e

=

Universitat de Girona

EXPLAINING THE INVASIVE SUCCESS OF THE
EASTERN MOSQUITOFISH (GAMBUSIA HOLBROOKI):
THE ROLE OF TEMPERATURE

Gerard CARMONA-CATOT

Diposit legal: Gi. 249-2014
http://hdl.handle.net/10803/129501|

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigacio i docéncia en els termes establerts a I'art. 32 del Text Refés de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
gualsevol cas, en la utilitzacié dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccié o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicaci6 publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacié del seu contingut en una finestra o marc alie¢ a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacién de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacién
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacién de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.



http://hdl.handle.net/10803/129501

TESI DOCTORAL 2013

EXPLAINING THE INVASIVE SUCCESS OF
THE EASTERN MOSQUITOFISH (GAMBUSIA
HOLBROOKI): THE ROLE OF TEMPERATURE

Gerard Carmona-Catot

M/" Universitat de Girona

-






/e

Universitat de Girona

Institut d’Ecologia Aquatica

PhD Thesis

Explaining the invasive success of the eastern mosquitofish

(Gambusia holbrooki): the role of temperature

Gerard Carmona-Catot
2013
PROGRAMA DE DOCTORAT EN
CIENCIES EXPERIMENTALS | SOSTENIBILITAT
Dirigida per:

Dr. Emili Garcia-Berthou
Institut d’Ecologia Aquatica

Universitat de Girona

Memoria presentada per a optar al titol de Doctor per la Universitat de Girona






Images and text copyright notice

All images and text contained herein are subject to copyright © and may not be
reproduced, copied, transmitted or manipulated without the written permission of

Gerard Carmona-Catot. All rights reserved.

Contact information
Gerard Carmona-Catot

carmona.catot@gmail.com






ALS MEUS PARES | AVIS






AGRAIMENTS

En primer lloc voldria agrair al meu director de tesi Emili per tot el que he
apres d'ell 1 per donar-me ’oportunitat de fer el doctorat en el seu grup de recerca, i a
tots els estudiants de peixos (en especial a en Benito, a en Carles i a en Lluis) 1 a
'Helena per 'ajuda amb les escates. També gracies a la gent del seminari 1 de I'Institut
d'Ecologia Aquatica, a I'Angelo Bisazza i al seu laboratori per la setmana a Padova.
També gracies a en Bruce i a la Katie per les seves correccions i a 'Ester i la Kit per
l'ajuda en els experiments. Tamb¢ agraeixo el financament proporcionat per la beca de
la Universitat de Girona (BR2010/10).

En segon lloc voldria donar les gracies als meus pares (Joana i1 Josep) I’ajuda i
suport dels quals ha estat imprescindible i els meus avis (Assumpte i Joan) per haver-me
cuidat sempre. Gracies també de forma especial a I'Enric Aparicio per l'ajuda al llarg de
la meva carrera 1 per les magnifiques fotos, al Peter Moyle per dedicar la seva vida a la
conservacid dels peixos i als seus estudiants, i als Pigmeus Baka per la seva forga 1
resisténcia. Cadascu d'ells 1 de forma diferent m'han ajudat en els moments més dificils.

Per ultim, gracies infinites a I'lrene que sense la seva ajuda, motivacid i1

paciencia no hagués acabat aquesta tesi.






La tesi presentada a continuacié té un format de tesi com a compendi d’articles
ja que compleix els requisits establerts per la Comissié d’Autoritzacio de Defensa de
Tesis Doctorals en la sessio de 12 de desembre del 2012. Tot seguit es mostra que
compleixen aquests requisits minims de qualitat i quantitat d’articles. En el meu
projecte de tesi presento dos articles publicats dels quals en ambdds en soc el primer
autor, i un que es troba en revisio i també en soc el primer autor. Les referéncies dels
articles, i en cas que ja hagin estat publicats, les arees tematiques, factors d’impacte i el

rang de les revistes segons el Web of Knowledge son les segiients:

- Carmona-Catot G., Benito J. & Garcia-Berthou E. 2011. Comparing
latitudinal and upstream-downstream gradients: life-history traits of invasive
mosquitofish. Diversity and Distributions 17: 214-224.

- Area tematica: Biodiversity Conservation

- Factor d' Impacte (any 2012): 6.122

- Rang dins la categoria: 2/40 (1er quartil)

- Carmona-Catot G., Santos A., Tedesco P. & Garcia-Berthou E. Seasonality
along latitudinal gradients: from stream temperature to growth of invasive mosquitofish.

Under review in Oecologia

- Carmona-Catot G., Magellan K. & Garcia-Berthou E. 2013. Temperature-
specific competition between invasive mosquitofish and an endangered cyprinodontid
fish. PLoS ONE 8: e54734.

- Area tematica: Multidisciplinary Sciences

- Factor d' Impacte (any 2012): 3.730

- Rang dins la categoria: 7/56 (1er quartil)






CONTENTS

SUMMARY; RESUMEN; RESUM

GENERAL INTRODUCTION

Invasive species and mosquitofishes

The ecological impacts of Gambusia holbrooki
Temperature effects on fish interactions

Variation along latitudinal gradients

Latitudinal variation in the physical properties of water
Latitudinal variation in life history traits

Obijectives

CHAPTER I. COMPARING LATITUDINAL AND UPSTREAM—DOWNSTREAM GRADIENTS:

LIFE HISTORY TRAITS OF INVASIVE MOSQUITOFISH

CHAPTER II. SEASONALITY ALONG LATITUDINAL GRADIENTS: FROM STREAM
TEMPERATURE TO GROWTH OF INVASIVE MOSQUITOFISH

CHAPTER IIl. TEMPERATURE-SPECIFIC COMPETITION BETWEEN INVASIVE
MOSQUITOFISH AND AN ENDANGERED CYPRINODONTID FISH

GENERAL DISCUSSION

GENERAL CONCLUSIONS

REFERENCES

15

29

31
34
38
41
43
44
47

51

71

113

123

131

135






SUMMARY; RESUMEN; RESUM

15



16



SUMMARY

The variation of biological traits along spatial gradients is among the most
important topics of ecology and biogeography. Much research has been done to
understand biological patterns along latitude, such as the increase in species richness
towards the equator and the increase in body size of species towards higher latitudes or
lower temperatures (Bergmann's rule). With the exception of body size, the variation of
life-history traits with latitude has been little studied, especially for freshwater fish,
despite being crucial to estimate the effects of climate change and their interactions with
biological invasions in aquatic ecosystems.

The lack of information regarding spatial variation in life-history traits of fish
is also the case for the invasive mosquitofish (Gambusia holbrooki), despite recent
evidence that invasive success in Europe has been limited partly along spatial gradients.
In the first thesis chapter, we simultaneously sampled along latitudinal and upstream-
downstream gradients to evaluate the wvariation in the life history of invasive
mosquitofish. We found that mosquitofish inhabiting environments more favorable to
them (i.e. lower latitudes and lower reaches) presented higher reproductive effort and
lower body condition, but these patterns explained low percent variation, were
nonlinear, and depended on fish age. In addition, the intraspecific version of
Bergmann’s rule or its converse did not apply to the mosquitofish populations that we
studied since mean size-at-age and overall body size did not vary with latitude. In
conclusion, we suggest that for life-history traits of freshwater organisms, river
longitudinal variation plays a role as important as climate, with often differential effects.

Many ecosystems show large variation across seasons, from biotic

characteristics such as species abundance and distribution to temperature and
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photoperiod. How seasonality varies along latitudinal gradients is not well understood
in freshwater ecosystems, despite being important to predict the effects of climate
change. Since fish and most stream organisms are ectotherms, ambient temperatures
significantly affect their physiological rates and consequently growth rates. Seasonal
variation in fish growth is generally related to changes in water temperature and food
resources. In the second thesis chapter, we evaluated the extent of seasonality along a
latitudinal gradient on a range of variables, from water and air temperatures to
physicochemical properties of water, and their relationship with the growth of
mosquitofish. We found that most variation in air temperature is explained by latitude
and season; however, mosquitofish growth and water features of lowland streams
depended more strongly on local factors than latitude and season, even in the case of
water temperature. We concluded that latitudinal differences in temperature have the
potential to cascade through stream ecosystems influencing water properties and
organisms, although local factors and complex interactions often override them.
Mosquitofish is among the most widely introduced fish species worldwide and
listed among the world’s 100 worst invasive species by the Invasive Species Specialist
Group, IUCN (ISSG 2006). There is much research reporting their deleterious impacts
on native species and ecosystem processes. There are also many studies on how
temperature affects fish ecology and biology, and whether it mediates behavioral
interactions. However, the role of temperature on the competition outcome between two
species is context-dependent and experimental testing is required. Previously, we
explained how mosquitofish life history traits changed along spatial and temporal
gradients in which there was variation in variables such as air and water temperatures.
In the third thesis chapter, we experimentally investigated the role of temperature (19,

24, 29 °C) on the agonistic behaviour and food competition between mosquitofish and
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an endangered, endemic fish (fartet, Aphanius iberus) that have similar habitat and food
uses. We demonstrated that mosquitofish increased its aggressive behaviour towards
fartet and captured more prey, increasing its efficiency, with higher temperatures. We
also showed a reversal in the competitive hierarchy through reduced food capture rate
by mosquitofish at lower temperatures. We suggest that with the ongoing increasing
temperatures, invasive mosquitofish might be able to expand their range as streams

warm.

19



20



RESUMEN

La variacién del ciclo vital de los organismos a lo largo de gradientes
espaciales es uno de los temas mas importantes en ecologia y biogeografia. Se ha
llevado a cabo mucha investigacion para entender los patrones bioldgicos a lo largo de
la latitud, como por ejemplo el aumento de la riqueza de especies hacia el ecuador, o el
aumento del tamafio corporal de las especies hacia latitudes mas altas o temperaturas
mas bajas (regla de Bergmann). Aparte del tamafio corporal, las variaciones de la
mayoria de rasgos del ciclo vital con la latitud han sido poco estudiadas, sobre todo en
los peces de agua dulce, siendo crucial para estimar los impactos del cambio climatico y
sus interacciones con las invasiones biologicas.

Esta falta de informacion de la variacion espacial de los rasgos del ciclo de
vida de los peces también afecta a la gambusia (Gambusia holbrooki), aunque hay
ciertas evidencias de que su éxito invasor en Europa ha sido desigual a lo largo de
gradientes espaciales. En el primer capitulo, se hizo un muestreo simultaneo a lo largo
de un gradiente latitudinal y de gradientes a lo largo de cursos de rios para entender
mejor la variacion del ciclo vital de una de las especies mas invasoras mundialmente, la
gambusia. Se encontré que la gambusia presentaba un mayor esfuerzo reproductivo y
una menor condicidon corporal en ambientes mas favorables (es decir, latitudes bajas y
zonas bajas de los rios); sin embargo, estos patrones de variacion explicaban un
porcentaje bajo de la variacion total, no eran lineales y dependian de la edad de los
peces. Ademas, la version intraespecifica de la regla de Bergmann o su inverso no es
aplicable a las poblaciones de gambusia estudiadas ya que la media del tamafio corporal,
para cada edad, y el tamafio corporal en general, no varian con la latitud. En conclusion,

se sugiere que para los rasgos de ciclo vital de los organismos de agua dulce, la
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variacion longitudinal de los rios tiene un papel tan importante como el clima, a menudo
con efectos diferenciales.

