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Summary 
 
Biological species are distributed across the earth's surface according to their ability 
to disperse and the set of environmental conditions that fulfil their ecological niche, 
which limit their potential dispersal range. For species lacking the ability to move 
by themselves, such as plants, dispersal must be mediated by a vector that 
transports them. In inland aquatic ecosystems many taxa that produce propagules, 
such as macrophytes and invertebrates, rely on a variety of dispersal vectors for 
overland dispersal, i.e. between isolated waterbodies. Some of these vectors may 
disperse propagules over long distances (long distance dispersal, LDD), depending 
on their nature or movement behaviour. In particular, migratory waterbirds have 
been shown to disperse large amounts of propagules, but their potential to disperse 
propagules during active migration has been poorly studied. Furthermore, realistic 
estimates of long distance propagule dispersal had never been produced, because, 
besides flight speed, waterbird movement behaviour had never been incorporated 
into dispersal models. 

In Chapter 1 we developed mechanistic models of passive dispersal of 
macrophytes and zooplankton that integrated (i) movement data (based on 
recoveries of ringed individuals) of two waterfowl species, collected for over a 
century during the fall migration season, (ii) propagule retention time in the birds’ 
gut, and (iii) bird flight speed. Both waterfowl species had the potential to disperse 
propagules over hundreds of kilometres, but the frequency and distance of 
dispersal events, namely those of LDD events (i.e. those produced by migratory 
movements), differed between migratory strategies and regions (Europe and North 
America), as well as between different vectored aquatic species, in particular 
between plant seeds and zooplankton cysts. Although dispersal distances were 
shorter than those based only on the vector flight speed, they suggest that the 
propagules of aquatic organisms may be dispersed regularly over tens of 
kilometres and occasionally over hundreds of kilometres (i.e. at continental scale). 

Different migratory vectors might then contribute differently to the dispersal 
of a given aquatic organism (because of, among other factors, different migratory 
behaviours; Chapter 1), thus its full dispersal potential has to be estimated 
according to the full array of vectors. In Chapter 2, we estimated propagule 
dispersal by migratory birds by using a wide range of both waterbird and vectored 
aquatic species, and determined key features of bird movement and propagule 
retention time involved in the dispersal process (by means of a sensitivity analysis). 
Bird size scaled to these key features (related to migratory flight distance and 
propagule retention time), providing a simple analytical tool to investigate the 
potential of each migratory bird species as vector of long distance propagule 
dispersal. Moreover, the inclusion of several waterbird species and the examination 
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of some traditional model assumptions allowed to estimating the range of LDD 
frequency (0-3.5% of dispersal events longer than 100 km). 

Nevertheless, empirical and direct evidence on propagule dispersal by 
migratory vectors during active migration had never been obtained. We 
investigated whether migratory birds flying southward, between Europe and 
Africa, during autumn migration were carrying propagules in their digestive tract 
(Chapter 3). This study was conducted in a small islet of the Canary Islands 
(Alegranza) where Eleonora's falcons prey upon migratory birds along their 
migration route (though blown off their usual course by trade winds). All 
migratory birds were caught while in migratory flight over the sea, in an area 
between Alegranza and the African coast, as proven by the analysis of locations 
provided by GPS-tagged falcons. We sampled the digestive tracts of 408 migratory 
birds stored around the falcons' nests and found that 1.2% of these birds (two 
passerine and one galliform species) were transporting seeds (57 seeds of five 
different families) while in migratory flight. Most seeds belonged to plant families 
currently absent from the Canary Islands, or at least from those nearby Alegranza 
(the Eastern group).  We therefore conclude that migrating birds are actually able 
to ensure long-distance dispersal of ingested propagules, even across continents or 
into oceanic islands. Moreover, the absence of plant species dispersed by migratory 
birds from either the whole Canary Islands or the closest (and driest) ones indicates 
that the local environment (abiotic and/or biotic) probably hamper their successful 
establishment. 

We then investigated whether the high dispersal potential of organisms 
dispersed by migratory birds is reflected in their communities by quantifying the 
effect of spatial (i.e. regional) processes, representing dispersal limitation, on 
diversity patterns. Using variation partitioning analyses, we assessed the relative 
importance of spatial and niche processes in driving species richness (α-diversity; 
Chapter 4) and variation in species composition (β-diversity; Chapter 5) in natural 
communities of aquatic plants (aquatic angiosperms) and cladocerans (crustacean 
zooplankton) at local, regional (within-region; up to 300 km) and continental 
(among-region) scales. In Chapter 4 the lack of spatial correlation among the 
species richness of the sampled lakes after partialling out the effect of 
environmental variation suggested weak dispersal limitation within regions. 
Although some connectivity-related variables (amount of nearby habitat) had a 
significant effect, the environment had a much stronger effect on species richness, 
particularly the total phosphorus concentration (a surrogate of productivity in 
many aquatic systems). Region was the most important factor in explaining 
variation in species richness, which indicates an important effect of biogeographic 
factors such as the number of unique species found in each region (i.e. the level of 
"endemicity" in the study).  
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Variation in community composition was mostly explained by species 
turnover rather than by gradual species loss (i.e. nestedness), both within and 
among regions (Chapter 5). In addition, the spatial structure of lakes within 
regions, including the distance among them, did not influence the variation in 
community composition, meaning that these communities are not generally limited 
by dispersal. Rather, both biotic and abiotic variables, and to a lesser extent 
connectivity variables, explained the majority of the variation in community 
composition. Much of this environmental variation was regionally structured, in 
particular climatic variables (temperature and precipitation), which resulted in 
high variation in community composition among regions. The pure effect of region 
was also significant, providing evidence for biogeographic patterns – which might 
be reinforced by dispersal limitation at continental scale.  

