesosaline conditions (37 mS cm-1).

The oviposition rate of species (expressed in eggs dayl) was determined
under laboratory conditions (20 * 2 2C, 12 h light: 12 h dark). Adults were

collected from the field (Table 1) and 10 pairs (one female and one male) of each
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species were directly transferred to 500 ml aquaria (one pair per aquarium) filled
with salt solutions and fed daily with frozen chironomid larvae. A piece of plastic
mesh was placed in each aquarium as an oviposition site. Egg production was
monitored daily until the female died. If the male died before the female, it was
replaced. Eggs laid during the first two days were excluded before calculating
oviposition rate, to minimise the effect of any females carrying eggs when collected
in the field. Differences in oviposition rate were examined by ANOVA, considering

acclimation conductivity and species as fixed factors.

Evaluating dispersal ability: wing morphometry measures

Morphometric measurements of metathoracic wings (flight wings) were
taken in order to compare active dispersal ability among study species.
Measurements were taken from individuals collected in the field and preserved in
100% alcohol at -20 2C (Arribas et al., 2012). Forty individuals (20 males and 20
females) of each species were dried at 60 2C in an oven (JP Selecta Prebatem. JP
Selecta, Barcelona, Spain) for 24 h, and dry weight was measured using a digital
balance (Sartorius BP221S. Sartorius AG, Goettingen, Germany) to * 0.0001 g.
Measured individuals were kept in hot water (about 80 2C) for 1 minute to
rehydrate them and facilitate manipulation of the wings. After rehydration, the left
metathoracic wing was removed, teased open, stained with chlorazol black
(Martinez, 2002), and mounted in 50% dimethyl hydantoin formaldehyde (DMHF)
on a microscope slide restoring their natural size and shape. Wings and individuals
were photographed under a Zeiss Stemi 2000C Trinocular Zoom Stereomicroscope
(Zeiss, Thornwood, NY, USA), and subsequently length, width and area of the wing
were measured using a Spot Insight Firewire digital camera (Spot Imaging
Solutions, Sterling Heights, MI, USA) and associated software (Fig. 4). Raw
measures of body mass and wing were used to derive wing loading (body
mass/wing area) and wing aspect ratio (wing length/wing width) (Gibb et al.,
2006; Arribas et al., 2012). For both indices, species and sex, together with their
interaction, were considered as fixed factors in ANOVA. All ANOVA analyses were

conducted using SPSS for Windows, Rel. 15.0.1. 2006. Chicago: SPSS Inc.
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L: 3.960 mm

Area: 7.035 mm?

Perimeter: 12.082 mm

Figure 4. Wing morphometry measures on T. v. verticalis female’s
wing: L (length), W (width).

Results

Realised conductivity niches

OMI results revealed an overlapping conductivity niche among adults of the
study species (Fig. 5A). The exotic species showed a wide niche, similar to that of S.
selecta although with a lower conductivity optimum, occurring from subsaline to
hypersaline waters (1.03-120 mS cm-1), but was more frequent in mesosaline
waters. Sigara selecta had a niche in the upper part of the conductivity gradient,
being an exclusive inhabitant of brackish and saline waters (16.6-200 mS cm1).
Sigara scripta adults occurred along a broad conductivity gradient (0.25-41.6 mS
cm1), with a niche midway in the overall conductivity range. Sigara lateralis
presented the lowest conductivity tolerance, occurring from fresh to hyposaline
waters (0.15-33.6 mS cm-1). Nymphal stages presented less conductivity tolerance
and lower niche breadth than conspecific adults, although with similar overlap in

niches among species along the conductivity gradient (Fig. 5B).



Chapter 3: Traits underpinnig the successful invasion of T. v. verticalis

T. verticalis ——————+————————

S. scripta -
S. 1 I
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|Cond (ms*em-1) 0,15 16 19.5* 37 120
B S. selecta ———o———

T. verticalis ———&——

S. scripta ———¢——

S. lateralis ——————e——————
d=1
Cond (mS*em-1) 0.15 18.2* 78.8

Figure 5. Realised niche breadths of four study species in relation to conductivity for (A)
adults and (B) nymphs. X-axis represents the range of conductivity in the study area. Tick
marks represent conductivities of sampling sites included in the analysis. Asterisks Mean
conductivity of sampling sites.

Salinity tolerance

There were significant differences in salinity tolerance among species (H =
53.49, p < 0.001) (Fig. 6 and Table S1.1 in Supporting information). Conductivity
had significant effects on adult and nymph survival times, and egg hatching time.
Trichocorixa v. verticalis adults survived until 37 mS cm, but did not show
significant differences in survival time with S. lateralis or S. scripta at lower
conductivities (0.6 and 16 mS cm1). Adults of the most tolerant species, S. selecta,
were able to survive along the entire conductivity gradient with a higher survival

time than other species (Fig. 6A).
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Differences between T. v. verticalis nymphs and adults in survival time were
not significant (H = 3.34, p = 0.068). The same pattern was found for S. lateralis (H
=2.12, p = 0.146) and S. scripta (H = 0.042, p = 0.838). Only S. selecta (H = 16.33, p
< 0.001) showed significant differences between nymphs and adults in survival
time. Nymphs of T. v. verticalis and S. selecta survived up to 37 mS cm-! and did not
differ significantly in survival time at that conductivity (Fig. 6B). Nymphs of S.
lateralis and S. scripta survived until 16 mS cm-l, although S. lateralis was

significantly less tolerant than other species at that conductivity.

Trichocorixa v. verticalis eggs showed the highest conductivity tolerance,
being the only species hatching up to 74 mS cm-1, when mean hatching time was
20.9 days (Fig. 6C). Their hatching success was high (80%) at lower conductivities,
decreasing with increasing conductivity (Table 2). Eggs of S. selecta hatched with
100% success at conductivities up to 37 mS cm-, showing no significant
differences in hatching time with T. v. verticalis eggs (Table 2). Eggs of S. lateralis
and S. scripta hatched until 16 mS cm-1, S. lateralis showing the shortest hatching

time and the highest hatching success at lower conductivities (0.6 and 16 mS cm-1).

Table 2. Summary of the studied traits expressed as average * SE, except for salinity tolerance expressed as
LCs0 (95% confidence interval). 2 Traits at which T. v. verticalis outperformed the other species.

N S. lateralis S. scripta S. selecta T. verticalis

Sal. Tol. (LCso-48h) adults 50 12.85 (5.27-31.30) 17.18 78.65 (67.01-92.31)  43.41 (33.81-55.74)
Sal. Tol. (LCso-48h) nymphs 50 1.36 23.35 35.58 (12.75-99.29) 46.132
Sal. Tol. (LCso-25d) eggs 50 52.33 24.33 24.33 55.40 (42.63-72.00)2
Fecundity 16 mS/cm 10 0.17 £0.07 0.55+0.18 0.66 = 0.09 1.20+£0.43
(eggs/day) 37 mS/cm 10 - - 0.41 + 0.07 6.06 + 2.042

0.6 mS/cm 10 7.90 £ 0.04 15.80 £ 0.32 17.40 £ 0.21 13.00 £ 0.32
Hatching time 16 mS/cm 10 8.60 £0.03 13.30 £ 0.21 17.40 £ 0.20 13.30 £ 0.31
(days) 37 mS/cm 10 0 0 16.90 + 0.05 16.90 + 0.35

74 mS/cm 10 0 0 0 20.90 £ 0.272

0.6 mS/cm 10 100 70 80 80
Hatching 16 mS/cm 10 100 90 80 80
success (%) 37 mS/cm 10 0 0 100 60

74 mS/cm 10 0 0 0 402
UTL-HC (2C) 16 mS/cm 40 47.46 +0.14 50.36 £ 0.13 49.63 +0.07 51.54 + 0.062

37 mS/cm 40 - - 49.89 + 0.03 50.30 + 0.062
LTL-SCP (<C) 16 mS/cm 40 -9.25+0.18 -10.47 £0.16 -10.90 £ 0.14 -8.98+0.17

37 mS/cm 40 - - -9.23£0.21 -6.36 £ 0.14
Wing loading (mg/mm?) 40 0.11 £ 0.00 0.15+0.03 0.13£0.00 0.11 £ 0.00
Wing aspect ratio (mm/mm) 40 2.06+0.01 2.02 +0.01 2.07 £ 0.01 2.22+0.012
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Figure 6. Mean * SE survival time of adults, nymphs and eggs in conductivity treatments. According
to post hoc analysis with Bonferroni correction, different numbers above bars indicate significant
differences (p < 0.05) in survival time among species in a given conductivity treatment, whereas
different letters above bars indicate significant differences in survival time among conductivity
treatments for a given species.