Muchos ecosistemas presentan una gran variacion estacional, en variables
desde la temperatura y el fotoperiodo hasta caracteristicas biologicas tales como la
abundancia y distribucion de especies. COmo varia la estacionalidad a lo largo de la
latitud no estd todavia bien entendido en los ecosistemas de agua dulce, a pesar de ser
importante para predecir los efectos del cambio climatico. Dado que los peces y la
mayoria de los organismos de agua dulce son ectotermos, las temperaturas ambientales
afectan de manera significativa sus procesos fisioldgicos y, consecuentemente, sus tasas
de crecimiento. La variacion estacional en el crecimiento de los peces esta en general
relacionada con los cambios de temperatura del agua y de los recursos alimentarios. En
el segundo capitulo, se evalud el efecto de la estacionalidad a lo largo de un gradiente
latitudinal en un conjunto de variables, desde la temperatura del agua y el aire hasta las
propiedades fisicoquimicas del agua y el crecimiento de la gambusia. Se encontr6 que la
mayoria de la variacion de la temperatura del aire se explica por la latitud y la
estacionalidad; sin embargo, el crecimiento de la gambusia y las caracteristicas del agua
en las partes bajas de los rios dependen mas fuertemente de factores locales que de la
latitud y la estacion, incluso en el caso de la temperatura del agua. Se sugiere que
aunque las diferencias latitudinales de la temperatura deben afectar a las caracteristicas
ecosistémicas de los rios, los factores locales y las interacciones complejas a menudo
son mas influyentes.

La gambusia es una de las especies de peces mas ampliamente introducida en
todo el mundo y estd incluida en la lista de cien de las peores especies invasoras por el
Invasive Species Specialist Group (ISSG 2006). Hay estudios que demuestran sus

efectos nocivos en las especies nativas y en los procesos de los ecosistemas. Se ha
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estudiado mucho como afecta la temperatura a la ecologia y la biologia de los peces, y
si influye en las interacciones entre especies. Sin embargo, el papel de la temperatura en
el resultado de la competencia entre dos especies depende del contexto, y por tanto, los
estudios experimentales son imprescindibles. En los dos primeros capitulos, hemos
explicado como las caracteristicas del ciclo vital de la gambusia cambiaban a lo largo de
gradientes espaciales y temporales donde habia una variaciéon de las variables
meteorologicas, especialmente en la temperatura. En el tercer capitulo, se investigo el
papel de la temperatura en el comportamiento agonistico y la competencia de los
recursos alimentarios entre la gambusia y el fartet (Aphanius iberus), un endemismo
ibérico en peligro de extincion, ya que tienen habitat y dieta similares. Se demostr6é que
la gambusia incrementa el comportamiento agresivo hacia el fartet y captura mas presas,
aumentando su eficiencia, a medida que la temperatura se eleva. También se puso de
manifiesto un cambio en la jerarquia competitiva a través de una reduccion del ritmo de
captura de alimento de la gambusia a bajas temperaturas. Se predice que, con el actual
cambio climatico, la gambusia puede ser capaz de ampliar su distribucién a medida que

la temperatura del agua de los rios aumente.
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RESUM

La variaciod del cicle vital dels organismes al llarg de gradients espacials és un
dels temes més importants en ecologia i biogeografia. S'ha realitzat molta recerca per
entendre els patrons biologics al llarg de la latitud, com per exemple I'augment de la
riquesa d'especies cap a l'equador, o 'augment de la mida corporal de les espécies cap a
latituds més altes o temperatures més baixes (regla de Bergmann). A part de la mida
corporal, les variacions amb la latitud de la majoria de trets del cicle vital han estat poc
estudiades, sobretot en els peixos d'aigua dolga, tot i ser crucials per estimar els efectes
del canvi climatic i les seves interaccions amb les invasions biologiques.

Aquesta manca d'informacié sobre la variacié espacial dels trets del cicle de
vida dels peixos és també el cas de la gambusia (Gambusia holbrooki), tot i que hi ha
certes evidéncies que el seu exit invasor a Europa ha estat desigual al llarg de gradients
espacials. En el primer capitol, es va fer un mostreig simultani al llarg d'un gradient
latitudinal 1 de gradients al llarg dels cursos dels rius per entendre millor la variacid del
cicle vital d'una de les espécies més invasores mundialment, la gambusia. Es va trobar
que la gambusia que habitava ambients més favorables (€s a dir, latituds baixes 1 zones
baixes dels rius) presentava un major esfor¢ reproductiu 1 una menor condicid corporal;
tot 1 aixi, aquests patrons de variacid explicaven un percentatge baix de la variacio6 total,
no eren lineals i depenien de l'edat dels peixos. A més, la versid intraespecifica de la
regla de Bergmann o el seu invers no és aplicable a les poblacions de gambusia
estudiades ja que la mitjana de la mida corporal per a cada edat, i la mida corporal en
general, no varien significativament amb la latitud. En conclusio, es suggereix que, pels
trets de cicle vital dels organismes d'aigua dolga, la variacié longitudinal dels rius té un

paper tan important com el clima, sovint amb efectes diferencials.
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Molts ecosistemes presenten una gran variacid estacional, des de
caracteristiques biologiques com ara l'abundancia i distribuci6 d'espécies, fins a la
temperatura i el fotoperiode. Com varia l'estacionalitat al llarg de la latitud no esta
encara ben enteés en els ecosistemes d'aigua dolga, tot i ser important per predir els
efectes del canvi climatic. Atés que els peixos i la majoria dels organismes d'aigua dolga
son ectoterms, les temperatures ambientals afecten de manera significativa els seus
processos fisiologics i, conseglientment, les taxes de creixement. La variacio estacional
en el creixement dels peixos esta en general relacionada amb els canvis de temperatura
de l'aigua i dels recursos alimentaris. En el segon capitol, es va avaluar l'efecte de
l'estacionalitat al llarg d’un gradient latitudinal en un conjunt de variables, des de la
temperatura de l'aigua i l'aire fins a les propietats fisicoquimiques de 1'aigua i la seva
relaci6 amb el creixement de la gambusia. Es va trobar que la majoria de la variacié de
la temperatura de l'aire s'explica per la latitud i l'estacionalitat; no obstant aixo, el
creixement de la gambusia i les caracteristiques de l'aigua en les parts baixes dels rius
depenen més de factors locals que de la latitud i I'estacio, fins i tot en el cas de la
temperatura de l'aigua. Se suggereix que, tot i que les diferéncies latitudinals de la
temperatura deuen afectar les caracteristiques ecosistémiques dels rius, els factors locals
i les interaccions complexes sovint son més influents.

La gambusia €s una de les espécies de peixos més ampliament introduida a tot
el mon i esta classificada com una de les cent pitjors espécies invasores per I’Invasive
Species Specialist Group de la UICN (ISSG 2006). Hi ha estudis que demostren els seus
efectes nocius en les espécies natives i en els processos dels ecosistemes. S ha estudiat
molt com afecta la temperatura a I'ecologia i la biologia dels peixos, i si influeix en les
interaccions entre espécies. No obstant aixo, el paper de la temperatura en el resultat de

la competéncia entre dues espécies depén del context, i per tant, els estudis
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experimentals hi son imprescindibles. En els dos primers capitols hem explicat com les
caracteristiques del cicle vital de la gambusia canviaven al llarg de gradients espacials 1
temporals on hi havia una variacio de variables com la temperatura. Al tercer capitol,
es va investigar el paper de la temperatura en el comportament agonistic i la
competéncia dels recursos alimentaris entre la gambusia i el fartet (Aphanius iberus), un
endemisme ibéric en perill d'extincio, ja que comparteixen unes habitat i dieta similars.
Es va demostrar que la gambusia incrementa el comportament agressiu cap al fartet i
captura més preses, augmentant 1’eficiéncia, a mesura que puja la temperatura. També
es va posar de manifest un canvi en la jerarquia competitiva a través d’una reduccié del
ritme de captura d'aliment de la gambusia a baixes temperatures. Es prediu que, amb
I’actual canvi climatic, la gambusia pot ser capag¢ d'ampliar la seva distribuci6é a mesura

que els rius s'escalfin.
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INVASIVE SPECIES AND MOSQUITOFISHES

Invasive species represent a growing threat to global biodiversity, causing great
economic and ecological impacts and being part of global change (Vitousek et al. 1997,
Pimentel et al. 2000). Invasive species introduced by human activities are a major
environmental problem, and after habitat loss, invasive species are the most important
threat to native species worldwide. Invasive species compete with the natives, alter and
change the habitats and even cause extinctions of indigenous species (Clavero and
Garcia-Berthou 2005). Severe economic costs have also resulted from many invasions;
for example, Pimentel et al. (2000) estimated that the cost of invasive species to the
U.S. economy was approximately $137 billion every year and the Spanish Ministry of
Environment spent around 9 million of euros to monitor and control the expansion of

Eichhornia crassipes (http://www.magrama.gob.es/). The number of invasions has been

correlated with economic growth, and since the industrial revolution, invasions have
been increasing interruptedly. As a result of globalization and the expansion of world
trade, the species composition of the different ecosystems is being homogenized
(Levine and d'Antonio 2003).

This problem affects specially freshwater ecosystems, which are affected by
many invasive species that cause serious ecological and economic impacts. The
introduction of exotic species have caused the decline and, in some instances, the
extinction of many native freshwater species (Williams et al. 1989, Garcia-Berthou et
al. 2005). Introduced species are nowadays considered a major threat to aquatic
biodiversity. Freshwater fish are one of the most frequently introduced vertebrates, and
survival and genetic integrity of native fishes are now in serious danger worldwide (e.g.
Gido and Brown, 1999). Moyle et al. (1987) named as 'The Frankenstein Effect' to the

impacts of introduced fishes on native species since the consequences of introductions
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are harmful and unpredictable. The aquatic ecosystems altered by anthropogenic
activities seem to be especially vulnerable to fish invasions. The higher rates of invasion
in aquatic ecosystems are partly due to their increased ecological degradation (pollution,
water abstraction, channelization, etc.), and also to the properties of the rivers which act
as natural corridors of energy and material (Moyle and Light 1996).

Two of the most successful species spread intentionally worldwide have been
the mosquitofishes (namely Gambusia holbrooki and G. affinis), introduced to more
than 50 countries, and now present in all continents except Antarctica (Garcia-Berthou
et al. 2005). Gambusia holbrooki (see Fig. 1) is native from southern New Jersey to
Florida and to the eastern Mobile Bay (Alabama); and G. affinis native range extends

from the Gulf Slope drainage in central Indiana and southern Illinois to eastern Mexico,

Figure 1. The top picture is a female G. holbrooki, and the
bottom picture is a male, both captured in the Ter River
(Catalonia).



and from the western Mobile Bay (Alabama) to Texas and into eastern Mexico (Page
and Burr, 1991).