Although spatial and niche processes could explain many diversity patterns, 
we observed an extremely high species turnover at short spatial scales, even among 
nearby lakes where environmental conditions are more similar and dispersal 
limitation is almost inexistent. In Chapter 6 we investigated experimentally 
whether the resident community of either macrophytes or zooplankton could 
prevent immigration, through priority effects (i.e. whether the time of arrival 
influenced immigration success) and diversity resistance (i.e. whether increased 
resident diversity caused less immigration); and whether these effects could 
ultimately determine the species richness and composition of such communities. 
Strong priority effects were observed in the assemblages of both taxa. In 
macrophyte communities, increasing resident diversity along the growth season 
reinforced priority effects (i.e. increased diversity resistance), whereas strong 
priority effects exerted by the founder organisms (since the very beginning of 
community assembly) constrained the invasibility of zooplankton communities. 

Overall, I conclude that migratory movements of birds can mediate long 
distance propagule dispersal (over distances of more than 100 km) and influence 
the community ecology and biogeography of vectored organisms. Different 
migratory bird species, acting as propagule vectors, can provide different but 
complementary dispersal services depending on their body size and in turn on 
their migratory strategy. Waterbirds, in particular, have the potential to disperse 
propagules regularly over tens of kilometres and occasionally (up to 3.5% of the 
dispersal events) over more than 100 km. In fact, vectored aquatic organisms are 
not generally limited by dispersal, although connectivity-related factors might 
affect species diversity in some regions. Instead, niche processes largely determine 
α- and β-diversity through abiotic and biotic filtering. Dispersal limitation might 
only be detectable at continental scale and thus reinforce compositional 
heterogeneity at broad scale (i.e. promote biogeographic patterns). Finally, priority 
effects (which, depending on the taxon, might be reinforced by diversity resistance) 
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might explain the high species turnover observed at short spatial scale. In 
combination with long distance propagule dispersal, priority effects might explain 
the "mosaic" distributional patterns of aquatic communities. This thesis provides a 
general framework that can be used for hypotheses testing relating LDD mediated 
by migratory birds to its hypothesised ecological and biogeographical 
consequences.  
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Resumen 
 

Las especies biológicas están distribuidas en la superficie terrestre de acuerdo con 
su capacidad de dispersión y el conjunto de condiciones ambientales que forman su 
nicho ecológico, el cual limita su rango de dispersión potencial. Las especies que 
son sésiles o de movilidad limitada, como las plantas, dependen del transporte por 
un vector para dispersarse. En sistemas acuáticos continentales, muchos taxones 
que producen propágulos, como las plantas macroscópicas (macrófitos) y 
invertebrados, pueden utilizar múltiples vectores para dispersarse entre los 
distintos humedales, sobre todo los aislados hidrológicamente. Algunos de estos 
vectores pueden dispersar los propágulos a gran distancia (dispersión a larga 
distancia, DLD), aunque tanto la proporción de propágulos involucrados en DLD 
como las distancias alcanzadas suele depender de la naturaleza o comportamiento 
del vector. Por ejemplo, se ha mostrado que las aves acuáticas migratorias 
dispersan grandes cuantidades de propágulos. Sin embargo, su potencial para 
dispersar propágulos durante la migración apenas se ha estudiado. En particular, 
nunca se habían obtenido estimas realistas de DLD de propágulos dispersados por 
aves migratorias, porque, aparte de la velocidad de vuelo, sus patrones de 
movimiento no habían sido incorporados en modelos de dispersión desarrollados 
hasta la fecha. 

En el Capítulo 1 desarrollamos modelos mecanísticos de dispersión pasiva 
de macrófitos y zooplancton que incorporan (i) datos de movimiento (basados en 
recapturas de individuos anillados) de dos especies de pato, recolectados durante 
más de un siglo durante el período de migración otoñal, (ii) tiempos de retención 
de los propágulos en el tubo digestivo de las aves, y (iii) la velocidad de vuelo de 
las aves. Ambas especies de pato mostraron  potencial para dispersar propágulos a 
cientos de kilómetros, pero la frecuencia de los eventos de dispersión y la distancia 
recorrida en estos (sobre todo, para los eventos de DLD, definidos como aquellos 
generados por movimientos migratorios)  difirieron entre las diferentes estrategias  
migratorias de las aves y las distintas regiones estudiadas (Europa y América del 
Norte), así como entre las especies dispersadas y tipos de propágulo (p.ej. entre 
semillas de macrófitos y huevos de zooplancton). Aunque se obtuvieron distancias 
de dispersión más reducidas que aquellas basadas solamente en la velocidad de 
vuelo del vector, estas sugieren  que los propágulos de organismos acuáticos 
pueden ser dispersados regularmente a decenas de kilómetros y ocasionalmente a 
cientos de kilómetros (esto es, a escala continental).  