Thermal tolerance

Upper and lower thermal limits showed significant differences among
species (UTL: F = 10575.54, p < 0.001; LTL: F = 84.37, p < 0.001) but not between
sexes, and both limits were significantly dependent on acclimation conductivity
(UTL: F = 29014.84, p < 0.001; LTL: F = 49148, p < 0.001) (Table S1.2 in
Supporting information). Significant conductivity x species interactions were
found for both thermal limits (UTL: F =9249.39, p < 0.001; LTL: F =69.09, p <
0.001). At 16 mS cm™ T. v. verticalis presented the highest UTL (51.5 2C + 0.05)
with a similar value to S. scripta (50.4 2C * 0.13), and significantly higher than S.
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selecta (49.6 2C = 0.07) and S. lateralis (47.5 2C + 0.14) (Fig. 7A). However, at 37 mS
cml UTL did not differ between T. v. verticalis and S. selecta (Fig. 7A), but
decreased in T. v. verticalis when conductivity increased. LTL for T. v. verticalis (-
8.9 2C + 0.17) was weaker than for S. selecta (-10.8 2C £ 0.14), and similar to that of
S. lateralis and S. scripta at 16 mS cm™! (Fig. 7B). As for UTL, LTL decreased as

conductivity increased for both T. v. verticalis and S. selecta.
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Oviposition rates

Oviposition rates differed significantly among species (F = 3.40, p = 0.024)
(Table S1.3 in Supporting information). The oviposition rate of T. v. verticalis was
significantly higher than that of Sigara species at 37 mS cm-! (Fig. 8) but not at 16
mS cml. Trichocorixa v. verticalis oviposition rate increased from 1.6 eggs day-! at
16 mS cm-! to 2.2 eggs day-! at 37 mS cm-l, in contrast to what was observed for S.

selecta (0.2 eggs day! at both conductivities). Trichocorixa v. verticalis females
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were able to lay up to 29 eggs at 16 mS cm-1 in one day, whilst the maximum
number of eggs laid by a Sigara female in one day was six (for S. scripta and S.

selecta).

3,5
[ S. lateralis
[ S. scripta 2
= 3,0 1| mmm s. selecta
b I 7. verticalis
)
- 25 4
E3
%)
(=)}
o
w 2,0
£
s
e 1,51
o
=
o
B,
S
o
0,5 ﬁ 1
0,0 ﬁ T T

16 37

Conductivity (mS*cm™)

Figure 8 Mean * SE oviposition rate of species in conductivity treatments.
According to post hoc analysis with Bonferroni correction, different numbers
above bars indicate significant differences (p < 0.05) among species in a given
conductivity treatment. Experiments were not carried out on S. lateralis and
S. scripta at 37 mS cm1.

Wing morphology

Differences among species (WL: F = 12.81, p < 0.001; WAR: F = 28.98, p <
0.001) and between sexes (WL: F = 40.52, p < 0.001; WAR: F = 6.07, p = 0.015)
were significant for both wing loading and wing aspect ratio (Fig. 9 and Table S1.4
in Supporting information). Trichocorixa v. verticalis (particularly males) had the
lowest wing loading values, although significant differences were only found with
S. scripta which had the highest value (Fig. 9A). Trichocorixa v. verticalis also
presented the highest wing aspect ratio (Fig. 9B), indicating a longer and narrower
wing shape compared to the broader and more rounded wings for Sigara species

(Fig. 9C). Females presented significantly higher wing loading than males except
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for S. lateralis, where no differences between sexes were found. For wing aspect
ratio, significant differences between sexes were only found for S. selecta, males

showing a higher ratio than females.
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Discussion

Of the studied species, the invasive T. v. verticalis had higher values for
traits related with establishment (i.e. the highest oviposition rate at mesosaline
conditions, and highest conductivity tolerance of eggs) and spread (i.e. the highest
wing aspect ratio and the lowest wing loading in males) phases of invasion. This
combination of traits together with wide physiological tolerance to salinity and
temperature (Table 2) may largely explain the high rates of survival and
reproduction of the introduced species in Dofiana, and the recent geographical

expansion of this species (Carbonell et al., 2012a; Guareschi et al., 2015). These
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results are consistent with the characteristics attributed to successful invaders,
considered to be species which have some combination of high dispersal ability,
high reproductive output, generalist feeding, and broad environmental tolerance

(Havel et al,, 2015).

In subsaline and hyposaline conditions (0.6 and 16 mS cm, respectively), T.
v. verticalis showed similar survival times to native species for adults and nymphs,
but showed the highest tolerance to elevated temperature (at 16 mS cm! T. v.
verticalis presented the highest UTL). This finding is consistent with the thermal
tolerance previously described for T. v. verticalis at different acclimation
temperatures and salinities (Coccia et al., 2013). However, S. lateralis is probably
the most competitive species at low conductivities, because it had a similar
oviposition rate but the shortest hatching time and the highest hatching success

(100%).

In mesosaline conditions, T. v. verticalis may have a competitive advantage
over S. selecta because of its higher oviposition rate, although these two species
showed similar salinity tolerance and upper thermal limits at both adult and
nymph stages. However, the invasive species was less tolerant to low temperature
than S. selecta. According to our results, the ability of T. v. verticalis to deal with
high and low temperatures decreases at high salinities, reducing its thermal range.
Climatic models of its potential distribution (Guareschi et al, 2013) appear to
support our results. These models indicate that T. v. verticalis prefers areas with
low variability in climatic conditions, such as coastal areas, in its potential invasive
distribution range. This could be due to the limited capacity of adults to withstand

extreme cold in continental areas and at high altitudes (Guareschi et al., 2013).

At the highest conductivity (74 mS cm-1), T. v. verticalis out-performed S.
selecta due to higher salinity tolerance and hatching success of eggs in chloride-
rich waters, despite the greater adult salinity tolerance of the native species.
Previous laboratory studies (Carbonell et al., 2012b and unpublished data) found
that both species showed wide tolerance to different anionic composition,
although the invasive species is restricted to coastal wetlands where salts, derived

from seawater, are dominated by NaCl. The native species (S. selecta) is also



Chapter 3: Traits underpinnig the successful invasion of T. v. verticalis

capable of occupying inland waters with higher sulphate concentrations than
coastal wetlands (Carbonell et al, 2012b), and is apparently more sulphate

tolerant.

Many aquatic species have adaptations that allow persistence in temporary
environments, such as dormant stages and spores in prokaryotes, seeds of aquatic
plants or resting eggs in zooplankton (Havel et al., 2015). Therefore, production of
eggs resistant to high salinities could be advantageous in temporary saline pools.
In these habitats, evaporation produces a marked increase in salinity, thus the
production of resistant eggs to drought and high salinity conditions is a useful
strategy that permits hatching when water levels increase and salinity decreases
(Williams, 2006). However, there is no evidence of drought tolerance of eggs of T.
v. verticalis in the invaded area (unpublished data). In their native range, two other
subspecies of T. verticalis (T. v. interiores and T. v. sellaris) produce diapausing eggs
that allow them to survive in ice, hypersaline waters or temporary pools (Tones,

1977; Kelts, 1979).

Resistant eggs coupled with the higher egg production observed in our
study and the ability to breed throughout the year in the invaded area (Rodriguez-
Pérez et al,, 2009) are biological traits common in invasive species (Havel et al.,
2015) that may promote the establishment and dispersal of T. v. verticalis in new
areas and the displacement of S. selecta from mesosaline to hipersaline wetlands,
as apparently observed in Morocco (L’Modhi et al., 2010). In Dofiana wetlands, the
invasive species attains the highest population densities in waters of intermediate
conductivities of 17 - 55 mS cm-! (Rodriguez-Pérez et al., 2009), overlapping with
the conductivity range of S. selecta, except in extreme salinities where T. v.
verticalis could be excluded by the lower salinity tolerance of the adult stage.
However, the lower part of the T. v. verticalis salinity niche overlaps with the upper
part of the S. scripta and S. lateralis niches, where these native species could be less

competitive.

Although the distribution of T. v. verticalis in the invaded area can be
explained largely by its wide physiological tolerance to salinity, biological

interactions with native hemiptera and other macroinvertebrates (competition,
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predation or even parasitism) may also be important determinants of its
abundance in specific habitats, as in other corixid species (Scudder, 1983). The
predation rate on T. v. verticalis by Odonata larvae was higher than that of S.
lateralis, probably because of the smaller size of the alien (Coccia et al.,, 2014). This
might help to explain the rarity of T. v. verticalis in Dofiana wetlands of lower
conductivity, where Odonata larvae are abundant. In addition, T. v. verticalis
showed higher parasitism by the water mites Hydrachna skorikowi and Eylais
infundibulifera than S. lateralis and S. scripta in low salinity Dofilana wetlands
(Sanchez et al.,, 2015). Thus, T. v. verticalis is under higher parasitic and predation
pressure than native Sigara species at low salinities, which may help to explain
why T. v. verticalis is particularly successful in saline habitats where parasitic mites

and Odonata larvae are absent.

The survival of invasive species under harsh environmental conditions or
biological interactions is only half of the invasion story. Resting stages and/or
adults must also move from one habitat to others. With the exception of flying
insects and mobile vertebrates, most aquatic species lack the means for active
dispersal into isolated hydrological catchments and instead use a variety of
transport vectors for passive dispersal, such as transport by wind or vertebrates
such as birds (Havel & Shurin, 2004). In the case of T. v. verticalis, its rapid spread
to nearby wetlands may be promoted by its high capacity for active and passive
dispersal. Trichocorixa v. verticalis presents the lowest wing loading of males,
related to superior flying ability (Berwaerts et al, 2002) and the highest wing
aspect ratio, related with fast-flapping and energy efficient active flight (Hoffsten,
2004). Thus, wing morphometrics suggest that T. v. verticalis may be a stronger
flier than native species, which would facilitate its ability to move between water
bodies to breed or to avoid unfavorable environmental conditions, especially when
temporary habitats dry out. In general, corixids disperse actively to suitable
aquatic habitats mainly between early spring, when individuals fly to new
potential breeding areas, and late fall when the population density peaks and
habitats begin to dry out (Pajunen & Jansson, 1969; Boda & Csabai, 2009). The
most suitable periods for dispersal are dawn and late evening hours, which are

usually free of wind and rain, with a higher relative air humidity and lower air
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temperature (Boda & Csabai, 2009). Besides, males of all the studied species,
except S. lateralis, show greater flight ability than females so as to actively move
among water bodies, probably to search for females. In general, corixid females,
larger than males, invest more in reproduction and less in dispersal (i.e. oogenesis
flight syndrome) when environmental conditions are favorable, owing to a trade-
off between the high energy costs of egg production and of flight (Velasco et al.,
1990). In contrast, males invest more energy in developing flight muscles to

actively search for females.