In the beginning of the 1900s, the two species were introduced to temperate
and tropical countries to be used for mosquito control and to help to prevent the
transmission of diseases such as malaria and yellow fever; for example mosquitofish
was thus transported to Hawai in 1905 and to Taiwan in 1911 (Walton et al. 2012).
Although often confused and wrongly cited, G. affinis has been more translocated
within the United States, and mostly G. holbrooki seems to be present in Europe,
Australia and probably other regions (Vidal et al. 2009). Gambusia holbrooki was
introduced to Spain from North Carolina (United States) in 1921, and from there to Italy
in 1922. From Italy, mosquitofish was introduced elsewhere in Europe and to other
countries (Vidal et al. 2009, Fig. 2). Nowadays, some local and regional projects still
encourage the introduction of exotic fish as effective mosquito control agents whereas
the scientific literature either questions this ability or shows that native fish are similar if
not more effective and that the negative impacts of introducing exotic fish outweigh any

positives (Lloyd 1986).

Europe
Figure 2. Current distribution of
mosquitofish introduced to the
- A western Mediterranean region
riea (modified from Krumholz, 1948).
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THE ECOLOGICAL IMPACTS OF GAMBUSIA HOLBROOKI

The success of mosquitofish as control agents and the reputation as a problem
species accused of impacting other aquatic species may be attributed to several reasons:
fast reproduction that allows a quick population to grow from introductions of small
number of fish; the capacity to thrive in habitats with extreme environmental conditions;
omnivorous feeding habits that permit them to live on a wide range of food items
including algae when invertebrates are scarce; good adaptability to novel and human
altered habitats usually free from predators; and lack of difficulty to produce them in
captivity (Moyle 2002, Pyke 2008).

Mosquitofish are generalist predators that cause trophic cascades and produce
shifts in ecosystem functioning. For example, predation by mosquitofish can act in a
top-down manner by causing a reduction in zooplankton densities, which in turn release
phytoplankton from zooplankton grazing, contributing to an increase of eutrophy
(Hurlbert et al. 1972, Margaritora et al. 2001). Both experimental and field studies have
provided evidence that the introduction of mosquitofish has contributed to the decline,
and in some instances extinction, of many populations of native amphibians (Hamer et
al. 2002, Kats & Ferrer 2003). Predation over amphibian eggs and larvae is often
identified as the principal effect, influencing amphibian composition and diversity. For
example, Gamradt and Kats (1996) showed 87% mortality of California newt larvae
(Taricha torosa) in stream experiments where three mosquitofish were put together with
four newt larvae for one day.

There are numerous examples of decline and extinction of native and endemic
fishes worldwide due to mosquitofish introductions (Courtenay & Meffe 1989, Pyke

2008, Stockwell and Henkanaththegedara 2011, see Table 1). Lloyd (1990) already
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listed at least thirty-five fish species worldwide which had declined in abundance or
range as a result of interactions with Gambusia. Moreover, studies have clearly
illustrated the negative effects and replacement of the American cyprinodontiforms
Cyprinodon tularosa, Heterandria formosa and Poeciliopsis occidentalis due to
mosquitofish impact (Meffe 1985, Meffe & Snelson 1989, Belk and Lydeard 1994,
Rogowski and Stockwell 2006). Mosquitofish predation on the early stages of fish,
antagonistic behaviour, competition for food and space resources or behavioural
interference have been suggested as the main causal mechanisms of impact to native

species (Rincon et al. 2002, Mills et al. 2003, Alcaraz et al. 2008).

Table 1 Experimental evidence of negative impacts of Gambusia affinis and G. holbrooki

(adapted from Stockwell and Henkanaththegedara 2011)

Taxa Impact Reference

Impacts on

invertebrates

G. affinis Reduced zooplankton and insect Hurlbert et al. (1972)
populations; high algal densities

G. affinis Reduced aquatic macroinvertebrate Farley & Younce (1977)
abundance in rice fields

G. affinis Reduced pelagic aquatic invertebrates; Hurlbert & Mulla (1981)
increased algae and some benthic
invertebrates

G. affinis Reduction of aquatic Bence (1988)
macroinvertebrates
in rice fields

Impacts on

fish

G. affinis Replacement of Poeciliopsis Meffe (1985b)
occidentalis by predation

G. holbrooki Reduced population growth of Lydeard & Belk (1993)

Heterandria formosa
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Taxa Impact Reference

G. holbrooki Size-selective predation on small Belk & Lydeard (1994)
Heterandria formosa in experimental
mesocosms

G. holbrooki Reduced growth and lack of egg Howe et al. (1997)
survival of Pseudomugil signifer

G. holbrooki Caudal fin damage and mortality of Gill et al. (1999)

Edelia vittata

G. holbrooki Heavy predation on Aphanius iberus Rincén et al. (2002)
and Valencia hispanica juveniles

G. holbrooki Food competition and antagonistic Alcaraz et al. (2008)
behaviour on Aphanius fascitus

G. holbrooki Food competition and antagonistic Carmona-Catot et al.
behaviour on Aphanius iberus (2013)

G. affinis Reduced growth and survival of Mills et al. (2004)
lotichthys phlegethontis young of year

G. affinis Reduced population size and biomass Rogowski & Stockwell
of Cyprinodon tularosa (20064a)

G. affinis No impact on larval survival; increased  Henkanaththegedara &
body growth of Siphateles bicolor Stockwell, unpublished
mohavensis data

Impacts on

amphibians

G. affinis Elimination of Hyla regilla tadpoles Hurlbert & Mulla (1981)

G. affinis Predation on Taricha torosa larvae Gamradt & Kats (1996)

G. affinis Predation on Hyla regilla tadpoles Goodsell & Kats (1999)

G. affinis Delayed metamorphosis and reduced Lawler et al. (1999)
growth rates of Rana aurora draytonii

G. holbrooki Reduced survival of endangered Litoria  Hamer et al. (2002)

aurea tadpoles

The establishment rate of Gambusia hoolbroki in Europe has been estimated as

high as 97%, the greatest amongst the top ten most commonly introduced aquatic

species worldwide (Garcia-Berthou et al. 2005). In Europe, the species more likely
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affected by mosquitofish are the Iberian endemic cyprinodontiforms, such as Aphanius
iberus (Fig. 3), A. baeticus, Valencia hispanica and also the Mediterranean endemic
Aphanius fasciatus (Bianco 1995, Rincén et al. 2002, Caiola and De Sostoa 2005,
Alcaraz et al. 2008). Both Aphanius iberus and Valencia hispanica are listed by the
National Catalogue of Endangered Species as in danger of extinction (Doadrio 2002).
These two species with A. fasciatus are also listed in the Annex Il (strictly protected
fauna species) of the Convention on the Conservation of European Wildlife and Natural
Habitats (Bern Convention) and in the Annex Il of the European Council Directive

(1992/43/EEC) “Habitat Directive”.

Figure 3. The top picture is a female Aphanius iberus, and the
bottom picture is a male, both captured at the Fra Ramon Lagoon

(Catalonia).
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TEMPERATURE EFFECTS ON FISH INTERACTIONS

Temperature is frequently considered the most controlling abiotic factor
regulating the outcome of interspecific competition in freshwater ecosystems (Lapointe
and Light 2012; Oyugi et al. 2012). Fluctuating ambient temperatures affect body
temperature of organisms, and since most aquatic organisms are poikilotherms,
temperature is often considered a fundamental factor in stream ecosystems. In
freshwater fish, the effects of temperature on predation and competition have been well
studied (e.g. Cunjak and Green 1986; Rowe et al. 2007). Condition-specific competition
may be particularly important when considering invasive species in relation to variation
in temperature. Changed regimes in water temperatures could alter the impacts of
invasive species on the natives due to changes in competitive dominance between
species.

Eastern mosquitofish is a warmwater species that since its introduction in Europe has
settled populations in most Mediterranean regions; however, it has not established
populations in northern Europe (Benejam et al. 2009). Mosquitofish has little tolerance
to low temperatures, and prefers warm and slow-flowing habitats (Fig. 4) to which their
physiology is adapted and in which they display the maximum invasive potential (e.g.
Laha and Mattingly 2006, Priddis et al. 2009). Some aspects of the effects of
temperature on mosquitofish life history, biology and antagonistic behaviour towards
native species have been studied (Table 2). For example in the Iberian peninsula, G.
holbrooki aggression towards two native toothcarp species Aphanius iberus and
Valencia hispanica was studied by Rincon et al. (2002) which conducted trials in
January, April and July with mean water temperature of 14, 22 and 26 °C, respectively.

In this study, aggressive behavior by mosquitofish seemed to be mediated by water
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temperature, and also by other factors such as reproductive condition and body size.
Other behavioural studies in relation with temperature have been undertaken with G.
affinis which is closely related and similar to G. holbrooki. Thus, G. affinis also
displayed increased aggression with rising temperatures towards Galaxias maculatus in
New Zealand (Rowe et al. 2007) and the least chub, lothichthys phlegethontis in the
USA (Priddis et al. 2009), with deleterious impacts on these species. As water
temperature can mediate interspecific interactions in fishes (e.g. Cunjak and Green
1986, Taniguchi et al. 1998) and in face of climate change, the main goal of the
experiment in the third chapter is to further elucidate the extent and manner in which
temperature mediates the interaction between toothcarp and mosquitofish, and help to

predict the interactive effects and establish recovery plans.”
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Table 2 Literature review of previous research that studied the biology and behavior of

Gambusia affinis or G. holbrooki in relation to temperature.

Mosquitofish | Temperatures .

References Spp. used (°C) Study topic

Al-Habbib & Yacoob G. affinis 10 - 41 Temperature tolerance

(1993)

Baker et al. (2004) G. affinis 10, 15, 20, 25 Antagonistic behaviour

Beaudouin et al. 2008 G. holbrooki | 14 - 32 Growth

Carveth et al. (2006) G. affinis 39-42 Upper thermal tolerance

Cech et al. (1985) G. affinis 10, 15, 20, 25, 30, Respiratory metabolic rates

35

Chipps & Wahl (2004) G. affinis 5, 15, 25, 32, 40 Bioenergetics model

Fraile et al. (1994) G. affinis 8,18 Spermatogenesis

Hammill et al. (2004) G. holbrooki | 18, 30 Swimming perfomance

Knipprath & Mead G. affinis 14, 15, 26, 27 Fatty acids

(1966)

Koya and Kamiya (2000) | G. affinis 10- 26 Reproduction

Laha & Mattingly (2006) | G. affinis 10, 15, 20, 25 Specific growth rate

Medlen (1951) G. affinis 9, 27 Reproduction

Meffe (1991) G. holbrooki | 0-35 Life history

Meffe (1992) G. holbrooki | 25, 32 Life history

Otto (1973) G. affinis 5-43 Temperature tolerance

Otto (1974) G. affinis 25-44 Temperature tolerance

Rincon et al. (2002) G. holbrooki | 14 - 26 Antagonistic behaviour

Rowe et al. (2007) G. affinis 10, 15, 20, 25 Antagonistic behaviour

Specziar (2004) G. holbrooki | 11 -38 Life history and feeding
ecology

Vondracek et al. (1988) | G. affinis 20, 25, 30 Growth and reproduction

Wilson (2005) G. holbrooki | 14 - 38 Reproduction and swimming
perfomance

Wilson and Johnston G. holbrooki | 18- 34 Reproduction

(2004)

Wilson et al. (2007) G. holbrooki | 18, 30 Reproduction and swimming
perfomance

Wourtsbaug and Cech G. affinis 10, 15, 20, 25, 30, | Growth rate

(1983)
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VARIATION ALONG LATITUDINAL GRADIENTS

One of the most prominent large-scale environmental gradients is latitude,
along which seasonality, temperature, and photoperiod vary, which in turn affect
organisms. A very well studied variation along the latitudinal gradient is the tendency
for body size to increase with latitude, mostly due to temperature, known as the
Bergmann's Rule or its intraspecific equivalent (Gaston et al. 2007). This pattern has
been demonstrated many times in homeothermic animals, such as mammals and birds
(Ashton 2002). More recently, it has also been documented that some poikilothermic
taxa, such as several reptiles, also follow Bergmann’s rule. Thus, for example, the spiny
lizards Sceloporus undulatus, S. jarrovi and S. virgatus follow the intraspecific
equivalent of Bergmann’s rule (Sears and Anguilletta 2004). However, this rule has
many exceptions, such as the lizard Sceloporus graciosus and several freshwater fishes
in North America (Belk and Houston, 2002).