Los diferentes vectores migratorios pueden, por tanto, contribuir de  forma 
diferente a la dispersión de un determinado organismo acuático (debido, entre 
otros factores, a su diferente comportamiento de migración; Capítulo 1), por lo que 
el potencial total de dispersión del organismo dispersado tiene que ser calculado en 
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base a las contribuciones del conjunto completo de vectores. En el Capítulo 2, 
modelamos la interacción entre un amplio rango de aves y otro de organismos  
acuáticos para determinar características clave del movimiento de las aves y el 
tiempo de retención de los propágulos involucradas en el proceso de dispersión . El 
tamaño del ave se relacionó con esas características clave, proporcionando un 
instrumento analítico para investigar el potencial de cada especie de ave migratoria 
como vector de propágulos a larga distancia. Además, la inclusión de varias 
especies de aves acuáticas y la evaluación de algunas premisas tradicionales de este 
tipo de modelos permitió estimar el rango de frecuencias de DLD (0-3.5% de los 
eventos de dispersión a más de 100 km). 

Sin embargo, las evidencias empíricas y directas de la dispersión de 
propágulos por aves migratorias durante la migración activa eran prácticamente 
inexistentes. Por tanto, investigamos el transporte de propágulos por aves 
migratorias que vuelan entre Europa y África durante la migración otoñal 
(Capítulo 3). Este estudio fue realizado en un islote de las Islas Canarias 
(Alegranza), donde los halcones de Eleonor depredan aves migratorias a lo largo 
de su ruta migratoria (principalmente, cuando estas se ven desviadas de su ruta 
habitual por vientos alisios). Mediante el análisis de localizaciones obtenidas con 
aparatos de GPS de halcones marcados, pude comprobar que todas las aves 
migratorias cazadas por los halcones estudiados fueron capturadas en pleno vuelo 
migratorio sobre el mar, en un área entre Alegranza y la costa africana. 
Muestreando los restos almacenados en “despensas” junto a los nidos de cada 
halcón, obtuvimos los tubos digestivos de 408 aves migratorias. El 1.2% de ellas 
(dos especies de paseriformes y una especie de galliforme) transportaban semillas  
(57 semillas de cinco familias distintas) durante el vuelo migratorio. La mayoría de 
las estas semillas pertenecían a familias de plantas que no se encuentran 
actualmente en las Islas Canarias, o por lo menos en las islas más cercanas a 
Alegranza (situadas al Este del archipélago). Por tanto, concluímos que las aves 
migratorias son capaces de asegurar la dispersión a larga distancia, incluso entre 
continentes distintos o hasta islas oceánicas, de propágulos ingeridos previamente 
al vuelo migratorio. Adicionalmente, la ausencia de las especies dispersadas en 
todo el territorio de las Islas Canarias (o en las islas más cercanas y áridas) indica 
que el ambiente (abiótico y/o biótico) local probablemente impiden su 
establecimiento. 

Además, investigamos si el elevado potencial de dispersión de los 
organismos dispersados por aves migratorias se refleja en la estructura sus 
comunidades. Para ello, cuantificamos el efecto de los procesos espaciales (o 
regionales), que representan limitación de dispersión, en sus patrones de 
diversidad. Usando análisis de partición de varianza, evaluamos la importancia 
relativa de los procesos espaciales y de nicho como determinantes de la riqueza de 
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especies (α-diversidad; Capítulo 4) y la variación en la composición de especies (β-
diversidad; Capítulo 5) en comunidades naturales de plantas acuáticas 
(angiospermas acuáticas) y cladóceros (zooplancton crustáceo), a escala local, 
regional (intra-regional; hasta 300 km) y continental (inter-regional). En el capítulo 
4, la falta de correlación espacial entre la riqueza de especies de los lagos 
muestreados (una vez controlado por el efecto de la variación ambiental) sugirió 
poca limitación de dispersión dentro de las regiones. Aunque algunas variables 
relacionadas con conectividad (como la cantidad y superficie de los humedales en 
la vecindad de los humedales focales) tuvo un efecto significativo sobre la riqueza 
de especies, el ambiente tuvo un efecto mucho más fuerte – en particular, la 
concentración de fósforo (un indicador de productividad en muchos sistemas 
acuáticos). La región fue el factor que más contribuyó a explicar la variación en la 
riqueza de especies, lo cual indica un importante efecto de factores biogeográficos, 
como el número de especies encontradas en una sola región (es decir, el nivel de 
“endemicidad” entre los taxones incluidos en el estudio).   

La variación en la composición de comunidades fue explicada en gran 
medida por el reemplazo de especies, en vez de su pérdida gradual, tanto dentro 
de como entre regiones (Capítulo 5). Además, la estructura espacial de los lagos en 
cada región, incluyendo la distancia entre ellos, no influyó en la variación en la 
composición de sus comunidades, significando que estas no están limitadas por 
dispersión. En su lugar, fueron las variables bióticas y abióticas, y en menor 
medida la conectividad, quienes explicaron la mayor parte de la variación en la 
composición de comunidades. Una gran parte de la variación ambiental estaba 
estructurada regionalmente, en particular las variables climáticas (temperatura y 
precipitación), lo que explica la gran variación detectada en la composición de las 
comunidades entre regiones. El efecto puro de la región fue también significativo, 
lo que probablemente refleja la influencia de patrones biogeográficos – que pueden 
ser reforzados por limitación de dispersión a esa escala (continental). 