In conclusion, the establishment and spread success of the alien T. v.
verticalis could be principally due to its high egg production, high resistance to
salinity, heat and harsh environmental conditions, and its better flight ability.
Further studies of other biological traits, such as voltinism, development rate, diet
and body size differences should contribute to define its functional and ecological
niche and a better understanding of the establishment success and impact of the

species in the invaded area.
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Table S1.1

Significant differences (Kruskal-Wallis test) among species and conductivities for

survival times of adults and nymphs, and hatching time of eggs.

Species Conductivity
Mean  Chi- p- Mean  Chi- p-
Phase Species N rank square value Phase Conductivity N rank square value
Adults S lateralis 50 7812 5349 <0.001 Adults 0.6 40 130.15 68.82 <0.001
S. scripta 50 7892 16 40 135.28
S. selecta 50 147.13 37 40 108.64
T.v.verticalis 50 97.83 74 40 75.96
Total 200 100 40 52.48
Total 200
Nymphs S. lateralis 50 8262 10.18 0.017 Nymphs 0.6 40 130.46 87.37 <0.001
S. scripta 50 101.47 16 40 142.70
S. selecta 50 113.12 37 40 101.34
T.v.verticalis 50 104.79 74 40 64.00
Total 200 100 40 64.00
Total 200
Eggs S. lateralis 50 6750 3993 <0.001 Eggs 0.6 40 137.38 82.14 <0.001
S. scripta 50 86.67 16 40 137.05
S. selecta 50 118.99 37 40 104.44
T.v.verticalis 50 128.84 74 40 78.14
Total 200 100 40 45.50
Total 200
Table S1.2

Effects of species, conductivity and their interaction on upper thermal limit (UTL)

and lower thermal limit (LTL) of different corixid species.

Effect SS df F p
UTL (Heat coma)

Full model 104562.421 7 12641.375 <0.001
Intercept 312937.138 1 264834.0 <0.001
Conductivity 34284.940 1 29014.835 <0.001
Species 37489.286 3 10575.542 <0.001
Condutivity x species 32788.195 3 9249.387 <0.001
Error 255.233 21

LTL (Supercooling point)

Full model 3906.711 7 135980 <0.001
Intercept 10661.880 1 2597.733 <0.001
Conductivity 2017.200 1 491.484 <0.001
Species 1038.862 3 84.372 <0.001
Condutivity x species 850.690 3 69.086 <0.001
Error 886.529 21
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Table S1.3
Effects of species, conductivity and their interaction on the oviposition rate of

different corixid species.

Effect SS df F p
Full model 37.772 5 2.386 0.050
Intercept 36,538 1 11.539 0.001
Conductivity 0.693 1 0.219 0.642
Species 32.303 3 3.400 0.024
Condutivity x species 0739 1 0.234 0.631
Error 682.341 71

Table S1.4

Effects of species, sex, and their interaction on wing loading (WL) and wing aspect

ratio (WAR).

Test Effect SS df F p
Full model 0.065 7 14.734 <0.001
Intercept 1.920 1 3036.395 <0.001

WL Species 0.024 3 12.813 <0.001
Sex 0.026 1 40.516 <0.001
Speciesxsex  0.015 3 8.062 <0.001
Error 0.071 112
Full model 0.787 7 14.267 <0.001
Intercept 524908 1 66647.400 <0.001

WAR Species 0.685 1 28978 <0.001
Sex 0.048 3 6.074 0.015
Speciesxsex  0.054 3 2.288 0.082

Error 0.882 216
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Introduction

Biological invasions have become one of the most important drivers of
biodiversity loss and ecosystem change (Vila et al., 2011; Simberloff et al., 2013). In
general, the study of the invasiveness of alien species has focused mainly on
isolated traits (Van de Meutter et al., 2010; Azzurro et al., 2014; Capellini et al.,
2015; Carbonell et al.,, 2016) and on the specific impacts or modifications that
these species can provoke in the invaded habitats (Karatayev et al., 1997; Gherardi
& Acquistapace, 2007). However, the consideration of functional characteristics of
species in community and ecosystem dynamics (Cérdova-Tapia & Zambrano,
2015) may improve our capacity to predict the invasion success of exotic species,
and to assess how such species modify the community assemblages through
interactions with native species and resources. For example, phenotypic plasticity
or specific trait combinations may enhance the invasive character of alien species
(e.g., van Kleunen et al, 2010; Davidson et al, 2011; Capellini et al, 2015;
Carbonell et al., 2016). Other studies revealed that some biotic properties of native
ecosystems, such as high species” richness, seem to increase resistance to invaders
(Mack et al, 2000). However, it is still unclear how biotic and abiotic features

interact during the invasion process.

On the other hand, alien species may show a differential capacity to invade
ecosystems in relation to the intensity of the regional abiotic filters. For example,
stressors that occur at unprecedented rates or magnitudes, or those totally novel
for the regional pool (i.e anthropogenic stressors) may cause ordered extinctions
(e.g., Gutiérrez-Canovas et al.,, 2013) and make it easier for invaders to enter the
community (e.g., MacDougall et al, 2005). Such depauperated communities are
often considered to have high invasion risk due to the reduction of niche overlap
and strength of competition between native and invasive species (Alpert et al.,
2000). This scenario could be especially relevant for invaders with a generalized
niche (Davidson et al, 2011). Furthermore, historically persistent environmental
filters (i.e., those of natural origin) are assumed to sort species from the regional
pool in a different manner. Along gradients of environmental stress, the reduction

in diversity is usually accompanied by a turnover of specialist species (Gutiérrez-
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Canovas et al.,, 2013). Such affinity for specific portions of the stress gradient is a
result of the adaptation process over geological time, leading to specific traits, with
associated trade-offs (e.g., Carbonell et al, 2012b; Arribas et al., 2012). Thus,
although some correlative studies found that natural stress might constrain
biological invasion (e.g., Gerhardt & Collinge, 2007; Alcaraz et al, 2008), the
ecological mechanisms behind these empirical observations remain poorly

understood.

Theories rooted in the community assembly framework proposed that
neutral processes, habitat filtering and niche differentiation assembly rules may
explain the patterns of species co-occurrence (Weiher et al, 2011; Soliveres et al.,
2015). Both abiotic and biotic pressures can modify species occurrence through
niche processes. For example, the gradient stress hypothesis predicts a decrease in
the strength of competition among species as abiotic stress increases, which may
vary depending on species life histories and the type of stress (Maestre et al,
2009). Under low stress conditions, niche differentiation could play an important
role for stabilizing communities. This mechanism enhances differences in the way
that species exploit resources or habitats, facilitating the co-existence of diverse
species (MacArthur & Levins, 1967; Chesson, 2000). On the other hand, intense
abiotic stress may increase habitat filtering (i.e., non-random species sorting) by
selecting certain trait combinations that would be more successful under such
stressful conditions (Southwood, 1977; Shipley et al, 2006). As a result, habitat
filtering reduces taxonomic and functional diversities and increases the functional
similarity of the remaining species more than would be expected by chance
(Weiher et al, 2011; Gutiérrez-Canovas et al, 2015). Invasive species may cause
strong interspecific competition among closely related species (Violle et al.,, 2011),
affecting the performance and co-existence patterns of native species through
resource limitation and interference (Chase & Leibold, 2003). When competition
occurs, the degree of resource/niche overlap among invasive and native species
can determine the outcome of such interactions (De Roos et al., 2008). In general,
when two species have a similar niche the weaker competitors are often excluded

from the community (Reitz & Trumble, 2002). Therefore, invaders could alter the
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assembly rules of native species along abiotic gradients, depending on their niche

similarities and their tolerance to the stressor.

Unfortunately, so far we know little about how similar species of insects co-
exist and respond to biological invasion, despite their disproportionate
contribution to global biodiversity. One of the main limitations for this group is the
difficulty of gathering ecological or trait information, since insects are diverse,
small, inconspicuous and difficult to observe and handle. However, for some
relatively well-known groups, such as corixids, detailed species-level trait datasets
have recently been developed or improved (e.g., Klecka & Boukal, 2013; Carbonell
et al, 2016). Moreover, competition and coexistence among corixid species has
been a classic topic for ecological research (e.g., Macan, 1954; Hutchinson, 1959;
Pajunen, 1979; Pajunen & Pajunen, 1993). In particular, an assemblage of two
Corixa species inspired Hutchinson (1959) to explain species' coexistence based on
niche differentiation by size differences, allowing them to share the same habitats

through resource partitioning.