The latitudinal gradient in species diversity is another of the most studied
patterns in biogeograghy. For most taxonomic groups, species richness shows the
highest numbers at equatorial regions, and declines with increasing latitude. This
variation in species richness also applies to organisms inhabiting marine or freshwater
ecosystems, and both ectotherms and endotherms (Hillebrand 2004). Much research
effort has been devoted to demonstrate that biotic interactions play a key role in the
diversity of species. In a review of a wide range of interactions, Schemske et al. (2009)
showed that biotic interactions are more important in tropical regions that at high
latitudes, with examples of higher importance of herbivory, insect predation and
mutualisms such as ant-plant interactions in tropical regions. At mediterranean-climate

regions, Puig et al. (1991) observed a latitudinal diversity gradient among the temporal
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systems of the Iberian Peninsula with increasing diversity of the communities towards

the south.

Figure 4. Typical habitat of G. holbrooki near the mouth of the Daro River (Catalonia).
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LATITUDINAL VARIATION IN THE PHYSICAL PROPERTIES OF

WATER

Most areas of the world experience seasonal climates, with monthly variation
in temperature, photoperiod, precipitation, and other weather-related variables, which
consecutively entails numerous changes in the ecosystem functioning and organisms
(i.e. life history, abundance, distribution, etc). Seasonality is a widespread factor
affecting most temperate environments but it is still not well understood how it varies
across large geographical and latitudinal gradients. Moreover, it is not clear how the
seasonality effects are transmitted between levels of organization, and especially how
seasonal effects are transmited from air temperatures to water temperatures, and how
these affect the aquatic organisms since river temperature is a major control on aquatic
life (Allan 2007). The temporal and spatial variations in the thermal regime of lotic
systems are the outcome of numerous factors that interact among them, and whose
effects and extents are difficult to differentiate individually (Poole and Berman 2001).

Temperature and photoperiod are the main factors affecting seasonal growth of
poikilothermic organisms (i.e. organisms whose body temperature varies with the
environment) in temperate regions (Fry 1947). In certain species, photoperiod seems to
be an earlier signal for temperature rise and helps to match enzyme production with
more favorable temperatures (e.g. Villarreal et al. 1988). Although the temperature
cycle follows the photoperiod with a short time lag, seasonal curves for temperature and
photoperiod are similar, which adds difficulty to single out the effects of each factor on
growth rate, despite temperature often being the leading factor for most poikilotherms
organisms (Moreau 1987, Fontoura and Agostinho 1996). Conover and Present (1990)

suggested that organisms embrace a combined strategy by adjusting to differences in
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both mean temperature and length of the growing season which often covary across
latitudes. In temperate regions, growth is often highly seasonal, and there is not a
significant growth for a large proportion of the year. Evidence has demonstrated that
populations of certain species display differential growth rates for different latitudes and
seasons (Rhymer 1992, Yamahira and Connover 2002).

The role of seasonality in ecosystem functioning and structure has long been
appreciated. However, how seasonality varies across large geographic and latitudinal
gradients is less understood for freshwater ecosystems. In particular, it is not well
known how water temperature and ecosystem functioning vary in lowland freshwater
ecosystems along latitudinal gradients, despite its enormous importance to predict the

effects of climate change.

LATITUDINAL VARIATION IN LIFE HISTORY TRAITS

Variation in population abundances, life history traits, and other biological
features along spatial gradients are also prominent subjects of ecology and
biogeography. However, variation of life history traits along the latitudinal gradient is
not well known for freshwater fishes (Blanck and Lamouroux 2007). Latitudinal
variation in critical environmental factors (such as temperature) might resemble the
changes triggered by climate on biological traits; therefore, further latitudinal research is
key to foresee the potential effects of climate change (Power et al. 2005).

Growth rate is an important variable that reflects the relative ecological success
of a species in its natural environment. Growth rate is generally positively related to

temperature; thus in colder climates we often find a decrease in growth. In freshwater
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fishes, growth rate usually decreases with latitude due to low water temperatures (Belk
and Houston 2002). For example, L’Abée-Lund et al. (1989) studied migratory brown
trout (Salmo trutta) in a latitudinal gradient from 58 to 70 °N in Norway and found that
annual length increment was negatively correlated with latitude but positively correlated
with river temperature and growing season length. However, longevity has been often
demonstrated to have a positive relationship with latitude, thus fish at high latitudes
reach older ages than fish at lower latitudes and therefore mortality is lower towards the
poles (i.e. Jonsson & L’Abee-Lund 1993).

As a widespread invasive fish, the eastern mosquitofish is an ideal organism to
study variation in life history traits and population features along spatial gradients,
including latitude. Benejam et al. (2009) studied mosquitofish from France to southern
Spain in eight Mediterranean rivers and found latitudinal clines in many life history
traits along the latitudinal gradient. Thus, southern mosquitofish populations had higher
abundance and allocated more energy to reproduction but had lower body condition
than in France (Benejam et al. 2009). Further research on the biology of the invasive
species along spatial gradients is fundamental to understand how these new species may

continue to spread and impact native species.
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OBJECTIVES

The main objective of this thesis is to assess the variation of life history traits
of the eastern mosquitofish (Gambusia holbrooki) along spatial gradients in which there
is a shift in seasonality, temperature and other variables. We also experimentally studied
the temperature-specific competition between the eastern mosquitofish and an endemic,

endangered cyprinodontid fish of the Iberian Peninsula (Aphanius iberus).

Chapter 1. Comparing latitudinal and upstream-downstream gradients:
life history traits of invasive mosquitofish. We examine life history variation in a
highly invasive mosquitofish along latitudinal and upstream-downstream river gradients
and assess the effects of age on this variation. We hypothesized similar responses in
populations inhabiting environments more favorable to this species (lower latitudes and
lower reaches of rivers). We sampled mosquitofish at the lowest reaches of ten river
basins along 6° of latitude in the Mediterranean region and seven sites along the
upstream-downstream gradient in three of the rivers. We examined abundance,

population structure, size-at-age, and other life-history traits along these gradients.

Chapter Il. Seasonality along latitudinal gradients: from stream
temperature to growth of invasive mosquitofish. The objectives of this paper are: (i)
to quantify the degree of seasonality along a latitudinal gradient in a range of variables
from air and water temperatures, to limnological features and growth of an invasive
mosquitofish; and (i1) to analyze the relationship among these variables along a
latitudinal gradient. We studied water features and mosquitofish growth at ten river

mouths in the Mediterranean coast during a ten-month period, along a gradient of more
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than six degrees in latitude. In chapter one, invasive mosquitofish from many of the
same sites displayed weak effects of latitude on life-history traits. We therefore
predicted that although air temperature would be strongly related to latitude and season,
water features and fish growth would display less latitudinal variation in seasonality and

would depend more on local factors.

Chapter 1ll. Temperature-specific competition between invasive
mosquitofish and an endangered cyprinodontid fish. We examine the role of water
temperature in determining the outcome of interspecific competition between invasive
mosquitofish and native toothcarp (Aphanius iberus). As mosquitofish are known to be
aggressive, we predicted that they would be more agressive and also would further
restrict toothcarps access to food. However, as mosquitofish are a warmwater species
we further predicted that any competitive advantage would be more evident at warmer
temperatures, while at lower temperatures toothcarp would be able to benefit from

mosquitofish’s reduced competitive ability.
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CHAPTER |

COMPARING LATITUDINAL AND UPSTREAM-—
DOWNSTREAM GRADIENTS: LIFE HISTORY
TRAITS OF INVASIVE MOSQUITOFISH

Carmona-Catot G., Benito J. & Garcia-Berthou E.
2011. Diversity and Distributions 17: 214-224.
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Abstract

Aim: Variation of life history traits along spatial gradients is poorly understood in invasive species
and particularly in freshwater fish. We aimed to examine life history variation in a highly invasive fish
(Gambusia holbrooki) along latitudinal and upstream—downstream river gradients and to assess the
effects of age on this variation. We hypothesized similar responses in populations inhabiting
environments more favourable to this species (lower latitudes and lower reaches of rivers).

Location: European rivers from southern Spain to southern France.

Methods: We sampled mosquitofish from the lowest reaches of ten river basins along 6° of latitude
in the Mediterranean region and seven sites along the upstream—downstream gradient in three of
the rivers. We examined abundance, population structure, size-at-age and other life history traits
along these gradients.

Results: As hypothesized, lower reaches and lower latitudes both resulted in higher reproductive
effort and lower body condition of mosquitofish. However, these patterns explained low per cent
variation, were nonlinear and strongly depended on fish age. Independently of fish size, age groups
differed in reproductive effort, in the gonadal weight—size relationship and its variation along spatial
gradients. Mean size-at-age (or overall body size) did not vary with latitude (so the intra-specific
version of Bergmann’s rule or its converse does not apply) and in contrast increased upstream in
rivers.

Main conclusions: Our findings suggest that for life history traits of freshwater organisms, river
longitudinal variation plays a role as important as climate, with often differential effects. Our results
also illustrate the poor knowledge of spatial variation of many life history traits, which precludes the
understanding and prediction of biological invasions in a rapidly changing world.

Keywords

Biological invasions; growth; invasive species; latitude; life history; Poeciliidae; reproductive
investment; temperature
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Appendix S1 Size, age and growth of mosquitofish Gambusia holbrooki.

Age estimation in fish is always prone to various sources of error (e.g. Campana
2001). To support our aging estimates and to facilitate aging of mosquitofish in future
studies(photographs of mosquitofish scales are very rare in the literature), we provide
them below with some guidelines on annuli interpretation (Fig. S1). Most mosquitofish
were aged 0 but a few males were age 1 and a few females were age 1 or 2 years old.
Although six to eight scales per fish were mounted on slides, they always suggested the
same age, with the exception of a few scales, often smaller, that had a very large focus
and fewer circuli than the rest of scales (as in Fig. 2 of Sire and Géraudie 1984), which
we interpreted as regenerating scales and discarded for aging estimates. Similarly to
another cyprinodontiform fish (Fernandez et al., 1988; Garcia-Berthou & Moreno-
Amich, 1992), annuli were easily distinguished by increased separation of circuli in the
oral part of the scale (top in Fig. S1) but more clearly because of several circuli cut
across several others (cutting-over) in the dorsal and ventral parts (right and left in Fig.
S1) of the scales. When present, the first annuli is quite easy to distinguish, the second
is more difficult. Different shape (allometry) of the scales of the three age groups was
generally observed (and is apparent in Fig. S1) but this has not been statistically
evaluated. Ongoing length-frequency analysis of a subsequent monthly sampling of
almost the same mosquitofish populations has provided evidence of the validity of these

aging estimates.