Aunque los procesos  espaciales y de nicho explicaron una parte 
considerable de los patrones de diversidad, se observó un reemplazo de especies 
inusualmente alto a pequeña escala, incluso entre lagos cercanos en los que las 
condiciones ambientales son similares y la limitación de dispersión es casi 
inexistente. En el Capítulo 6, investigamos experimentalmente si la comunidad 
residente de macrófitos o zooplancton  podía restringir la inmigración de otras 
especies a través de efectos de prioridad (es decir, si el momento en el que se 
produce la llegada de inmigrantes determina su probabilidad de establecerse 
éxitosamente) y de resistencia ejercida por la diversidad local (es decir, si las 
comunidades residentes más diversas restringen el éxito de los organimos 
inmigrantes); y si estos efectos determinan la riqueza y composición de dichas 
comunidades. En las comunidades de macrófitos, el aumento en la diversidad de 
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residentes a lo largo de la época de crecimiento reforzó los efectos de prioridad. En 
las comunidades de zooplancton, sin embargo, los fuertes efectos de prioridad 
ejercidos por los organismos fundadores (desde el inicio del ensamblaje de la 
comunidad) restringió en gran parte la invasibilidad de la comunidad. 

En resumen, los movimientos migratorios de aves pueden mediar la 
dispersión de propágulos a larga distancia (más de 100 km) e influir en la ecología 
y biogeografía de los organismos dispersados pasivamente. Las diferentes especies 
migratorias que actuan como dispersoras de propágulos pueden proporcionar 
servicios de dispersión diferentes pero complementarios, dependiendo de su 
tamaño y su estrategia de migración. Las aves acuáticas, en particular, tienen el 
potencial para dispersar propágulos regularmente a decenas de kilómetros y 
ocasionalmente (hasta 3.5% de los eventos de dispersión) a más de 100 km. De 
hecho, las especies dispersadas pasivamente no están en general limitadas por 
dispersión, aunque factores relacionados con la conectividad puedan afectar a sus 
patrones de diversidad en algunas regiones. Por el contrario, fueron los procesos de 
nicho quienes determinaron principalmente la $- y %-diversidad de estas 
comunidades, a través de efectos de filtrado abiótico y biótico. La limitación de 
dispersión puede ser detectada solamente a escala continental y, por tanto, su 
efecto principal es reforzar la heterogeneidad de la composición de las 
comunidades a gran escala (potenciando patrones biogeográficos). Finalmente, los 
efectos de prioridad (que, dependiendo del taxón, pueden ser reforzados por la 
resistencia biótica ejercida por la diversidad residente) pueden explicar el alto 
reemplazo de especies observado a pequeña escala. En combinación con la 
dispersión de propágulos a larga distancia, los efectos de prioridad pueden 
explicar los patrones de distribución en mosaico típicos de las comunidades 
acuáticas estudiadas. Esta tesis proporciona un marco de trabajo general que puede 
ser usado para el test de hipótesis que evalúen las consecuencias ecológicas y 
biogeográficas de la dispersión a larga distancia mediada por aves migratorias. 
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General introduction 
 
Why any given species (or clade) has a limited distribution range and does not 
occur elsewhere? This question underlies observed biodiversity patterns and is 
therefore central in ecological and biogeographical research (Gaston, 2000). To 
tackle it, one may ask why that species has not expanded (or moved) to other 
places; in other words, we need to know what are the factors that limit its dispersal 
along the entire history of the species, i.e. from the place and time of speciation 
onto its present range, and in space. Two main processes determine the dispersal 
potential of organisms: (1) their intrinsic dispersal ability (often referred to as 
"dispersal limitation"), which is determined by the organisms' ability to move, and 
(2) the ecological factors that allow or prevent their establishment at the arrival 
place (i.e. its successful colonisation). The second factor reflects that the species 
distribution is constrained by its niche, defined as the interaction between a 
species’ traits and its abiotic and biotic environment (Wiens & Donoghue, 2004), 
and thus reflects the range of environmental conditions in which the species can 
persist, though such constraint might depend on to the species’ ability to adapt to 
alternative or new environments (niche evolution). Even vicariance (geographical 
separation of a species eventually leading to speciation), which is used to explain 
large-scale distributions, is the result of processes that limit dispersal, such as the 
inability to overcome geographical barriers (Wiens & Donoghue, 2004).  
 
Community ecology: from single species to global communities 
 
From single species to a single community 
Species are never, or seldom, alone; instead they coexist and live in biological 
communities. Therefore the distribution of species is tightly related to the 
mechanisms underpinning community assembly and species coexistence over time 
(maintenance of species diversity). MacArthur (e.g. MacArthur & Wilson, 1967) 
and Hutchinson (e.g. Hutchinson, 1957) laid the foundations for the study of these 
mechanisms in the 50's and 60's, and since then many ecologists contributed to the 
development of a modern synthesis of community ecology (Vellend, 2010). 
Although a vivid debate still exists, namely that opposing niche (niche theory; 
Tilman, 2004) and neutral (neutral theory; Hubbell, 2001) processes, all the 
processes and concepts reported in the history of community ecology research 
seem to converge into four main categories of processes: speciation, dispersal, 
selection (niche processes) and drift (stochastic changes in species abundances; 
Vellend, 2010). Interestingly, if one descends one step in the hierarchy of the 
biological organization, four analogous processes form the basis of the Modern 
Evolutionary Synthesis – mutation, gene flow, selection and drift –, the theoretical 
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foundation of population genetics. In the following sections, I depart from the 
integrative view of the fundamental set of processes underpinning species 
distributions and community ecology provided by Vellend (2010) to contextualize 
this thesis, and use his framework as the common ground for discussing its results 
and conclusions. The conceptual framework of the thesis is presented in Figure 1, 
which builds on Vellend's (2010) theoretical framework but further develops 
propagule dispersal (particularly long distance dispersal, LDD) as a unifying 
process across spatial scales. In this thesis, I consider LDD as one-way, large-scale 
movements across population boundaries that might influence metacommunity 
and biogeographic processes – and focus specifically on LDD of propagules by 
migratory birds, which we consider the most relevant vector for aquatic organisms. 
(This and other definitions are provided throughout the General introduction.) 
 