Applying the community assembly framework to well-studied insects and
invasion processes along gradients of abiotic stress could reveal new insights into
how these processes interact to shape species co-existence and their response to

biological invasions.

Here, we investigate the impact of the invader Trichocorixa verticalis
verticalis (Fieber, 1851), a water boatman species originally from North America,
on co-occurrence patterns among three Palaearctic native boatman species
(Sigara, Corixidae) along a salinity gradient, and determine which mechanisms are
driving these patterns. First, we characterized the ecological niche (habitat
specialization and functional niche) of each species and their pairwise overlap,
using physiological and biological traits. Second, we compared the co-occurrence
patterns of the boatman species within non-invaded and invaded areas in South
Iberian and North Morocco, using field data. Finally, we used null models to
explore how habitat filtering and niche differentiation assembly rules may explain

the co-occurrence patterns of the corixid species.
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Materials & Methods

Study species

Trichocorixa v. verticalis is a small (c. 5 mm) euryhaline corixid (Hemiptera)
originally distributed in North America and the Caribbean, where it mainly lives in
coastal habitats such as brackish and saline lentic waterbodies. This water
boatman has been recorded as an alien species in South Africa, New Caledonia,
Morocco and the Iberian Peninsula, being the only invasive aquatic hemiptera in
Europe. Furthermore, it is predicted to spread widely across Europe and the
Mediterranean basin in future years (Guareschi et al., 2013). Its distribution in the
introduced range in south-west Spain and Portugal has been expanding in recent

years (Carbonell et al., 2012a; Guareschi et al., 2013; Sanchez, pers. comm. 2015).

In the invaded Iberian and Moroccan ranges, T. v. verticalis is found at
conductivities from 1 to 120 mS cm-1. Although it coexists with other corixid native
species along a wide salinity gradient, it only breeds at conductivities exceeding 16
g mS cm! (Rodriguez-Pérez et al., 2009). Among native corixids, we selected three
co-occurring Sigara species of similar size that can potentially compete with T. v.
verticalis: S. lateralis (Leach, 1817), an opportunistic species that frequently
inhabits temporary freshwater pools (Millan et al., 1988; Boda & Csabai, 2009;
Carbonell et al,, 2011), S. scripta (Rambur, 1840), common in hyposaline waters
(Carbonell et al., 2011), and S. selecta (Fieber, 1848), which inhabits brackish and
saline waters associated with coastal lentic water bodies (Milldn et al., 1988;

Carbonell et al.,, 2011).

S. lateralis ~ S.scripta S. selecta
(0.15 - 33.6 mS/cm) (0.25 - 41.6 mSicm) (16.6 - 200 mS/cm)

Figure 1. The four studied species and the conductivity range they inhabit



Chapter 4: Biological invasion modifies the co-occurrence pattern of native species

Characterization and overlapping of the habitat specialization and functional

niches

We measured two different facets of the ecological niche: the habitat
specialization niche and the functional niche (Table 1), following the two basic
niche approaches (Devictor et al, 2010). The habitat specialization niche
represents a fundamental Grinnelian niche, related to species performance along
the salinity gradient. To describe this niche, we used the physiological tolerance of
the different life stages (adult, nymph and egg) to different conductivities
reflecting the range of conditions where each species can potentially live and
reproduce. The functional niche describes an Eltonian niche based on specific
biological traits, such as fecundity, dispersal ability, trophic role, life history and
body size. These traits are mechanistically related with the ability of species to
exploit resources (Devictor et al., 2010; Kearney et al, 2010) and cope with stress

(Badyaev, 2005; Gutiérrez-Canovas et al,, 2015).

We quantified the physiological, fecundity, dispersal ability and trophic
traits from laboratory experiments (Carbonell et al., 2016; Coccia, 2015; Coccia et
al, 2016), and life cycle and body size traits from the available literature (Jackson
et al, 1986; Barahona et al., 2005; Rodriguez-Pérez et al., 2009; Gutiérrez-Canovas
et al., 2012). Physiological and biological traits were classified into “grouping
features” following the terminology used by Schmera et al. (2015). These traits
were organized in categories according to the main ecological and functional
characteristics that species displayed in the study area (Carbonell et al., 2016;
Coccia, 2015).
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Table 1. Physiological and biological traits studied and their categories.

Group Grouping feature Trait Class Categories

Physiological Tolerance to Physiological salinity tolerance of adults
traits salinity (mS*cm-1) <16
17-37
38-74
75-100

>100

Ul s W

Physiological salinity tolerance of
nymphs (mS*cm-1) <16
17-37
38-74
75-100

>100

(€2 B N R S

Physiological salinity tolerance of eggs
(mS*cm-1) <16
17-37
38-74
75-100

>100

Ul s W N

<19
2.0-3.8
3.9-5.7
5.8-7.6
>7.6

Biological traits Fecundity Egg production (egg*day-1) at 10 g L'

Ul s W N

<1.6
1.7-3.2
3.3-4.8
4.9-6.4
> 6.4

Egg production (egg*day-1) at 25 g L'

Ul s W N

<0.074
0.075-0.108
0.109-0.142
0.143-0.177
>0.177

Dispersal ability Wing loading (mg*mm-1)

Ul s W N

<1.970
1.971-2.065
2.066-2.160
2.161-2.255
> 2.255

Wing aspect ratio

Ul s W N

>-20,3
-20,4-(-21,7)
-21,8-(-23,1)
-23,2-(-24,5)
<-245

Feeding strategies  §13C

U s W N
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815N I <492
2 493-6,04
3  6,05-7,16
4 7,17-8,28
5 >8,28
Trophic position 1 <204
2 2,05-2,38
3 239-2,72
4 2,73-3,06
5 >3,06
Life cycle Wintering life cycle stage 1  Adult
2 Nymph
3 Egg
Number of generations per year 1 =<1
2 >1
Development time 1 <1month
2  >1month
Life cycle duration 1 <lyear
> 1 year
Morphology Maximal potential size (mm) 1 <473
2 4.74-5.36
3  5.37-5.99
4 6.00-6.61
5 >6.61

To characterize both habitat specialization and functional niches, we built
two different trait matrices (species as rows, trait categories as columns), where
each species was coded according to the degree of affinity with each trait category
using a fuzzy coding approach (Chevenet et al,, 1994) (Appendix S1.1 a). Before
analyzing data, fuzzy coding data were converted to percentages of affinity for
each trait. For each trait matrix, we built a simulated binary matrix with the same
number of columns but with a greater row number to represent intraspecific
variability (i.e., creating a number of replicates for each species) (Appendix S1.1 b).
Only one category per trait was randomly selected from the original matrix for
each of the replicates. We followed a random sampling based on the probability
that each category present in a randomly generated matrix simulated an individual

belonging to that species (i.e, the trait fuzzy code profile, expressed as a
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percentage of occurrence). We ran 75 replicated samples per species, as this
number seems adequate to represent the intra-specific variability of each taxon
(Gutiérrez-Canovas & Villéger, unpublished data). Second, we created habitat
specialization and functional multidimensional spaces using Principal Coordinate
Analysis (PCoA) based on a Gower dissimilarity matrix (Villéger et al., 2008;
Pavoine et al., 2009) (Appendix S1.1 c). This summarizes the variability of the
binary habitat specialization and biological trait matrices. Following the method
proposed in Maire et al. (2015), we retained the first three axes for the habitat
specialization space and the first two axes for the functional space. The habitat
specialization and functional niche breadths of each species were estimated as the
sum of the ranges occupied for each species along each axis for each
multidimensional space (Appendix S1.1 d). Niche breadths were standardized by
maximum values, and thus ranged from 0 to 1. In addition, we quantified the
habitat specialization and functional niche similarities along each of the axes of the
multidimensional spaces as the percentage of niche overlap between species pairs
along that axis (Appendix S1.1 e). The overall mean habitat specialization and
functional similarities were also estimated for each species pair and for both
multidimensional spaces. These variables also ranged from 0 to 1. A similar

approach is fully explained in Gutiérrez-Canovas et al. (2015).

Description of the field datasets

A total of 338 presence/absence records of the four studied species,
together with salinity data, were gathered from 179 localities, including ponds,
wetlands and lentic stream habitats. These localities are in the south of the Iberian
Peninsula and in North Morocco (Fig. 1). From those sites, a subset of 106 localities
was selected within the area invaded by T. v. verticalis (hereafter, "invaded
dataset") along a gradient of salinity ranging from 0 to 100 g L-1. A subset of 73
sampling points were selected from localities showing comparable biogeographic,
climatic and salinity features (salinity range: 0.1 - 120 g L-1), but located outside of
the invaded area (hereafter, "non-invaded dataset"). The localities of the non-
invaded subset were collected from the Iberian Southeast, which is a well-

prospected area for aquatic organisms (Bruno et al., 2012), where there is no
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evidence of T. verticalis occurrence (Guareschi et al., 2013) (Fig. 1). The presence
of at least one of the four studied species was the criterion to select the localities.
Field data were gathered by sampling in spring and/or summer from the date of
the first observation of the invasive species in the study area (Giinther, 2004) until
2012, and were stored in the Aquatic Ecology Research Group’s Biodiversity
database (University of Murcia), and the Wetland Ecology Department’s database
(Estacion Bioldgica de Dofiana-CSIC, Seville) (Coccia et al., 2015). Some additional
records were extracted from published literature (L"Mohdi et al., 2010; Sala &
Boix, 2005; Kment, 2006). Due to the diverse sources used to gather field
information and different sampling protocols used, we were unable to use
abundance data to analyze co-ocurrence patterns in both non-invaded and invaded
areas. Finally, we classified the study localities into four salinity classes following
Montes & Martino (1987), Arribas et al. (2009) and Gutiérrez-Canovas (2014):
fresh/subsaline (< 3 g g L1), hyposaline (3 - 20 g L1), mesosaline (20 - 50 g L-1)
and hypersaline (> 50 g L-1).