Fig. S1 Photographs of scales of mosquitofish aged 0 (photographs a and b), 1 (c and
d), and 2 years old (e). The arrows denote the annuli. a) 19.1 mm SL female captured on
27 June 2005 at site S1 of Segura River; b) 19.0 mm SL male captured on 28 June 2005
at site S3 of Segura River; c) female 33.98 mm SL captured on 28 June 2005 at
Almanzora River; d) 21.5 mm SL male captured on 1 July 2005 at site F1 of Fluvia

River; and e) 41.2 mm SL female captured on 28 June 2005 at site S3 of Segura River.
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Mean standard length (mm)
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Fig. S2 Mean standard length at age 0-2 years for the female mosquitofish captured at
the most downstream sites of each of the ten river basins studied. See Table 1 for the

site codes.
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Table S1 Mean standard length of male mosquitofish by age and sampling site. See

Table 1 for Site codes and location.

Site code River zonation Age SL (mm)

Or 1 0 16.94
Bo 1 0 1585
M4 4 0 16.34
M4 4 1 23.05
M 3 0 17.43
M3 3 1 2156
M1 1 0 17.29
M1 1 1 21.07
F3 3 0 17.8

F3 3 1 23.84
F1 1 0 17.14
F1 1 1 2243
Te 1 0 17.21
To 1 0 17.27
Eb 1 0 183

Eb 1 1 2371
Xu 1 0 16.27
Xu 1 1 1991
S3 3 0 17.6

S2 2 0 17.84
S2 2 1 23.69
S1 1 0 16.68
Al 1 0 17.75
Al 1 1 21.38
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Table S2 Mean standard length of female mosquitofish by age and sampling site. See

Table 1 for Site codes and location.

Site code River zonation Age SL (mm)

Or 1 0 16.77
Bo 1 0 20.35
M4 4 0 2319
M4 4 2 38.97
M3 3 0 19.76
M3 3 1 29.55
M3 3 2 381
M2 2 1 309
M1 1 0 2035
M1 1 1 30091
F3 3 0 19
F3 3 1 30.05
F3 3 2 45.08
F2 2 0 2277
F2 2 2 381
F1 1 0 2512
F1 1 1 28.97
F1 1 2 41091
Te 1 0 22.09
Te 1 1 3432
Te 1 2 43.67
To 1 0 19.23
To 1 1 29.72
Eb 1 0 23.03
Eb 1 1 28.23
Xu 1 0 179
Xu 1 1 27.25
S3 3 0 2345
S3 3 1 2948
S3 3 2 41.23
S2 2 0 1961
S2 2 1 2955
S2 2 2 39.05
S1 1 0 17.56
S1 1 1 33.05
Al 1 0 2237
Al 1 1 30.89
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Abstract Most ecosystems undergo substantial variation over the seasons, ranging from changes
in abiotic features, such as temperature and precipitation, to changes in species abundance and
composition. How seasonality varies along latitudinal gradients is not well known in freshwater
ecosystems, despite being very important in predicting the effects of climate change and in helping
to advance ecological understanding. We evaluated the degree of seasonality in ten river mouths
along a latitudinal gradient for a set of variables, ranging from air and water temperatures, to
physical and chemical properties of water and growth of an invasive fish species (eastern
mosquitofish, Gambusia holbrooki). Our results show that although most of the variation in air
temperature was explained by latitude and season, this was not the case for water features,
including temperature, in lowland Mediterranean streams, which depended less on season and
much more on local factors. Similarly, although there was evidence of latitude-dependent
seasonality in fish growth, the relationship was nonlinear and weak and the significant latitudinal
differences in growth rates observed during winter were compensated later in the year and did not
result in overall differences in size and growth. Our results suggest that although latitudinal
differences in air temperature cascade through properties of freshwater ecosystems, local factors
and complex interactions often override this variation with latitude and might therefore hinder

projections of species distribution models and effects of climate change.

Key words latitude - season - river - invasive fish - climate change - Europe - Iberian Peninsula
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Additional Supporting Information

Fig. S1 Study area with the location of the sampling sites (full circles) at the ten Mediterranean
river basins studied. The empty diamonds indicate large cities. The inset map shows the current

distribution of mosquitofish in the western Mediterranean region (modified from Krumholz, 1948)
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Table S1. Correlation matrix (Spearman’s coefficient below the diagonal and n above) of the environmental variables along the latitudinal

gradient. (*, P <0.05; ** P <0.01;*** P <0.001).

Variables 1 2 3 4 5 6 7 8 9 10
1. Latitude (°N) 113 29 93 93 93 93 85 85 85
2. Air temperature (°C) -0.25%* 27 89 89 89 89 81 81 81
3. Water temperature (°C) -0.50**  (.89*** 29 29 29 29 29 29 29
4. Conductivity (uS cm') -0.33**  0.03 0.25 93 93 93 85 85 85
5.pH -0.09 -0.17 0.30 0.0 93 93 85 85 85
6.02 % 0.05 -0.23* -0.34  -0.16  0.64*** 93 85 85 85
7.0, (mgL™") 0.05 -0.42%*%% .0.47* -0.19  0.60*** (.96%** 85 85 85
8. Ammonium (mg L™) -0.28%* 0.11 0.50%* 0.28** -0.22%  -0.57*** -0.56%** 85 85
9. Nitrate (mg L) -0.78*** (.00 0.13 0.25 -0.03 -0.13 -0.07 0.33%%* 85
10. Nitrite (mg L™ -0.60*** -0.05 0.37* 0.18 0.01 -0.17 -0.15 0.51%*%* 0.76%**

11. Phosphate (mg L™) -0.50%*** 0.37*** 0.41* 031** -0.10 -0.34%%  -0.41%%*  (Q.44%%x (0. 47HF% (. 42%**
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Fig. S2 Principal component analysis of the environmental variables along the latitudinal gradient.
The black dots correspond to the site scores and continuous arrows to the loadings of variables.
Latitude and months were added as supplementary variables after the PCA to help interpretation;

both projected variables were significant (permutation tests, P < 0.05). The first PCA axis explains

46.5% of the variation and the second 21.0%.
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Fig. S3 Partial RDA of the environmental variables with latitude (arrow) as explanatory variable,
after accounting for the effects of season (covariate or conditioning variable). The black dots
correspond to the site scores and crosses to response variables. The first axis (RDA) explains

23.7% of the variation and the second axis (PCA) explains 37.3%.
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Fig. S4 Monthly length—frequency distributions of female mosquitofish by site. The numbers at
the left-bottom corners are the site codes (see Table 1). The distribution for Segura (bottom-right,
site code = 10) is used as an example to show the mosquitofish cohorts according to aging from

scales.
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Fig. S5 Monthly length—frequency distributions of male mosquitofish by site. The numbers at the

left-bottom corner are the site codes (see Table 1).
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Fig. S6 Growth (length-age relationship) of female mosquitofish by site (figures on top of each
scatterplot, see site codes in Table 1).The red line is the additive model (“loess” smoother with the

“xyplot” function in R) and the circles the observed data.
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Fig. S7 Growth (length-age relationship) of male mosquitofish by site (figures on top of each
scatterplot, see site codes in Table 1).The red line is the additive model (“loess” smoother with the

“xyplot” function in R) and the circles the observed data.
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Fig. S8 Growth rates of mosquitofish between February and March along the latitudinal gradient.
The numbers indicate the sampling sites (see Table 1). The top plot is for males and the bottom
plot for females. P values of the regression analyses respectively are 0.12 and 0.05; note that the r’

are considerable but sample size, and so statistical power, for this analyses is very low (n = 8)
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Fig. S9 Median standard length of female mosquitofish captured along the latitudinal gradient by
month during late winter and early spring. The numbers are the site codes (see Table 1). Note that
median size is greatest in the southern sites 7 and 9 and smallest in the northern sites 2 and 4 in

winter and early spring but these differences are less clear in May (month 5).
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Abstract

Condition-specific competition is widespread in nature. Species inhabiting heterogeneous environments tend to differ in
competitive abilities depending on environmental stressors. Interactions between these factors can allow coexistence of
competing species, which may be particularly important between invasive and native species. Here, we examine the effects
of temperature on competitive interactions between invasive mosquitofish, Gambusia holbrooki, and an endemic Iberian
toothcarp, Aphanius iberus. We compare the tendency to approach heterospecifics and food capture rates between these
two species, and examine differences between sexes and species in aggressive interactions, at three different temperatures
(19, 24 and 29°C) in three laboratory experiments. Mosquitofish exhibit much more aggression than toothcarp. We show
that mosquitofish have the capacity to competitively displace toothcarp through interference competition and this
outcome is more likely at higher temperatures. We also show a reversal in the competitive hierarchy through reduced food
capture rate by mosquitofish at lower temperatures and suggest that these two types of competition may act synergistically
to deprive toothcarp of food at higher temperatures. Males of both species carry out more overtly aggressive acts than
females, which is probably related to the marked sexual dimorphism and associated mating systems of these two species.
Mosquitofish may thus impact heavily on toothcarp, and competition from mosquitofish, especially in warmer summer
months, may lead to changes in abundance of the native species and displacement to non-preferred habitats. Globally
increasing temperatures mean that highly invasive, warm-water mosquitofish may be able to colonize environments from
which they are currently excluded through reduced physiological tolerance to low temperatures. Research into the effects
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of temperature on interactions between native and invasive species is thus of fundamental importance.
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Introduction

Condition-specific competition, a process by which competition
between species is mediated by abiotic factors, is widespread in
nature (e.g. [1,2]). Species that inhabit spatially or temporally
heterogeneous environments tend to have differing competitive
abilities and varying tolerance for environmental stressors.
Interactions between these factors can allow coexistence of
competing species. In one scenario, for example, an inferior
competitor may be excluded from part of its range, or for part of
the time, by a competitively dominant species but be able to use
other parts of its range, or more of its range at different times,
through higher tolerance to an abiotic stress (e.g. [3,4,5]). In
another scenario, a competitive reversal may occur whereby a
competitively dominant species loses its advantage as conditions
change along an environmental gradient and the previously
subordinate species becomes dominant (e.g. [2,6,7]). Environmen-
tal gradients are particularly apparent in aquatic environments
[2,8,9], which thus provide ideal situations in which to examine
hypotheses concerning condition-specific competition. Several
studies have investigated these phenomena in an array of taxa
subject to various abiotic influences, including the effects of salinity
on salt-marsh plants [6] and fish [1], hydroperiod on mosquitoes
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[7] and oysters [5], pH on amphibians [3], and temperature on
stream fish [2,4,9].