From single communities to metacommunities 
As the spatial scale increases, from local patches (i.e. local communities) to 
landscapes, multiple communities interact (i.e. are linked) via dispersal – often 
referred to as “metacommunities”. The foundations of the metacommunity theory 
(Leibold et al., 2004; Holyoak et al., 2005) lie on the same basic principles of 
community ecology, with one exception: speciation, which takes place over longer 
temporal scales (evolutionary time scale). Thus, the four paradigms making up the 
metacommunity framework – species sorting, mass effects, patch dynamics and 
neutral model – are defined by the rate of dispersal of organisms, the 
environmental and biotic heterogeneity of habitat patches (causing selection), and 
the functional equivalence among species in terms of niche and fitness (which 
determines the relative importance of selection and drift; Leibold et al., 2004; Logue 
et al., 2011). The species sorting mechanism assumes that habitat patches are 
environmentally heterogeneous, and that species can track environmental variation 
and coexist through high dispersal rates and niche differences. Mass effects occur 
when habitat patches vary in their environmental conditions (often as a quality 
gradient) and species follow a source-sink dynamics, i.e. species dispersing from a 
source habitat can persist in a sink habitat due to the continuous arrival of new 
colonisers. In contrast to species sorting and mass effects, patch dynamic processes 
require homogeneous habitat patches, in which species show a colonisation-
competition trade-off whereby species with high dispersal abilities are poor 
competitors and vice-versa. Finally, the neutral model assumes that species are 
ecologically similar (in terms of niche and fitness) and communities are structured 
through the balance of stochastic colonization and demography.  

It is important to stress out that these four processes might not be mutually 
exclusive. For example, mass effects might be interpreted as species sorting (e.g. 
Winegardner et al., 2012). The potential overlaps between these four processes has 
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been argued to suggest that the debate should focus instead on the relative 
importance of the two basic drivers underlying them, namely the relative 
contributions of deterministic (selection) vs. stochastic (dispersal, drift and 
speciation) processes (Chase & Myers, 2011). For example, Gravel et al. (2006) argue 
that niche and neutrality form a continuum established by the balance of 
competitive and stochastic exclusion.  
 

 
Figure 1. Conceptual framework of the research reported in this thesis. Solid, greyed boxes 
represent geographical areas and dashed, white boxes and dashed arrows represent the 
process of propagule dispersal between habitat patches at various distances. SD: standard 
dispersal (mediated by local movements); LDD: long distance dispersal (mediated by 
migratory movements). 
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From metacommunities to biogeographic regions 
As the scale increases, from landscapes to biogeographic regions, (i) dispersal 
ability becomes increasingly limiting in relation to geographic distances, and (ii) 
environmental conditions become increasingly different, particularly along 
latitudinal gradients (Hillebrand, 2004; Wiens & Donoghue, 2004), which reduces 
colonisation success (and the underlying dispersal potential). The resulting 
decrease in effective dispersal and colonisation contribute decisively to reinforce 
biogeographical mechanisms such as adaptation, vicariance, speciation and 
extinction (Wiens & Donoghue, 2004). At such broad scales, however, one question 
remains: can the dispersal ability of organisms be sufficiently high to dilute 
biogeographical patterns? This question is particularly relevant for microscopic 
organisms, which show high dispersal rates, tend to be locally abundant and 
multiply at very high rates. Hence, many ecologists believe that "everything is 
everywhere", i.e. that microscopic organisms (those with body size <1-2 mm) have 
cosmopolitan distributions (Finlay, 2002). Unfortunately, there is limited evidence 
for ubiquity, largely because "the environment selects" (Martiny et al., 2006). Still, 
recurrent events of long distance dispersal might promote connectivity in broad 
geographical areas, as required to explain broad and cosmopolitan distributions, or 
the colonization of distant regions, as required to explain disjunct patterns such as 
bipolar distributions (Nathan et al., 2008a); see Santamaría, 2002, for a discussion of 
other factors contributing to broad and cosmopolitan distributions). 
 