@ Invaded area
A Non-invaded area

Figure 2. Study area showing the selected localities in areas that have been
invaded by T. verticalis (circles) and areas that have not been invaded (triangles).
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Patterns of species co-occurrence

For the non-invaded and invaded datasets, we tested if each species pair
shows a significant positive, significant negative or random co-occurrence pattern
using the cooccur R package (Veech, 2013, 2014) based on binary
presence/absence data. This analysis uses a probabilistic model to estimate the
likelihood of each species pair to occur less or more often than expected if each
species was distributed independently. Moreover, the incidence of species in the
different salinity categories of the environmental data set was estimated for both
the invaded and non-invaded area. Incidence was calculated as the frequency of

occurrence of the species in each salinity class.

Given that salinity classes were unevenly represented in the original
datasets, we tested if this may influence the observed co-occurrence patterns.
Using simulations where sites were resampled to achieve a more balanced
representation of the salinity classes, we found no difference in patterns between
the results obtained for simulated and original datasets. In addition, the larger
sample size of the original dataset increases the statistical power of the co-
occurrence analyses. For these reasons, the use of the original datasets to analyze
the co-occurrence patterns is justified. Appendix S1.2 contains the details and

results of these simulations.

Null models to test the assembly rules

To explore which assembly rules are explaining the observed co-occurrence
patterns in the non-invaded and invaded areas, we test the actual co-occurrence
values against the results of null models created under scenarios of habitat
filtering and niche differentiation (e.g., Weiher et al, 2011). Habitat filtering
assumes that species are sorted by specific traits because of strong environmental
filtering. As a consequence, species niches are more similar than expected by
chance. On the other hand, niche differentiation is based on the central idea that
interspecific competition is a strong assembly force. In this case, species with

dissimilar niches tend to co-exist more than expected by chance. Null models were
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created by randomly selecting one of the original species per site, and adding
species until reaching the original species number following habitat filtering or
niche differentiation assembly rules. In the habitat filtering scenario, the assembly
rule was that the new species entering the community should be the most similar
to those taxa already occurring. For niche differentiation, the rule was the
opposite, i.e. that species entering first were those with a greater niche
dissimilitarity respect to the taxa already present. We ran 999 null models for each
species pair and for each of the habitat filtering and niche differentiation scenarios,
based on overall habitat specialization and functional niche similarity, and for each
of their PCoA axes. 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. The null
hypothesis is that the empirical co-occurrence patterns are caused by the assembly

rule used in the null model (i.e., habitat filtering or niche differentiation).

All statistical analyses were performed with the R statistical software
(libraries: ‘ade4’, ‘ape’, ‘clue’, ‘cluster’, ‘cooccur’, ‘FD’, ‘geometry’, ‘ggplot2’, ‘gtools’,
‘plyr’,‘splancs’ and ‘vegan’; R Development Core Team, 2012). The code to run

these analyses is available in Appendix S1.3.

Results

Habitat specialization, functional niches and overlapping

The three first axes of the habitat specialization niche were correlated with
the salinity tolerance of nymphs (Axis I) and the salinity tolerance of adults and
eggs (Axis Il & III) (see Table 2). Invasive and native species showed a high overlap
along the habitat specialization axes (Fig. 2A), the salinity tolerance of eggs being
the trait that best discriminated the niche differences found between T. v. verticalis

and the native species (high correlation with PCoA axis III, Table 2).

The first axis of the functional niche was described by egg production at 10

g L1 salinity, maximal potential size, trophic position and winter presence stage
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(Table 2), whereas the second axis was described by feeding strategies, egg
production at 25 g Lt salinity, maximal potential size and trophic position (Table
2). The invasive species’ functional niche did not overlap with the native ones,
when both axes were considered. The axis I better discriminates between the
native species and T. v. verticalis, the latter being placed on the negative side of this
axis (Fig. 2B). Differences in the functional niche of T. v. verticalis were due
principally to its intermediate trophic position, its omnivorous feeding strategy,
the highest egg production at 25 g L-1 salinity, its smaller size and the presence of
nymphs in winter (Fig. 2B and Table 2). On the other hand, the native species
showed smaller functional niches than the invasive species, with some overlap
between S. lateralis and S. scripta (Fig. 2B). The traits related to dispersal ability
(wing loading, wing aspect ratio) and life cycle (number of generation per year,
development time and life cycle duration) did not show great differences among

species (Table 2).

T. v. verticalis shows wider habitat specialization and functional niche
breadths than the native species, although the highest differences were observed
among the species functional niche breadths (Table 3). Species showed higher
similarity for the habitat specialization axes than for those defining the functional
space. In general terms, the species pairs T. v. verticalis / S. selecta and S. lateralis /
S. scripta showed the greatest similarities for the habitat specialization niche (Fig.
2A and Table 4). The highest similarities in functional niche were found between S.

lateralis and S. scripta (Fig. 2B and Table 4).
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Table 2. PCoA results for the habitat specialization niche (the first three axes are
displayed) and functional niche (two axes) (max.pc: maximum PcoA axis; min.pc:
minimum PcoA axis). See details in the main text and in Figure 2.

PCoA (Habitat specialization niche)

max.pcl min.pcl max.pc2 min.pc2 max.pc3 min.pc3

Salinity tolerance of adults 0.31 -0.26 0.65 -0.57 0.50 -0.58
Salinity tolerance of eggs 0.27 -0.17 0.59 -0.69 0.46 -0.63
Salinity tolerance of nymphs 0.88 -0.81 0.29 -0.36 0.52 -0.31

PCoA (Functional niche)

max.pcl min.pcl max.pc2 min.pc2

513C 0.20 -0.30 0.60 -0.33
S§15N 0.32 -0.37 0.51 -0.43
Development time - - - -

Number of generation per year - - - -

Egg production at 10 g L1 0.57 -0.46 0.09 -0.12
Egg production at 25 g L1 -0.04 -0.38 0.88 -0.14
Life cycle duration - - - -

Maximal potential size 0.51 -0.59 0.51 -0.38
Trophic position 0.60 -0.50 0.51 -0.59
Wing aspect ratio 047  -030  0.17  -0.32
Wing loading 031  -037 021  -0.18
Wintering stage 0.69 -0.69 0.09 -0.09

Table 3. Habitat specialization and functional niche breadths (T. v. verticalis
niche breadth as reference = 1).

1D estimated niche breadth
S. lateralis  S. scripta _ S. selecta  T. verticalis
Habitat specialization 0.85 0.89 0.96 1.00
Functional 0.60 0.61 0.55 1.00
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Figure 3. PCoA results for habitat specialization (A) and functional (B) niches.
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Table 4. Habitat specialization and functional niche similarities among species based on significant PCoA axes.

Habitat specialization similarity Functional similarity
PCoA

PCoA axis S. lateralis S. scripta S. selecta axis S. lateralis S. scripta S. selecta
overall S. scripta 0.90 overall S. scripta 0.62
overall S. selecta 0.75 0.81 overall S. selecta 0.20 0.14
overall T. verticalis 0.74 0.74 0.90 overall T. verticalis 0.11 0.23 0.15
axis 1 S. scripta 0.84 axis1 S scripta 0.49
axis 1 S. selecta 0.87 0.97 axis1 S selecta 0.91 0.53
axis 1 T. verticalis 0.95 0.84 0.87 axis 1 T. verticalis 0.00 0.08 0.00
axis 2 S. scripta 0.99 axis2 S scripta 0.81
axis 2 S. selecta 0.98 0.99 axis2 S selecta 0.00 0.00
axis 2 T. verticalis 0.93 0.92 0.91 axis 2 T. verticalis 0.31 0.39 0.42
axis 3 S. scripta 0.84
axis 3 S. selecta 0.41 0.52
axis 3 T. verticalis 0.39 0.49 0.91

Patterns of species co-occurrence

Native species occurrence along the salinity gradient showed a clear
turnover pattern in the non-invaded area. S. lateralis presented its highest
incidence in fresh/subsaline waters, whilst S. scripta occurring with a higher
frequency in fresh/subsaline and hyposaline waters (Fig. 3A). With increasing
salinity, presence of both S. lateralis and S. scripta was less likely, whereas S. selecta
showed the opposite pattern with a higher frequency in mesosaline and
hypersaline waters (Fig. 3A). In the invaded area, T. v. verticalis was present all
along the gradient, showing the highest incidence in mesosaline waters. In this
area the occurrence patterns of S. scripta and S. selecta seem to change slightly as
indicated by their reduced incidence at fresh/subsaline-hyposaline waters and

mesosaline waters, respectively (Fig. 3B).

The analysis of species co-occurrence showed a dominance of negative co-
occurrences between the native species in the non-invaded area (Table Appendix
S1.4), but both negative (pairs S. lateralis / S. selecta and S. scripta / S. selecta) and

positive (pair S. lateralis / S. scripta) co-occurrences were found among them in
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the invaded area. T. v. verticalis showed positive co-occurrences with S. scripta and
S. selecta, but negative co-occurrence with S. lateralis (Fig. 4B and Table Appendix

S1.4).