Condition-specific competition may be particularly important
when considering invasive species [5,7,10] and the dependence of
competitive interactions between native and exotic species on
temperature is receiving increasing interest [11,12,13,14]. Tem-
perature is a key factor for poikilothermic organisms and in
freshwater and estuarine ecosystems temperature is often consid-
ered to be one of the dominant abiotic factors regulating
interspecific competition [14,15]. Moreover, growing concern
regarding globally increasing temperatures means that research
into the effects of temperature is of fundamental importance. In
the Mediterranean region, for example, climate change models
predict higher annual temperatures and longer droughts [16].
Interannual fluctuations are also expected to be more common,
which would result in more exceptionally high temperature events
[16]. In addition, continuing habitat alterations may lead to
further increases in stream temperatures (e.g. [17]). These factors
combined are likely to contribute to an expansion in range and
population size of introduced warmwater fishes, and therefore
increase predation rates or competitive effects on native species
with preferences for cool water [18].
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The eastern mosquitofish, Gambusia holbrooks, is a warmwater
poeciliid fish native to the United States [19]. Since its
introduction to Europe in 1921, G. holbrooki has established stable
populations in most Mediterranean countries [20,21]. However,
G. holbrooki has not invaded northern Europe, probably because of
reduced physiological tolerance, and therefore decreased compet-
itive advantage, at lower temperatures (e.g. [20,22]). Competition
from mosquitofish has likely caused the displacement of several
Mediterranean fish species, in particular cyprinodontiforms, from
much of their native range [23,24,25]. For example, the Iberian
toothcarp (Aphanwus therus), a cyprinodontid fish endemic to the
Iberian Peninsula, originally occupied most of the Alt Emporda
wetlands (NE Spain). Now only isolated populations remain while
most of the coastal lagoons, ditches and rivers are inhabited by
introduced mosquitofish [26]. From the original 38 Mediterranean
populations, 15 are extinct [27] and the toothcarp is listed as
Endangered (EN A2ce) under the IUCN Red List, and protected
by a number of legislative frameworks such as the Bern
Convention on the Conservation of European Wildlife and
Natural Habitats [28].

The objective of this study is to examine the role of water
temperature in determining the outcome of interspecific compe-
tition between invasive mosquitofish and native toothcarp. As
mosquitofish are known to be aggressive [19], we predicted that
they would exhibit both greater aggression and initiate more
encounters, and that they would restrict toothcarp’s access to food.
However, as mosquitofish are a warmwater species [19] we further
predicted that any competitive advantage would be more evident
at warmer temperatures, while at lower temperatures toothcarp
would be able to benefit from G. holbrook’s reduced competitive
ability, thus demonstrating condition-specific competition. Finally,
as both of these species show marked sexual dimorphism [19,29]
and males are generally more aggressive intraspecifically [30] but
not always interspecifically (e.g. [31]), we expected sexual
differences in aggressiveness.

Methods

Ethics Statement

All work was performed in compliance with Spanish laws of
animal care and experimentation. The experiments were reviewed
and approved by the Ethics Committee of the University of
Girona.

General Methods

Fish used in our experiment were captured using dip nets in
September 2011 with scientific permits issued by the relevant
authority (Generalitat de Catalunya, Direcci6 General del Medi
Natural i Biodiversitat). Adult mosquitofish came from the Ter,
Fluvia and Muga rivers near Girona, Spain, and toothcarp from
Fra Ramon lagoon, Baix Emporda salt marshes, Spain [19].
About 200 fish of each species were transported to the laboratory
and evenly distributed without mixing species in twelve 60 L
species-specific stock aquaria (61 x 31 x 33 cm) containing a
gravel substrate, conditioned water, and a filtered air supply.
Mosquitofish from all three rivers were housed together. Aquaria
were illuminated with 6 W bulbs and maintained at a constant
photoperiod (12:12 h light:dark cycle). The temperature was
maintained at 24°C and fish were fed to satiation twice daily with
commercial food flakes and frozen bloodworms (Chironomus spp.).
Fish were allowed to adapt to laboratory conditions for at least
four weeks prior to the start of temperature acclimation.

The temperature acclimation protocol was conducted in the
same 12 aquaria, two for each species at each temperature, and

PLOS ONE | www.plosone.org

Temperature-Specific Competition between Species

consisted of the progressive adjustment of temperature using
aquarium heaters until the three experimental temperatures (19,
24 and 29, *£0.2°C) were reached. These temperatures were
selected because they are typical of the range of midsummer water
temperatures found in Iberian coastal lagoons (e.g. [32]).
Temperature was measured using digital thermometers placed
mnside the aquaria. After five days, all fish were at the necessary
experimental temperature and were maintained at these condi-
tions for at least 14 days before the start of observations. Mortality
during acclimation was low (less than 5%) and only one fish died
during observations. This trial was restarted after the fish was
replaced. Fish acclimated to a specific temperature treatment were
maintained at that temperature throughout the experimental
period.

Observations were conducted in three 26 L aquaria (45 x 28
X 22 cm) also maintained at 19, 24 and 29°C respectively.
Aquaria contained 2 cm of gravel substrate, were filled to a
depth of 20 cm with conditioned water and were illuminated by
6 W lights. Dark plastic was attached to the back and sides of
the aquaria to minimize disturbance. A removable, transparent
methacrylate wall pierced with small holes (216 holes in 12
columns) divided each aquarium into two sides. During the
afternoon before observations, fish were placed in the experi-
mental aquaria at the same temperature as their respective
acclimation temperatures. Two mosquitofish (visually size
matched) of the same sex (50% of trials with males and 50%
with females) were placed on one side of the methacrylate
divider. Same sex mosquitofish were used to reduce the
incentive for male-male competition over females. One tooth-
carp was randomly selected and its pair was then size matched;
both fish were placed on the other side of the divider. The side
for each species was swapped in successive trials. The
methacrylate divider allowed the two species to visually and
chemically respond to each other while preventing physical
contact. Fish were fed to satiation with frozen bloodworms and
uneaten prey were removed from the experimental aquaria. No
food was provided to the experimental fish for at least 20 hours
before observations. The series of experimental tests (i.e. Test 1,
Test 2 and Test 3) were conducted sequentially the following
day. To ensure that individual fish were used only once during
the experiments, they were placed into post-experimental
aquaria maintained at their specific acclimation temperature
after the trials. Each of the three temperature treatments (19, 24
and 29°C) had 30 replicates (i.e. a total of 90 replicates with
360 different fish). All trials were videotaped (two sample videos
at contrasting temperatures are provided in Movie S1 and
Movie S2).

In test 1, we examined the tendency for mosquitofish and
toothcarp to investigate and approach heterospecifics as a function
of temperature. Observations began when the methacrylate
divider was gently raised to the surface. Every care was taken to
avoid disturbing the fish. We recorded the species and the time
taken for the first fish to cross to the other side of the aquarium
(specifically when the head or tail crossed the center line) and for
the first fish to approach within one body length of the other
species.

In test 2, following test 1, we studied the effects of temperature
and sex on the agonistic interactions between mosquitofish and
toothcarp. We waited five minutes after we raised the methacrylate
divider to ensure that all fish were behaving normally and then
conducted 10-minute observations recording the number of
orientations (fish orienting itself and swimming towards another
fish), nips (one fish attempts or succeeds at biting another) and
chases (rapid chase of one fish by another). We conducted focal

January 2013 | Volume 8 | Issue 1 | e54734



watches of one randomly selected fish per species sequentially,
recording the sex of the fish observed for each species.

Test 3 immediately followed test 2. Here we assessed the effects
of temperature on food competition between toothcarp and
mosquitofish. Four bloodworms were placed at 10 cm intervals on
a thin piece of wire and were carefully released at the water
surface. Bloodworms were used because they are common prey
items in the diet of the two species [33,34]. We recorded the time
taken to eat the first prey item and the species that consumed each
of the four prey items. Any bloodworms that remained after five
minutes were recorded as uneaten.

To assess the tendency for toothcarp and mosquitofish to
investigate and approach conspecifics we used generalized linear
models (GLMs) in a factorial design with two categorical factors,
temperature and species. To analyze the proportion of each
species over all trials for each temperature that were first to carry
out these behaviors we used separate ¥ tests for each variable. For
the agonistic variables we used separate GLMs for each species
and each variable (orientations, nips and chases) with two
categorical factors, temperature and sex. For the last experiment,
we also used separate analyses for each species and GLMs for the
proportion of prey eaten and the time taken to capture the first
prey item with temperature as the single factor. In GLMs, we
always used Poisson errors and log-link functions for count
variables (i.e. number of nips, chases, and orientations), normal
distributions and identity-link functions for time variables and
binomial errors and logit-link functions for the proportion of prey
eaten. Finally, we conducted two % tests to assess the difference in
the proportion of trials in which each species was the first to
capture a prey item. First we included the uneaten prey items and
second this category was excluded. All statistical analyses were
conducted using the software SPSS 15.

Results

In test 1, the time taken for the first fish to cross the center line
of the aquarium (GLM ¥?=19.4, d.f. =2, P<0.001) and the time
taken for the first fish to approach within one body length of a
heterospecific (GLM x*=18.5, d.f. =2, P=0.001) both decreased
significantly with increasing temperature (Figure 1). However,
there was no difference between species in the time taken to carry
out either of these behaviors (crosss GLM y?=2.43, df. =1,
P=0.119; approach: GLM X2=0.086, d.f.=1, P=0.769), nor
were the interactions significant (cross: GLM x2=4.51, df.=2,
P=0.105; approach: GLM y*=4.86, d.f. =2, P=0.088). For the
proportion of trials in which each species was the first to carry out
these behaviors, toothcarp both crossed the center line first and
approached a heterospecific first more often at 19°C, while this
response was reversed at higher temperatures (cross: x*=8.30,
df.=2, P=0.016; 19°C, 22 toothcarp:8 mosquitofish, 24°C,
15:15, 29°C, 12:20; approach: ¥*=7.23, d.f. =2, P=0.027; 19°C,
20:10, 24°C, 11:19, 29°C, 11:19).

In test 2, mosquitofish exhibited much more aggression than
toothcarp, with the majority of aggressive behavior being
performed by mosquitofish towards toothcarp (84.02%), whereas
only 15.98% was conducted by toothcarp towards mosquitofish.
Aggression in both species varied significantly across temperatures
(Table 1), with both species showing increased aggression with
increasing temperature (Figure 2). There was also a significant
difference between the sexes (Table 1). Males of both species
exhibited more of all three of the recorded aggressive behaviors
than females. Moreover, orientations appear to be the preferred
behavior for females while males carried out relatively more nips
to the extent that at the highest temperature the frequency of nips
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Figure 1. Mean time to a) cross the center line and b) approach
a heterospecific for G. holbrooki and A. iberus as a function of
temperature. Means and SE (error bar) are shown.
doi:10.1371/journal.pone.0054734.g001

equaled or exceeded that of the other behaviors (Figure 2).
Temperature X sex interactions were significant for almost all the
behavioral variables (Table 1), with the exception of chases
performed by toothcarp as female toothcarp did not carry out this
behavior. Particularly, toothcarp males changed their preferred
behavior type at 29°C from orientations to nips and particularly
striking were the differing effects of temperature on male and
female mosquitofish. Males exhibited the greatest increase in
behaviors performed between 19 and 24°C while for females the
major increase in behavior occurred at a higher temperature,
between 24 and 29°C (Figure 2).