 
Properties of ecological communities: species diversity 
 
The key to prediction and understanding lies in the elucidation of mechanisms underlying observed 
patterns. Typically, these mechanisms operate at different scales than those on which the patterns are 
observed; in some cases, the patterns must be understood as emerging from the collective behaviors of 
large ensembles of smaller scale units. In other cases, the pattern is imposed by larger scale constraints. 
Examination of such phenomena requires the study of how pattern and variability change with the 
scale of description, and the development of laws for simplification, aggregation, and scaling. (Levin, 
1992) 
 
All the mechanisms referred above underlie fundamental patterns in (community) 
ecology – the spatial distribution of species and consequent diversity patterns 
across different spatial scales –, and determine (1) the number of species in each 
local community (local species richness or α-diversity), (2) the number of species in 
the regional pool (regional species richness or γ-diversity), and (3) the variation in 
species composition (species identity) among local communities (β-diversity). 
Although establishing a direct link between processes and patterns in community 
ecology, namely across different spatial scales, is not straightforward (as noted by 
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Levin, 1992), as the same pattern might be achieved via different processes 
(Vellend, 2010), it is possible to distinguish between broader classes of processes, 
such as niche and spatial processes (explained in Chapter 4 and 5). 
 
Dispersal 
It can be deduced from above that estimating the potential for dispersal of the 
different species, such as the dispersal frequency and distance, is essential to study 
community ecology across spatial scales and thus to understand biodiversity 
patterns. This thesis aims at contributing to this broad field, in the interface 
between ecology and biogeography. 

Dispersal is defined as the movement of individuals away from their source 
location (often across population boundaries although, in sessile organisms, the 
movement of offspring away from the mother, within the same population, is also 
considered as dispersal). It sets the template on which the survival, growth and 
reproduction of individuals subsequently operate – and, therefore, has ecological 
consequences across the various levels of biological organization. Dispersal 
promotes gene flow among populations; affects population and community 
composition, structure and dynamics (Clobert et al., 2001); and controls the 
dynamics of metapopulations and metacommunities, i.e. the foundation, 
persistence and extinction of populations and communities (Hansky, 1991; Leibold 
et al., 2004). 

Sessile organisms, as well as those with limited powers of dispersal, must 
rely on some kind of vector to disperse (i.e. they rely on passive dispersal). 
Passively dispersed (i.e. vectored) organisms include plants, invertebrates (mainly 
microinvertebrates) and microorganisms (e.g. pathogens), which can be 
transported as dormant propagules (e.g. seeds and eggs of plants and 
invertebrates), fragments (typically for plants) and/or whole, living individuals 
(e.g. snails attached to and pathogens travelling with vector animals, and insects 
transported by wind). Passive dispersal generally occurs over small spatial scales, 
as, for example, plants are rarely dispersed over more than 1500 m (Corlett & 
Westcott, 2013). However, infrequent events of long distance dispersal (LDD) may 
have great ecological importance. They might link habitat patches in fragmented 
landscapes, where stepping-stone dispersal is constrained (Levey et al., 2008), and 
influence the dispersal rates of individuals and species (Higgins & Richardson, 
1999), thus affecting the regional dynamics and structure of populations and 
communities (Levine & Murrell, 2003; Bohrer et al., 2005). When LDD occurs at 
even larger scales, it might lead to range expansion or shifts (including invasions), 
influencing biogeographical and evolutionary processes (Gillespie et al., 2012). 
Furthermore, LDD might be a crucial mechanism for the survival of species or 
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populations currently facing habitat fragmentation and climate change 
(Trakhtenbrot et al., 2005). 

Different mechanisms might generate passive LDD. Although the majority 
of studies on passive LDD are on seed dispersal, the same mechanisms can be 
applied to other organisms (e.g. dispersal of dormant eggs and pathogens). Nathan 
et al. (2008a) enumerated six major LDD mechanisms: vector movement in open 
terrestrial landscapes, large animals (which have often large home ranges), 
migratory animals, extreme meteorological events, ocean currents, and human 
transportation. Among these, only human transportation and occasional extreme 
meteorological events (e.g. tornadoes and floods) can operate at scales broader than 
migratory animals (Nathan et al., 2008a).  
  
Long-distance propagule dispersal by migratory birds 
The great majority of dispersal events mediated by animal vectors, particularly for 
seed dispersal, are mediated by vertebrates and ants (although other arthropods 
might also disperse propagules; Stiles, 2000). However, ants disperse propagules 
only a few metres (Gómez & Espadaler, 1998). Among vertebrates, birds are 
probably the most abundant and competent vectors (Stiles, 2000). For example, 36% 
of 135 extant families of terrestrial birds, compared to 20% of 107 families of non-
marine mammals (the second major group of seed dispersers), are partly or 
predominantly frugivorous (Fleming, 1991). Moreover, many non-frugivorous 
birds species, most notably waterbirds, disperse large amounts of seeds and eggs of 
plants and invertebrates (Figuerola et al., 2003; Van Leeuwen et al., 2012b). Birds 
can disperse propagules both internally (endozoochory), following voluntary (e.g. 
frugivory and granivory) or involuntary (mixed with other food items) ingestion of 
propagules, and externally (epizoochory), through propagule attachment to the 
vector body. Nonetheless, the large majority of dispersal events are via ingested 
propagules, both in landbirds (e.g. Costa et al., 2014) and waterbirds (Brochet et al., 
2009a). This is particularly true for plant seeds and aquatic invertebrates, since 
most species (e.g. over 95% plant species; Sorensen, 1986) lack adaptations for 
external transport. Conversely, many terrestrial invertebrates (notably 
ectoparasites) rely on external transport, since they do not produce propagules 
resistant to bird digestion but are able to hang to the plumage or feet (Fenton et al., 
2002).  