A
Species incidence in the non-invaded area
1.20
1.00 -
> 0.80
1)
=
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o - =« 8. scripta
W o040 -
S. selecta
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B
Species incidence in the invaded area
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o
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Figure 4. Incidence of study species in non-invaded (A) and invaded (B) areas.
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Species Co-occurrence Matrix

A Non-invaded area

S. selecta

S. scripta

Negative
Random
Positive

S. lateralis

B Invaded area

T. verticalis

S. selecta

S. scripta

S. lateralis Negative
Random
Positive

Figure 5. Co-occurrence patterns of study species in non-invaded (A) and invaded
(B) areas.
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Community assembly rules

The results of the null models showed habitat filtering as the assembly rule
that contributes most to explaining the observed co-occurrence patterns under the
non-invaded scenario (Table 5). The habitat filtering models using the habitat
specialization axis II and the functional axis Il showed the greatest similarity to the
observed negative species co-occurrences, especially for the pairs S. lateralis / S.
scripta and S. scripta / S. selecta. The observed co-occurrence of the pair S. lateralis
/ S. selecta was better explained by the habitat filtering models using the habitat
specialization axis I and functional axis I. The contribution of niche differentiation
was lower, but relevant for the species pairs S. lateralis / S. selecta and S. scripta /

S. selecta, when the overall functional similarity was taken into account.

On the other hand, niche differentiation makes the most significant
contribution in the invaded area (Table 6). Null models based on the habitat
specialization niche provided results closer to the observed patterns than those
based on the functional niche. Among species pairs, the niche differentiation
models using the habitat specialization axis IIl and the combination of the three
habitat specialization axes showed the greatest similarity to the observed species
co-occurrence for those pairs including a native Sigara species with T. v. verticalis.
The observed occurrence of the S. scripta / T. v. verticalis pair was closer to null
models under niche differentiation assumptions. In contrast, for the S. lateralis / T.
v. verticalis and S. selecta / T. v. verticalis pairs, both habitat specialization and
niche differentiation produced results which resembled the observed patterns, but

with greater matching to niche differentiation.



Table 5. Null model results for the non-invaded area. Ns (not significant - p = 0.05), * (p<0.05), **
(p<0.01), *** (p<0.001). PCoA axis (Hab: habitat specialization niche; Fun: functional niche). Null
model (HF: habitat filtering; ND: niche differentiation).

Non-invaded area

PCoA axis Null model Standardized Effect Size Co-occurences (mean values from simulations)
S. lateralis - S. scripta  S. lateralis - S. selecta  S. scripta - S. selecta S. lateralis - S. scripta  S. lateralis - S. selecta  S. scripta - S. selecta

Hab HF 12.6 0.0 8.4 HF <42 *** NA 3.7 ¥k
Hab1 HF 0.0 2.5 18.5 HF NA -1.3 ns -2.1ns
Hab2 HF 2.5 0.0 18.5 HF 1.3 ns NA -2.2 ns
Hab3 HF 12.5 0.0 8.5 HF <42 *** NA 3.7 ¥k
Fun HF 12.5 8.5 0.0 HF 4,2 Fx* -3.6 ¥x* NA
Fun1l HF 0.0 2.5 18.5 HF NA -1.3 ns -2.3%
Fun2 HF 2.5 0.0 18.5 HF 1.4 ns NA -2.3 ns
Hab ND 0.0 10.9 10.1 ND NA -4.7 *x* 2.8%*
Hab1 ND 12.5 8.5 0.0 ND -4, *** -3.7 *** NA
Hab2 ND 9.9 11.1 0.0 ND -2.7% -4.5 *** NA
Hab3 ND 0.0 10.9 10.1 ND NA =42 *** 2.5%*
Fun ND 0.0 2.5 18.5 ND NA -1.3 ns -2.2 ns
Funl ND 12.4 8.6 0.0 ND -4 FHk -3.6 ** NA
Fun2 ND 10.0 11.0 0.0 ND -2.6%* -4.4 Fx% NA

Obs. 4 1 16




Table 6. Null models results for the invaded area. Ns (not significant - p = 0.05), * (p<0.05), **
(p<0.01), *** (p<0.001). PCoA axis (Hab: habitat specialization niche; Fun: functional niche). Null
model (HF: habitat filtering; ND: niche differentiation).

Invaded area

PCoA axis Null model Co-occurences (mean values from simulations)
S. lateralis - S. scripta  S. lateralis - S. selecta  S. lateralis - T. verticalis S. scripta - S. selecta  S. scripta - T. verticalis S. selecta - T. verticalis

Hab overall HF HF 53.0 18.6 0.0 29.0 10.4 48.0
Hab1 HF HF 9.7 29.0 80.4 20.6 0.0 19.3
Hab2 HF HF 59.1 19.4 40.5 30.4 9.6 0.0

Hab3 HF HF 53.3 18.6 0.0 29.0 10.4 47.7
Fun overall HF HF 53.3 16.7 9.8 19.2 49.7 10.3
Fun1l HF HF 9.6 29.0 80.4 20.6 0.0 19.4
Fun2 HF HF 58.9 19.4 40.7 30.4 9.6 0.0

Hab overall ND ND 10.3 16.9 80.2 9.7 23.2 18.7
Hab1 ND ND 48.5 10.3 9.6 19.4 54.3 16.9
Hab2 ND ND 9.0 10.3 49.3 9.7 23.2 57.5
Hab3 ND ND 10.5 16.7 80.3 9.6 23.3 18.5
Fun overall ND ND 0.0 19.5 80.5 20.5 9.5 29.0
Fun1l ND ND 49.0 10.5 9.6 19.4 53.7 16.8
Fun2 ND ND 9.1 10.3 49.4 9.6 23.2 57.4

Obs. 36 3 79 0 27 14




Table 6. Continuation.

Invaded area

PCoA axis Null model Standardized Effect Size
S. lateralis - S. scripta  S. lateralis - S. selecta  S. lateralis - T. verticalis S. scripta - S. selecta  S. scripta - T. verticalis  S. selecta - T. verticalis

Hab overall HF 4.1 Fx* -6.4 ¥ NA NA 6.8 *** -7.9 *xk
Hab1 HF 10.2 *** NA -0.4 ns -6.0 ¥** NA -2.1ns
Hab2 HF -6.2 ¥** -6.4 ¥ 8.4 *** -8.8 *¥** 6.7 *** NA
Hab3 HF -3.8 ¥k -6.1 NA NA 6.5 *** -7.4 FxE
Fun overall HF -3.9 ** -4.,6 *** 28.0 *** -7.8 FE* -4.8 *H* 1.4 ns
Fun1l HF 10.3 *** NA -0.4 ns -5.9 *xx NA -2.1ns
Fun2 HF -5.8 *** -6.4 FrE 8.0 *** -8.6 *** 6.8 *** NA
Hab overall ND 10.3 *** -4.6 *** -0.4 ns 3.7 *k 1.3 ns -1.9ns
Hab1 ND -2.8** -2.9 ** 27.8 ¥** 7.7 Fx* -5.5 *x* -0.9 ns
Hab2 ND 11.7 *** -2.9 ¥xx 6.2 *¥* 3.7 ¥ 1.3 ns -9.9 *xk
Hab3 ND 10.3 *** -4.6 *** -0.3 ns -3.9 Fk 1.3 ns -1.9ns
Fun overall ND NA -6.3 *** -0.3 ns -5.9 #kx 6.6 *** NA
Fun1l ND -2.8** -3.0 27.3 **x 7.6 ¥** -5.5 -0.9 ns

Fun2 ND 11.4 ** -3.0 ** 6.5 *** -3.9 ek 1.4 ns 9.7 Hk
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Discussion

Our results suggest that the invasion of T. v. verticalis can modify co-
occurrence patterns and assembly rules of native Sigara species along the salinity
stress gradient. In the non-invaded area, negative co-occurrences associated with
habitat filtering prevailed among native species. In contrast, in the invaded area,
we found a greater proportion of positive co-occurrences linked with niche
differentiation processes. In the case of T. v. verticalis such positive co-occurrence
indicates that the invasive species can co-exist with the more dissimilar species,

even at high levels of abiotic stress.

Habitat filtering seems to primarily explain the negative co-occurrences
among native species, whereas niche differentiation has less influence. Previous
studies demonstrated that habitat filtering shapes taxonomic and functional
patterns along natural stress gradients (e.g., Maire et al, 2012; Gutiérrez-Canovas
et al, 2013, 2015). In saline environments, species generally share a high
proportion of traits (Mellado-Diaz et al., 2008), especially when they are
phylogenetically related such as the Sigara species. However, despite this general
similitude, these taxa tend to show segregated distributions probably due to the
differences in osmoregulation capacity, but also due to differential capacities to
compete (Carbonell et al., 2012b). Sigara selecta, the most saline tolerant species,
does not co-occur with S. lateralis or S. scripta in fresh/subsaline or hyposaline
waters, despite being able to tolerate hypoosmotic media, which may be related to
the functional similarity of these species, as suggested by the secondary role of
functional niche differentiation in explaining their co-occurrence in the non-
invaded area. Therefore, biological interactions such as resource competition,
predation or parasitism might also play a role in explaining the observed exclusion

pattern (Reitz & Trumble, 2002; Carbonell et al., 2012b; Sanchez et al., 2015).