In test 3 the proportion of prey items captured increased with
temperature for both species. However, this relationship was
significant only for mosquitofish (mosquitofish: GLM y”=48.2,
d.f. =2, P<0.001; toothcarp: GLM x2 =3.05, d.f.=2, P=0.218;
Figure 3). The time required to capture the first prey item
decreased substantially between the lowest and highest tempera-
tures (19°C: 29.9£57.1 s, 24°C: 56.2%83.4 5, 29°C: 8.6%=15.4 s;
mean * s.d.) although this relationship was not straightforward
and was only marginally significant (GLM y>=5.92, d.f.=2,
P=0.052). There was no significant difference between species
(GLM %?=3.41, df.=1, P=0.52; toothcarp: 19.0+36.9s;
mosquitofish: 42.8%£76.5s; mean * s.d.) nor a significant
interaction (GLM %*=0.236, d.f. =2, P=0.89). When all trials
at each temperature were considered together, at 19°C toothcarp
captured the first prey item significantly more often than
mosquitofish but this relationship was reversed for 24 and 29°C
(x>=25.2, d.f. =4, P<0.001). However, this result was mainly due
to the inclusion of uneaten prey items (toothcarp:mosquitofish:u-
neaten; 19°C, 13:6:11; 24°C, 11:18:1; 29°C, 13:17:0). When this
variable was removed the relationship between species and
temperature was no longer significant (x>=4.61, d.f.=2,

P=0.11).
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Figure 2. Aggressive acts (orientations, nips and chases)
performed by Gambusia holbrooki towards Aphanius iberus and
vice versa under the different temperature treatments and
species combinations. Means and SE (error bar) are shown. Note the
different scales on the y-axis for each species.
doi:10.1371/journal.pone.0054734.g002

Discussion

This study provides evidence for condition-specific competition,
both through interference and exploitation, between eastern
mosquitofish and Iberian toothcarp, via temperature-mediated
changes in competitive abilities. Mosquitofish carried out close to
five times as many aggressive acts as toothcarp, and while both
species exhibited increased aggression at higher temperatures, this
increase was considerably greater for mosquitofish than for
toothcarp. Mosquitofish thus have the potential to competitively
displace toothcarp through interference competition, and the
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Table 1. Generalized linear models for selected response
variables (i.e. orientations, nips, chases) of Gambusia holbrooki
and Aphanius iberus using temperature and sex as predictors.

Species Orientations Nips Chases
Source of variation
Gambusia
Temperature 300.29*** 149.72%** 82.37%***
Sex 16.46*** 64.81%** 7.36 **
Temperature x Sex 75.33 *** 24.05%** 11.70%*
Aphanius
Temperature 35.47%** 31.56%** 37.46***
Sex 16.46%** 26.95%** -
Temperature x Sex 13.69** 11.88** -

Values are y 2

“**"indicates P<<0.01;

“##xindicates P<<0.001; d.f. are 2 for temperature, 1 for sex, and 2 for their
interaction.

doi:10.1371/journal.pone.0054734.t001

strength of this interaction is likely to increase at higher water
temperatures. Increased aggression at higher temperatures has
been proposed as a major factor explaining the relative
distribution of several fish species along longitudinal stream
gradients [2,4,9]. For example, brook trout (Salvelinus fontinalis)
were competitively dominant over cutthroat trout (Oncorhynchus
clarki) at higher temperatures (20 versus 10°C), which was related
to separation of these species into warmer, downstream (brook
trout) and cooler, upstream (cutthroat trout) stretches of river [4].
In another study, brook trout were themselves subject to
competitive exclusion by creek chub (Semotilus atromaculatus) at a
slightly higher temperature (22°C) resulting in similar upstream-
downstream species distributions [2]. In our study, temperature
variation occurs more over a temporal rather than spatial scale,

o)}
<

B Gambusia
[ ] Aphanius

N w N Tl
2 2 9 9

Percentage of prey items captured
=
<

19 24 29
Temperature (°C)

Figure 3. Effects of temperature on the number of prey items
captured by Gambusia holbrooki and Aphanius iberus. Means and
SE (error bar) are shown. Note that the totals for both species for 19 and
24°C do not equal 100%. This reflects the prey that remained uneaten.
doi:10.1371/journal.pone.0054734.g003

January 2013 | Volume 8 | Issue 1 | e54734



though microhabitat segregation of the two species through
competitive interactions is also likely.

The time taken for the fish to both approach a heterospecific
and to cross the center line of the experimental aquaria decreased
with increasing temperatures although there were no differences
between species. However, the frequency with which toothcarp
were the first to cross the center line and approach a heterospecific
was greater at 19°C, while at higher temperatures this situation
was reversed and mosquitofish predominated. This seems to
indicate a competitive reversal with toothcarp dominating at lower
temperatures and mosquitofish superior at higher temperatures.
However, the function of this approach behavior must be taken
into consideration. The assumption that approaching a hetero-
specific is a prelude to attacking that individual is just one of a
number of possibilities. For example, closer contact may be
necessary to inspect a potential predator and hence assess the
degree of threat [35,36]. Alternatively, approaching other
individuals may simply be a result of a predisposition for schooling
behavior, as mixed species shoals are not uncommon [37,38].
Whatever the purpose of this behavior, it is clear that toothcarp
exhibited increased activity relative to mosquitofish at lower
temperatures.

Temperature also influenced the potential for exploitative
competition. The time taken to capture the first prey item
decreased and the proportion of prey items captured by both
species increased, with increasing temperature. However, there
was no difference between species in capture time and the
proportional increase in prey capture was significant only for
mosquitofish. Furthermore, while toothcarp captured the first prey
item more often at 19°C, this situation was reversed at 24 and
29°C, providing another example of potential competitive
reversal. This situation relates to varying total food consumption
by both species. Toothcarp captured the first food item with
approximately the same frequency at all temperatures while
mosquitofish increased their capture frequency at higher temper-
atures. Therefore, rather than toothcarp being more dominant at
lower temperatures, they appear to benefit from reduced
exploitative competition from mosquitofish. Release from domi-
nance by a competitively superior species appears to be a common
factor in competitive reversal. For example, in the brook trout —
cutthroat trout system outlined above both species were nearly
equal competitors at 10°C with brook trout becoming dominant
only at the higher temperature [4]. A parallel pattern was shown in
another study with the white-spotted char (Salvelinus leucomaenis)
and the Dolly Varden char (S. malma) foraging equally well at
lower temperatures but the former becoming dominant at a higher
temperature [9]. A final consideration is that both these forms of
competition, exploitative and interference, may be operating
concurrently as in aggression to defend a food resource [39,40].
Thus at higher temperatures mosquitofish have the capacity to
restrict toothcarp access to food through exploitative competition
and if food was limited, as is often the case, mosquitofish are likely
to outcompete toothcarp through interference competition as well.

While aggression in the laboratory does not necessary imply
competition in nature, in this case it is likely. Although interference
competition is often more influential and clearer than exploitative
competition [41], both types of competition can occur concur-
rently and interactively and may be difficult to distinguish [42]. G.
affinis and G. holbrooki are well known to produce severe fin damage
through nips, which can result in several adverse effects on
recipient species [43,44]. For example, swimming performance is
likely to be reduced with potential consequent reduction in
reproductive success and increased predation risk. Damage is
costly in terms of regeneration effort and can increase suscepti-
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bility to disease [45,46]. Fin damage can also result in changes in
behaviour and prey consumption by the subordinate species
[44,47]. In the current study, the increase in aggression together
with greater food capture efficiency shown by mosquitofish at
higher temperatures indicates that mosquitofish have the capacity
to outcompete toothcarp. Moreover, mosquitofish now dominate
many of the habitats that were previously occupied by toothcarp
[26] and competition is one of the likely mechanisms by which this
has occurred.

There was a difference between males and females of both
species in both the amount and type of behavior carried out, and
for mosquitofish the temperature at which differences became
apparent. Males of both species exhibited much more aggression
than females. Moreover, females appear to prefer to engage in
orientation behavior while males carry out more nips, particularly
at higher temperatures, which is arguably a more aggressive
behavior than merely observing another fish. These behavioral
differences between sexes are likely to be associated with other
differences. For example, in many animals, including fish, larger
individuals initiate and receive less aggression [48,49]. Both
species in this study showed a marked sexual dimorphism with
larger females and smaller males [19,29] so this may account for
some of the observed difference. In addition, females tend to be
more sociable and engage in more shoaling than males [50], an
activity incompatible with a high intensity of aggression. Finally,
differences in aggression between the sexes may be an indirect
consequence of the mating behaviors of these species [50]. Mating
in mosquitofish is characterized by male coercion of females via
sneaky mating, in which males attempt to insert their intromittent
organ into the female’s genital opening by force and males
compete aggressively for access to females [51,52]. While
reproductive behavior in toothcarp is less well studied, males do
court females and will chase away rival males [53]. This may result
in male predisposition for aggression [50], which is utilized to the
detriment of heterospecifics. Because the temperatures used in this
study were typical of the breeding season of both these species
[54,55], this effect may be intensified. Although male and female
mosquitofish were not tested together in this study, behavior
related to reproduction is likely to persist. An interesting result
from this study is that male mosquitofish increased their level of
aggression at 24°C, while females did not show a similar increase
until 29°C. Males show a peak plateau in mating behavior in a
comparable temperature range [56] though mating behavior was
not quantified in our study. It also may be that males prefer cooler
temperatures than females as is the case in two closely related
species, Poecilia sphenops [57] and Poecilia reticulata [58]. Whatever
the cause, for females their peak of maximum activity is either
shifted to higher temperatures or is narrower compared to males, a
factor which may influence the relative impact of males and
females on toothcarp.

Temperature may have other effects that can interactively
influence aggression. For example, the metabolic rate of
ectotherms increases with increasing temperature (e.g. [59]),
facilitating increased aggression. However, aggression itself is
energetically costly [60] increasing metabolic rate still further,
which probably accounts for the rise in food consumption at
higher temperatures observed in this study. Another interacting
factor is swimming speed which also increases with increasing
temperature (e.g. [56]), which again will facilitate intensified
aggression and again increase metabolic rate. In addition to these
immediate effects, temperature variation may have long term
consequences. In this study, fish were allowed to acclimate for four
weeks. A longer duration of acclimation, can affect for example
growth rate [47] and size at maturity [61]. Finally, temperature
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itself may interact with other factors, such as water velocity [62]
and salinity [25] to influence aggressive activity.