Many bird species of different functional groups are propagule dispersers. 
Internal dispersers include ducks and geese (Anseriformes), herons 
(Ciconiiformes), cranes (Gruiformes), shorebirds (Charadriiformes; Van Leeuwen et 
al., 2012b), perching birds (Passeriformes), pigeons (Columbiformes), woodpeckers 
(Piciformes) and cassowaries (Casuariiformes; Stiles, 2000); as well as hornbills, 
motmots, trogons, oilbirds and turacos (Stiles, 2000). Occasional seed dispersal by 
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seed predators is also observed in perching birds and pigeons, as well as parrots 
(Psittaciformes), gallinaceous birds (Galliformes), tinamous (Tinamiformes) and 
rheas (Rheiformes; Stiles, 2000). Hawks (Falconiformes) and owls (Strigiformes) can 
be secondary dispersers (Stiles, 2000; Nogales et al., 2002), as they can disperse the 
seeds previously ingested by their prey. External dispersers potentially include 
every bird species, but studies have been mainly conducted on waterbirds (e.g. 
Figuerola & Green, 2002a; Brochet et al., 2009b; but see Costa et al., 2014), i.e. ducks 
and geese (Anseriformes), herons (Ciconiiformes), cranes (Gruiformes), shorebirds 
(Charadriiformes), loons (Gaviiformes) and grebes (Podocipediformes). 

Nearly one fifth (19%) of all extant bird species on earth (10,064; BirdLife-
International, 2014b) are fully migratory (Somveille et al., 2013). Many other species 
make long-distance movements, which include other forms of migration (such as 
partial migration, fine-scale altitudinal migration, differential migration and 
irruptive migration) as well as dispersal movements. Migratory birds can be key 
dispersal vectors for a number of reasons: (1) they move seasonally over broad 
scales and can overcome major geographical barriers; (2) they can generate directed 
dispersal as they stop at sites with similar, suitable habitat along the migration 
route, increasing the probability of successful establishment of dispersed 
propagules; and (3) they are diverse, abundant and ubiquitous. 

Although migratory birds occur all over the world, the vast majority occur 
in higher latitudes, especially in the northern hemisphere where temperate climates 
dominate and environmental conditions vary seasonally (Somveille et al., 2013). 
The proportion of migratory species is also higher at higher latitudes and in the 
northern hemisphere (Somveille et al., 2013). This means that LDD by migratory 
birds might be more frequent in higher latitudes and particularly relevant in the 
northern hemisphere, although it can also be an important mechanism in tropical 
regions where altitudinal migrants are common. 
 
Mechanism of propagule dispersal  
The mechanism of passive dispersal consists of three basic processes: (1) initiation 
(propagule uptake by the vector), (2) transport (vector movement), and (3) 
termination (propagule deposition after gut passage or detachment; Nathan et al., 
2008a). These different processes are individually developed below with an 
emphasis on migratory bird vectors. 
 
1) Propagule uptake. The dispersal process initiates when the vector acquires the 
propagule, thus it is contingent upon the biotic interaction between the vector (in 
this case the migratory bird) and the vectored organism (the propagule) – thus, on 
their spatial, temporal and ecological overlap. This biotic interaction might be 
mediated by (1) the intentional lure provided by an associated reward, such as the 
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pulp consumed by frugivores or the elaiosome collected by ants, (2) granivory, 
when a fraction of the propagules survive gut passage, (3) involuntary ingestion, 
such as filter-feeding, or (4) stochastic (and sometimes accidental) attachment to 
bird feet or feathers. In endozoochorous systems, the propagules of terrestrial 
organisms, such as plants, generally are, contain or are associated to rewarding 
structures that attract their vectors (e.g. Herrera, 2002), whereas aquatic propagules 
(produced by aquatic plants and invertebrates) are often ingested involuntarily 
when waterbirds feed on sediment or vegetation (Figuerola & Green, 2002b; Green 
et al., 2002). Besides adaptations to favour ingestion and/or withstand digestion, 
some vectored species produce propagule structures that favour attachment to the 
bird body (e.g. barbs, hooks, or viscid outgrowths in some plant seeds; Sorensen, 
1986). In addition, the physical environment can also facilitate external transport, 
for example in muddy areas where the sticky sediment may facilitate the 
attachment of propagules to bill, feet or feather surface (Figuerola & Green, 2002b). 
The detailed description of all the different mechanisms leading to propagule 
uptake is beyond the scope of this thesis.  

The spatio-temporal synchrony between fruiting (i.e. seed production) and 
bird migration is probably crucial for successful propagule uptake and consequent 
long distance dispersal (Green et al., 2002). Evidence for such synchrony is 
observed in several regions and biomes, particularly during the autumn migration 
season, when animal-dispersed plants (fruit trees and shrubs) produce their fruits 
(Howe & Steven, 1979; Parrish, 1997; Burns, 2002); but see Guitián, 1998). 
Nevertheless, the propagules of aquatic organisms can form abundant propagule 
banks in the sediment that can be exploited by waterbirds all year round, thus 
reducing the importance of temporal synchrony between propagule production 
and vector visitation rates, especially during migration, when the potential for LDD 
is higher (Figuerola et al., 2003). 
 