Environmental and anthropogenic stressors may affect a particular set of
traits causing differential effects on invaders. Generally, anthropogenic impacts
seem to enhance invasibility in both terrestrial (MacDougall & Turkington, 2005;

Didham et al., 2007) and aquatic ecosystems (Bunn & Arthington, 2002; Koehn,
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2004). However, environmental stressors may have both positive and negative
effects on invaders. For example, the red swamp crayfish Procambarus clarkii
(Girard 1852) (red swamp crayfish) has been reported to invade polluted
environments or those sites affected by recent natural hydrological disturbance
(Suarez-Serrano et al, 2010; Dorn & Cook., 2015). However, as with the
mosquitofish Gambusia holbrooki (Girard 1859), salinity constrains crayfish
invasion (Alcaraz et al, 2008; Meineri et al, 2014; Murphy et al, 2015).
Nonetheless, the outcome of the invader - stressor interaction seems to depend on
the species tolerance to the stressor, and biotic pressure at the given level of stress,
as revealed by studies on plants and fish (Dunson & Travis, 1991; MacDougall et
al., 2006; Gerhardt & Collinge, 2007; Alexander et al., 2011). Positive effects result
when successful invaders possess the necessary physiological adaptations and
phenotypic plasticity to succeed under extreme environmental conditions
(Alexander et al., 2011). In our case, salinity did not constrain the invasion success
of T. v. verticalis, because of its wide salinity and perturbation tolerance (Van de
Meutter et al., 2010; Carbonell et al., 2016). The invasive species occurred along
the entire salinity gradient, peaking in mesosaline and hypersaline waters, where
species richness tends to be lower (Millan et al, 2011) and biotic interactions are

potentially weaker (Maestre et al., 2009).

In the invaded area, T. v. verticalis shows positive co-occurrence with the
species with higher salinity tolerance (S. selecta and S. scripta). The functional
differences observed between the invasive and native species, along with the
broad salinity tolerance of T. v. verticalis, could have facilitated its entrance into
novel communities. Niche differentiation has been acknowledged to play an
important role in facilitating the establishment of alien species (Fargione et al.,
2003). Some studies have found that successful plant invaders are functionally
distinct from species within the recipient community, because they fill an empty
niche, reducing competition (Mack, 2003; Callaway & Ridenour, 2004; Hierro et al.,
2005). In other studies, niche differentiation has been found to play a limited role
in the establishment of alien plants in native communities (Price & Partel, 2013).
In this sense, the successful establishment and spread of T. v. verticalis in the

introduced range could have been driven by functional niche differences,
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especially its higher fecundity, the ability to breed throughout the year (as
indicated by the presence of nymphs in winter), different trophic niche (as recently
found as well by Coccia et al., 2016) and smallest size. The size difference among
species has previously been considered as important in the niche differentiation of
corixids. Hutchinson (1959) studied a community of corixids and proposed the
“limiting similarity” theory (here analogously called “niche differentiation”), based
on the idea that size differences among species allow them coexist in a shared
habitat, by differentially exploiting resources. In other studies, conducted in rock
pools, the coexistence of two corixid species, with similar reproductive rate and
phenology, is mediated by different abilities to colonize refilled pools, giving the
rapidly dispersing species an advantage owing to earlier reproduction (Pajunen,
1979). Thus, functional differences detected in T. v. verticalis may be driving the
coexistence of the species in the invaded area via resource partitioning and

different life history strategies.

Functionally novel invaders could have dramatic impacts on ecosystems
and communities (Strayer, 2009; Martin et al, 2010). For example, among
invertebrates, Procambarus clarkii or the zebra mussel Dreissena polymorpha
(Pallas 1771) and aquatic plants such as the water hyacinth Eichhornia crassipes
(Martius) Solms-Laubach have been described as strong modifiers of invaded
ecosystems, which become more vulnerable to further alterations (Karatayev et al.,
1997; Gherardi & Acquistapace, 2007; Villamagna & Murphy, 2010). However, the
omnivorous regime shown by T. v. verticalis in the invaded area could have limited
impacts on aquatic ecosystems, in concordance with the general trend found by
Cameron et al. (2016) when comparing terrestrial herbivorous and omnivorous

invertebrate invaders with predators.

In our study, although no obvious environmental modifications of the
habitat have been observed in the invaded area (Green et al., unpublished data),
the presence of T. v. verticalis seems to modify both co-occurrence and incidence
patterns of the native Sigara species. The observed pattern could be a consequence
of the higher competition in fresh/subsaline and hyposaline waters. Competitive
exclusion has been frequently observed in insects and arachnids (Reitz & Trumble,

2002). However, the presence of T. v. verticalis did not seem to produce a strong
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displacement of the coexisting native Sigara species in meso and hypersaline
waters, although Rodriguez-Perez et al. (2009) suggested that where it
reproduced, T. v. verticalis outcompeted native corixids in Dofiana wetlands.
Further studies that include abundance data on coexisting species are necessary to
clarify the competitive strength of the invader (Mason et al., 2008) and determine
quantitatively the possible displacement of native halotolerant species. In
particular, a comparative before- after invasion approach in aquatic ecosystems
that have yet to be invaded but which have a high probability of invasion in the
near future (e.g, along the Atlantic and Mediterranean coasts of the Iberian
Peninsula and Morocco), and along natural and anthropogenic perturbation
gradients, could provide further insights into the impacts of the biological invasion

at the species, community and ecosystem levels.

The present work makes a significant contribution to the study of the
impacts of invasive species at the community level through the integration of
habitat specialization and functional niche approaches with field occurrence data.
We demonstrated how the presence of the invasive species T. v. verticalis modifies
the distribution and co-occurrence patterns of the native Sigara species along the
salinity gradient, as well as the main assembly rules that play a key role shaping
the assemblages in non-invaded and invaded areas. We found that in non-invaded
habitats, environmental filtering drives habitat segregation of species along the
salinity gradient, with a lower contribution of niche differentiation. On the other
hand, in the invaded area niche differentiation primarily shapes the community as
the mechanism to avoid competition between the invasive and native species,
favoring coexistence and resource partitioning. A similar pattern could be
predicted for future novel invaded areas, as long as the invasive species shows a
functional niche different enough to that of co-occurring native species, thus
enabling resource partitioning. The approach employed here can also be useful to
anticipate the consequences at structural and functional levels of ecologically novel

invaders in communities in the context of global change.
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Supporting information
Appendix S1.1 Procedure used to calculate habitat specialization and functional
niche features.

Appendix S1.2 Simulations to assess the effect of unbalanced representation of

the salinity classes in the study of co-occurrence patterns.

Appendix $1.3 R code. Available at:
https://www.dropbox.com/home/Appendix%20S1.3?preview=Appendix+S1.3.rar

Appendix S1.4 Co-occurrence results.
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Appendix S1.1 Procedure used to calculate habitat specialization and functional

niche features.
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Appendix S1.2 Simulations to assess the effect of unbalanced representation of

the salinity classes in the study of co-occurrence patterns.

After compiling the best available taxonomic and environmental information
within the study area, we detected a strong unbalanced representation of the
different salinity classes (Table 1) because of a different spatial availability (i.e.,
highly mineralized inland water bodies are less frequent). To test the effect of such
an uneven contribution of each salinity class, we performed a random resampling
(with no replacement) of records using a common minimum of records to equalize
as best as possible the contribution of each salinity class and compare the results

with the observed patterns in the original, full dataset.

Table S$1.2.1. Number of records for each salinity class for both invaded and non-

invaded areas in the original dataset.

Salinity class Non-invaded Invaded

Fresh/subsaline 28 142
Hyposaline 58 65
Mesosaline 19 17
Hypersaline 4 5

Overall 109 229

As Table S1.2.1 shows, the presence of corixids in hypersaline sites was scarce. In a
first attempt, we re-sampled records using the minimum number for non-invaded
and invaded areas (4 and 5, respectively). However, the function used to estimate
co-occurrence patterns, cooccur(), could not work properly as this low sample size
did not allow estimation of the co-occurrence probabilities. Then, we tried with the
next lowest number of records for each area (19 and 17, respectively), but keeping
the original number of records for the hypersaline classes (4 and 5, respectively),
as this was an invariable factor. In this case, we were able to estimate the co-
occurrence probabilities with a more balanced number of records per salinity class

(Table 1.2.2).
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Table $1.2.2. Number of records for each salinity class for both invaded and non-

invaded areas, used for the simulations.