We have shown here that temperature-specific competition may
facilitate coexistence of native species with invasive mosquitofish.
Mosquitofish have been introduced worldwide [61,63] with far
reaching effects on native species (reviewed in [64]) and are
considered one of the 100 worst invasive species [65]. Therefore,
any factor that may aid in ameliorating their effects should be
mvestigated. The influence of temperature on interactions with
mosquitofish has been examined in relation to several native
species. For example, G. holbrooki aggression towards two Iberian
toothcarp species (4. therus and Valencia hispanica) increased at
higher temperatures [23] and increased aggression with temper-
ature has been shown by the closely related G. affinis towards
Galaxias maculatus in New Zealand [43] and the least chub,
lothichthys phlegethontis in the USA [31], with effects on the survival
of these native fish. In the current study, mosquitofish aggression
may have immediate, medium and longer term consequences for
toothcarp. In addition to disrupting normal conspecific interac-
tions, mosquitofish can cause considerable fin damage [43,44] and
mortality, especially of juveniles [23,43]. Injury, along with
decreased food intake [24] and reduced growth rates [47] can
lead to increased stress and susceptibility to illness [45,46]. The
temperatures used in this study are typical of breeding season
temperatures for toothcarp, which is characterized by early
offspring that can mature enough to breed later in the summer
and late offspring that may overwinter and breed the following
year [55]. Restriction of food and disruption of conspecific
interactions is likely to reduce the breeding success of early
offspring and overwinter survival of poor condition, late offspring
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could also be reduced. This in turn could result in changes in
population demographics (e.g. [31]) through a decline in
population density or a shift in breeding season and to the
displacement of native species to non-preferred habitats (e.g. [43]).
Climate change implies that investigating these types of temper-
ature-mediated interactions between invasive and native species
will be increasingly critical to aid in conservation efforts.
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GENERAL DISCUSSION

The results of this thesis, besides helping to further understand the variation of
life histories in freshwater fish, has provided a better understanding of how invasive
mosquitofish has adapted to our ecosystems and displaced the native species. We have
shown that mosquitofish presented similar life histories at lower latitudes and at the
lower reaches of rivers (first chapter), and also that mosquitofish growth and water
features of lowland streams depend more strongly on local factors than on latitude and
season (second chapter). We also experimentally investigated the role of temperature
on the agonistic behaviour and food competition between mosquitofish and the

endangered Aphanius iberus (third chapter).

Comparing latitudinal and upstream-downstream gradients: life history

traits of invasive mosquitofish.

The study in the first chapter is one of the few studies that has concurrently
sampled along latitudinal and upstream-downstream gradients to compare differences in
life-history traits of stream fish. We confirmed patterns shown in a previous latitudinal
sampling of similar mosquitofish populations (Benejam et al. 2009), but we additionally
compared them to upstream-downstream gradients. We found that environments more
favorable to mosquitofish (i.e. lower latitudes and lower reaches) resulted in similar
responses of life histories: more reproductive effort with less condition in the warmer

environments of lower latitudes and downstream reaches. These patterns depended on
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fish age that in addition to fish length improved our understanding of the effects of
environmental gradients on mosquitofish life-history variation.

We showed that age is a fundamental factor to comprehend life-history
variation in mosquitofish: independently of size, age groups differed in their
reproductive effort, in the relationship between gonadal weight and size (also see
Tedesco et al. 2008), and in the variation of reproductive effort along spatial gradients.
Age has generally been ignored in life-history studies of mosquitofish (but see
Fernandez-Delgado 1989; Fernandez-Delgado and Rossomanno 1997) probably
because its estimation is laborious, because of their short longevity and because it was
assumed that the effects of lenght and age are interchangeable. Thus, both Benejam et
al. (2009) and the analysis conducted at the population level of the first chapter
showed that gonadal weight was lower in the north after accounting for fish size,
suggesting a decreased investment in reproduction at higher latitudes. Therefore,
analyses considering age indicated that gonadal weight for the young-of-the-year and
for the whole population (without separating for age classes) had a similar relationship
with latitude. However, older mosquitofish (age-1) showed no relationship or increasing
gonadal weight (age-2) with increasing latitudes. Consequently, analyses of life-history
variation neglecting age only provide a partial picture and mostly reflect variation in the
most abundant age group (young-of-the-year).

Most freshwater fishes appear to rather follow the converse of Bergmann’s rule
at the intra-specific level (Gaston et al. 2007). However, mean size-at-age or overall
average size of the mosquitofish populations along the studied gradient did not vary
with latitude, so the intra-specific equivalent of Bergmann’s rule or its converse does

not apply. This is the first study to confirm it with size-at-age data.
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Seasonality along latitudinal gradients: from stream temperature to

growth of invasive mosquitofish.

In the second chapter, we collected data every month to assess the effects of
seasonality on abiotic factors and fish growth along a latitudinal gradient. We illustrated
how seasonality in air temperature was stronger and similar across latitudes than for
water temperatures, which was less seasonal. The proportion of unexplained variation
for water temperature was larger than for air temperatures, suggesting a significant
influence of the unique characteristics of each watershed and local factors, such as
groundwater influences, discharge, channel form and orientation, riparian canopy and
particular anthropogenic perturbations (Webb 1996, Hawkins et al. 1997, Poole and
Berman 2001). Variation of nutrient concentrations was less explained by latitude and
seasonality than for temperatures. Nutrient concentrations were negatively related to
latitude (as in Dodds et at 2002), possibly because sites at lower latitudes are more
affected by water shortage, degraded stream flows and intensive agricultural land uses
(Sabater and Barcelé 2010). Oxygen concentrations and pH were more related to
season, with higher diurnal values in spring and early summer, as expected from higher
photosynthetic activity due to growth of macrophytes and algae (Cox 2003, Desmet et
al. 2011).

Since most freshwater fish are ectotherms, water temperatures substantially
affect their physiology and resultant growth rates (Magnuson et al. 1979, Wood and
McDonald 1997). We found seasonal growth in all mosquitofish populations along the
latitudinal gradient but stronger seasonality in the two northernmost populations.

However, the relationship of growth with latitude was weak, as also observed in other
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life-history traits studied in the first chapter. We also detected a weak relationship of
winter growth rates and overall growth performance with latitude and that most
differences in size at the onset of the growing season disappeared during spring. These
patterns suggest countergradient variation in mosquitofish growth (i.e. northern
populations have been selected to compensate the shorter growing season with higher
growth rates) but experiments or transplanting studies are necessary to confirm it, since
it is quite common in freshwater fish (Conover and Present 1990, Conover et al. 2009).
In summary, the second chapter shows that air temperature is strongly
seasonal, dependent on latitude, and it is little dependent on local factors. However,
stream properties (such as water temperature and nutrient concentrations) and fish
growth display less seasonal variation and depend more on local factors (such as

watershed or reach characteristics and anthropogenic perturbation).

Temperature-specific competition between invasive mosquitofish and an

endangered cyprinodontid fish.

The third chapter shows indication for both condition-specific competition
between mosquitofish and fartet, and a reversal of competitive hierarchies mediated by
temperature. Mosquitofish conducted almost five times more aggressive acts than fartet,
and while both species displayed increased aggression at higher temperatures, this
increase was much larger for mosquitofish. Therefore, mosquitofish have the potential
to competitively displace toothcarp by interference competition, and the strength of this
interaction probably increases at warmer temperatures. Competitive exclusion through

aggression at higher temperatures has been proposed as a significant factor to describe
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the distribution of fish species along spatial gradients (Taniguchi et al. 1998, De Staso
and Rahel 1994, Taniguchi and Nakano 2000).

Temperature also influences the potential for exploitation competition. While
toothcarp captured the first prey item more often at 19 °C, this situation was reversed at
24 and 29 °C, providing an example of potential competitive reversal. In fact, rather
than toothcarp being more dominant at lower temperatures, they benefited from reduced
exploitation competition from mosquitofish at colder temperatures. Release from
dominance by a competitively superior species appears to be a common factor in
competitive reversal (e.g. De Staso and Rahel 1994, Taniguchi and Nakano 2000).

There was a difference between males and females of both species in both the
amount and type of behavior carried out, and for mosquitofish the temperature at which
differences became apparent. Males of both species displayed much more aggression
than females. Both species show a marked sexual dimorphism with larger females
(Meffe 1989, Oliva-Paterna et al. 2006), so this may account for some of the observed
differences. In addition, females are often more sociable and engage in more schooling
than males, an activity incompatible with a high intensity of aggression. Finally,
differences in aggression between the sexes may be an indirect consequence of the

mating behaviors of these species (Magurran and Macias Garcia 2000).

Climate change implies that investigating these types of temperature-mediated
interactions between invasive and native species will be increasingly critical to aid in
conservation efforts. Thus, this thesis strengthens the interest of latitudinal research,
which is key to further understand the effects of climate change at the different
organization levels of aquatic ecosystems. The variation along the latitudinal gradient in

important abiotic parameters (such as temperature) resembles climate-driven changes in
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biological characteristics over time. This information is of significant importance to
further understand the invasive potential of mosquitofish around the globe.

For a future perspective, the experiment in third chapter could be improved if
the design was changed to a factorial design with different levels of temperature and
salinity (see for example the design in Wurtsbaugh et al. 1983). Both results from the
third chapter and those from Alcaraz et al. (2008) showed evidences that temperature
and salinity are two important parameters that mediate the competition outcome
between G. holbrooki and Aphanius spp. Lower salinities and higher temperatures taken
apart secemed to be the most favorable conditions for G. holbrooki, but it would be
interesting to explore how temperature and salinity interact and probably change the
competition outcomes. Furthermore, the first and second chapter would benefit if air
and water temperature recordings would be spatially and temporally increased to
provide a more precise picture (see Arismendi et al. 2012). We also suggest that stream
flow data would provide further insights on how water temperature and other stream
variables vary seasonally and latitudinally, and how they also affect fish growth. One of
the main human impacts on rivers is flow regulation and impoundment which greatly
alter the natural thermal regimes of rivers (Webb et al. 2008). Additionally, we consider
that mark-recapture techniques would be useful in the future to study the seasonal
growth of individual mosquitofish at the different sampling locations, rather than using
population averages. Reznick and Bryant (2007) and Reznick et al. (1996) successfully
used mark-recapture techniques with Poecilia reticulata in Trinidad to study the

evolution of life histories of these species in different habitats.
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GENERAL CONCLUSIONS

1)

2)

3)

4)

5)

Mosquitofish has similar responses of life-history traits in more favorable
environments: more reproductive effort often with less condition in the warmer
environments of lower latitudes and downstream reaches. However, these

patterns explained low percent variation and strongly depended on fish age.

Mean size-at-age or overall average size of mosquitofish did not vary with

latitude, so the intra-specific equivalent of Bergmann’s rule or its converse does

not apply.

River longitudinal variation plays a role as important as climate, with often
differential effects, for life-history traits of mosquitofish and probably other
freshwater organisms. There is poor knowledge of spatial variation of many life-

history traits of freshwater fishes.

In lowland streams, most of the variation in air temperature is explained by
latitude and season, but this is not the case for water features which depend less
on season and latitude, and much more on local factors, even for water

temperature.

There is evidence of latitude-dependent seasonality in fish growth, although the

relationship is nonlinear and weak. The significant latitudinal differences in

mosquitofish growth rates during winter are compensated later in the season and
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6)

7)

do not result in overall differences in size and growth along the latitudinal

gradient.

Mosquitofish exhibit much more aggression than toothcarp. Mosquitofish have
the potential to competitively displace toothcarp through interference
competition and this outcome is more likely at higher temperatures. We also
show a reversal in the competitive hierarchy through reduced food capture rate

by mosquitofish at lower temperatures.

Males of both mosquitofish and the Iberian tothcarp carry out more overtly

aggressive acts than females; this fact is probably related to the marked sexual

dimorphism and associated mating systems of these two species.
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