Salinity class Non-invaded Invaded

Fresh/subsaline 19 17
Hyposaline 19 17
Mesosaline 19 17
Hypersaline 4 5

Overall 61 56

The simulations results showed two relevant patterns. First, re-sampled and full-
dataset co-occurrences displayed a similar tendency: a perfect match for trends
suggesting positive and negative co-occurrences. Second, the significance of the co-
occurrence patterns was higher when sample size was larger, i.e., for the original
full-dataset data. For the non-invaded area, the simulation results revealed a
significant median pattern (median of the null distributions) for the three species
pairs (Table S1.2.3), which also suggests negative co-occurrences. As for the full-
dataset values, we found no support for any positive co-occurrence. In relation
with the invaded area, two species (S. lateralis / S. selecta and S. lateralis / T. v.
verticalis) showed a significant median pattern of negative co-occurrence (Table
S1.2.4), as observed for the full data-set. The pair S. scripta / S. selecta shows a
tendency towards negative association as observed in the original data, but with
lower statistical power (p=0.12). The pairs S. scripta / T. v. verticalis and S. lateralis
/ T. v. verticalis displayed no support for negative co-occurrences. The pair S.
lateralis / S. scripta showed a significant median pattern of positive co-occurrence,
while the pairs S. scripta / T. v. verticalis and S. lateralis / T. v. verticalis showed
also a similar trend compared to the original set, but with a much lower
significance (p=0.40 and p=0.20, respectively). The remaining species showed a
clear support against having a positive co-occurrence, as for the full-dataset.
Therefore, the use of the original, full dataset to examine the co-occurrence
patterns is justified as 1) the co-occurrence patterns were not apparently affected
by the uneven representation of the salinity classes; 2) the use of a larger sample

size increases the statistical power of the analyses performed.



Chapter 4: Biological invasion modifies the co-occurrence pattern of native species

Table S$1.2.3. Simulated and observed probabilities of co-occurrence for the
species occurring in the non-invaded area. p_It.sim: median simulated probability
of negative co-occurrence; p_lt.obs: observed probability of negative co-
occurrence; p_gtsim: median simulated probability of positive co-occurrence;

p_gt.obs: observed probability of positive co-occurrence.

Species pair p_ltsim p_ltobs p_gtsim p_gt.obs
S. lateralis - S. scripta 0.045 0.005 0.993 0.999
S. lateralis - S. selecta 0.000 0.000 1.000 1.000
S. scripta - S. selecta 0.001 0.000 1.000 1.000

Table S$1.2.4. Simulated and observed probabilities of co-occurrence for the
species occurring in the invaded area. p_Ilt.sim: median simulated probability of
negative co-occurrence; p_It.obs: observed probability of negative co-occurrence;
p_gtsim: median simulated probability of positive co-occurrence; p_gt.obs:

observed probability of positive co-occurrence.

Species pair p_ltsim p_ltobs p_gtsim p_gt.obs
S. lateralis - S. scripta 1.000 1.000 0.009 0.001
S. lateralis - S. selecta 0.001 0.000 1.000 1.000
S. lateralis - T.verticalis 0.004 0.000 1.000 1.000
S. scripta - S. selecta 0.117 0.049 1.000 1.000
S. scripta - T.verticalis 0.866 0.979 0.402 0.048

S. selecta - T.verticalis 0.964 0.999 0.199 0.009




Appendix S1.4 Co-occurrence results for non-invaded and invaded areas.

Co-occurrence results

Non-invaded area

Sp1 Sp2 Observed Cooccurrence Expected Probability less Probability Cooccurrence

Sp1 Sp2 incidence incidence cooccurrence probability cooccurrence than greater than relationship
S. lateralis S. scripta 20 52 4 0.088 9.5 0.005 0.999 -
S. lateralis  S. selecta 20 58 1 0.098 10.6 0.000 1.000 -
S. scripta  S. selecta 52 58 16 0.254 27.7 0.000 1.000 -

Invaded area

Sp1 Sp2 Observed Cooccurrence Expected Probability less Probability Cooccurrence

Sp1 Sp2 incidence incidence cooccurrence probability cooccurrence than greater than relationship
S. lateralis S. scripta 173 38 36 0.125 28.7 1.000 0.001 +
S. lateralis  S. selecta 173 16 3 0.053 12.1 0.000 1.000 -
S. lateralis T. verticalis 173 132 79 0.435 99.7 0.000 1.000 -
S.scripta  S. selecta 38 16 0 0.012 2.7 0.049 1.000 -
S.scripta  T. verticalis 38 132 27 0.096 21.9 0.979 0.048 +
S.selecta T verticalis 16 132 14 0.040 9.2 0.999 0.009 +
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General conclusions

General conclusions

Chapter 1

1. A strong concordance between fundamental and realized salinity and
anionic composition niches was found. The narrower realized niches

corresponded to conditions near the upper tolerance limits of the species.

2. All the studied species have hyperosmotic regulation that enables them to
live in freshwater conditions. However, the segregation of saline species in
more mineralized waters could allow them to escape from the adverse
influences of predation and competition found in more diverse freshwater

communities.

3. There was a negative relationship between salinity tolerance and anionic
tolerance. Sigara nigrolineata was the least saline tolerant, but generalist in
relation to different anionic water compositions. Sigara scripta
demonstrated tolerance to hyposaline and mesosaline waters and higher
survival rates in sulphated waters. Sigara selecta was the only species

occupying hypersaline waters showing a preference for anion chloride.

4. Adult life stages were the most salinity tolerant for all species, whereas eggs
were the least tolerant for S. nigrolineata and nymphs for S. scripta and S.

selecta.

Chapter 2

5. Differential population-specific responses of S. selecta to environmental
change are complex and may be mediated by differences in phenotypic
plasticity that can be predicted by the environmental variability

experienced in nature.



General conclusions

6. When comparing populations of S selecta along its geographical range, the
northern marginal population from cold and thermally stable region showed
higher oviposition rates, smaller eggs and higher levels of metabolic and
fecundity plasticity than the core population from warmer and more

thermally variable location.

7. The higher plasticity of the marginal population may increase its fitness in
current habitats and expand northwards with climate warming. While the
core population seems to have more resistant responses, being able to
buffer environmental variability maintaining, with minor changes, its
metabolism and fecundity. However, it could be more prone to extinction in
current localities if temperature and salinity changes exceed their
physiological tolerance limits, leading to a northward retreat of the species

southern range limits.

Chapter 3

8. The alien species Tricocorixa verticalis verticalis presented physiological and
biological traits consistent with the characteristics attributed to successful

invaders.

9. The establishment and spread success of T. v. verticalis could be principally
due to its higher egg production in mesosaline waters and general heat
tolerance, high resistance to salinity (mainly eggs), and its better flight
ability compared with the studied native Sigara species. Nevertheless, T. v.
verticalis showed weaker tolerance to low temperatures than that of the

other species.

10. This combination of traits may largely explain the high rates of survival

and reproduction of the introduced species in Dofana wetlands, and the



General conclusions

recent geographical expansion of this species in the Iberian Peninsula and

North Morocco.

Chapter 4

11. The presence of the invasive species T. v. verticalis modifies the
distribution and co-occurrence patterns of the native Sigara species along

the salinity gradient studied.

12. In non-invaded areas habitat filtering seems to drive spatial segregation
pattern among native species, showing a negative co-occurrence pattern
among them. At this scenario, high functional niche overlap determines
habitat segregation along the salinity gradient to avoid competition among

each other.

13. On the other hand, niche differentiation seems to shape coexistence among
invasive and native species in invaded areas. In this case, low functional
similarity between T. v. verticalis and native species and resource

partitioning permit coexistence of species.

14. The obtained results can be useful to anticipate the consequences of
functionally novel invaders in communities, contributing to our knowledge
of the possible impacts or modifications generated by future biological

invasions in the context of global change.
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Abstract

This thesis addresses key physiological and biological traits characterizing the ecological niche of related
Corixidae species (native and exotic), which can explain their distributions, co-occurrence patterns, and
responses to environmental changes. The obtained results can provide insights on the impact of climate change
and biological invasions at population/species and community levels.

Chapter 1 compares the saline and ionic composition realized niches of three Sigara species along a salinity
gradient with their fundamental niche experimentally obtained. Results showed a strong concordance between
both, the realized and the fundamental niches. Young life-stages of the species showed less salinity tolerance
than adults. Physiological limitations were not found at laboratory in relation to fresh and less saline waters in
the saline species S. selecta, so other factors, probably involving biotic interactions, may play an important role
in the distribution of this species.

Chapter 2 determines intraspecific variation in physiological and biological responses to environmental change
between core and marginal populations of the saline species Sigara selecta within its geographical range. The
obtained results are discussed in the frame of climate change. The marginal population showed higher
phenotypic plasticity in metabolic and fecundity traits than the core population. The higher plasticity of the
marginal population may facilitate northward expansion with future climatic warming. By contrast, the core
population, more resistant, may be able to buffer current environmental variability with minor changes in
metabolism and fecundity. However, it could be more prone to extinction if temperature and salinity changes
exceed physiological tolerance limits in the future.

Chapter 3 explores which physiological and biological traits underpin the invasion success of the invader
corixid T7ichocorixa verticalis verticalis against some competitive Sigara native species at the Iberian Peninsula.
The establishment and spread success of 7. v. verticalis could be principally due to its high egg production,
high resistance to salinity, heat and harsh environmental conditions, and its better flight dispersal ability.

Finally, Chapter 4 characterizes the habitat specialization and functional niches, co-occurrence patterns and
assembly rules of the invader 7. v. verticalis and three native coexisting corixids. The main aim was to evaluate
its impacts on native species from the Iberian Peninsula and North Morocco invasion areas. Our results
showed that the invader species modifies the distribution and co-occurrence patterns of the native Sigara
species along the salinity gradient. Thus, in non-invaded areas habitat filtering drives habitat segregation of the
species by its differential salinity tolerance, whereas in the invaded area niche differentiation shapes the
community as a mechanism favoring coexistence among the invasive and native saline species through resource
partitioning.
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