2) Transport: bird movement. After uptake, propagules are transported either over 
local scales or to distant sites when long-distance movements are performed (e.g. 
migratory flights). Migration is a directional movement between separate breeding 
and wintering areas. Birds undertake extraordinary migratory journeys, crossing 
hundreds or thousands of kilometres, often over entire continents or between them 
(intercontinental migrations). Migration consists, in most cases, of a series of 
consecutive long-distance migratory flights interspersed with stopover periods for 
resting and feeding (Alerstam, 1993; Åkesson & Hedenström, 2007; Hedenström, 
2008); but see Gill et al., 2009, for extreme, non-stop flights of waders across the 
entire Pacific ocean). Although the majority of time during migration is spent on 
stopover sites (Newton, 2008), generating local-scale dispersal, migratory flights 
can be expected to promote less frequent, though long distance, dispersal events. 
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The frequency and magnitude of these events is likely to differ among migratory 
birds that show different migration strategies – depending, in turn, on tradeoffs 
between time, energy and safety, as well as external factors such as landscape 
features and meteorological conditions (Alerstam & Lindström, 1990). 
 
3) Propagule deposition. Finally, propagules surviving gut passage or remaining 
attached during the bird flight will be deposited in the place where the vector 
landed. In endozoochory, propagule gut retention time varies among (vector) bird 
and (vectored) propagule species. The size and type of propagule have relatively 
straightforward effects, as for example larger propagules and animal resting eggs 
have shorter retention times (Charalambidou et al., 2005; Figuerola et al., 2010). 
However, other factors, such as the shape, density and membrane thickness of 
propagules, have less clear effects. As for the effect of bird traits on gut retention 
time, it has received limited attention and reported patterns are far from clear 
(Traveset et al., 2007), probably due to the lack of standardisation of and focus on 
the key variables in most experiments published to date. Existing evidence suggest 
that GRT is directly proportional to the bird size (e.g. GRT in passerines is shorter 
than in waterfowl; Herrera, 1984a, vs. Charalambidou et al., 2003b), but this pattern 
may not be universal (e.g. when comparing the retention time of waterfowl and 
waders, the former tend to have larger modes but shorter maxima; DeVlaming & 
Proctor, 1968).  
 
Model system and thesis presentation: from processes to patterns of biodiversity 
in aquatic organisms 
 
Long-distance passive dispersal of aquatic organisms by migratory waterbirds 
 
I think it would be an inexplicable circumstance if water-birds did not transport the seeds of fresh-
water plants to unstocked ponds and streams, situated at very distant points. The same agency may 
have come into play with the eggs of some of the smaller fresh-water animals. (Darwin, 1859) 
 
Inland aquatic organisms live in “islands of water in a sea of land” (e.g. Malmqvist 
et al., 1999), i.e. aquatic islands surrounded by a matrix of terrestrial, inhospitable 
habitat. Nevertheless, as recognised and noticed by Darwin (1859), they are able to 
disperse overland from one waterbody to another, potentially over long distances, 
with great efficiency (Bilton et al., 2001; Havel & Shurin, 2004). Since most inland 
aquatic organisms lack mobility outside the waterbodies they inhabit, they must 
rely on alternative vectors for their dispersal.  For example, aquatic plants and 
invertebrates produce resting propagules that are dispersed overland by wind 
(Vanschoenwinkel et al., 2008a), amphibians (Bohanak & Whiteman, 1999), birds 
(Van Leeuwen et al., 2012b) and mammals (Vanschoenwinkel et al., 2008b). Among 
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these, waterbirds have been shown to be frequent vectors, as they transport large 
quantities of propagules of a wide range of species that are able to survive gut 
passage and remain viable (Figuerola et al., 2003; Charalambidou & Santamaría, 
2005; Sánchez et al., 2006; Green et al., 2008; Brochet et al., 2010). Due to the large 
amount of available data on their diet, migratory movements and propagule 
retention times, waterbirds constitute an exceptional model system to investigate 
the mechanisms of long-distance propagule dispersal by migratory animals. 
Dispersal patterns promoted by waterbird movements might generate important 
connections between populations and communities of these aquatic organisms, 
regulating patterns of biodiversity distribution at variable scales (depending on the 
range of dispersal distances).  
 
Dispersal potential of macrophytes and zooplankton. Tracking animal-dispersed 
propagules is a challenging task, especially those that can be transported over 
hundreds and even thousands of kilometres. For example, (1) direct methods for 
studying seed dispersal, such as tracking propagules with radioactive labelling and 
fluorescent microspheres and/or dust, and (2) indirect methods, such as stable 
isotope analysis and the use of molecular genetic markers (see Wang & Smith, 2002, 
for a review), can rarely be used to estimate the frequency and magnitude of long 
distance dispersal events, even less for estimating realistic dispersal patterns (e.g. 
dispersal kernels; Nathan, 2006). This difficulty limits the use of phenomenological 
models for studying passive LDD, such as that mediated by bird migratory 
movement. Instead, mechanistic models are suitable tools for estimating and 
understanding passive LDD in a process-based fashion (Nathan & Muller-Landau, 
2000).  

Although a large body of literature exists on waterbird-mediated dispersal, 
few study the patterns of dispersal of passively-dispersed (i.e. vectored) aquatic 
organisms. Based on simple mechanistic estimations, some report ranges of 
dispersal distances (Charalambidou et al., 2003b) and only Charalambidou et al. 
(2003a), Soons et al. (2008) and Raulings et al. (2011) estimate dispersal curves. 
However these studies estimated dispersal distances by multiplying the gut 
retention time (GRT) of propagules by the instantaneous flight speed (usually radar 
mesurements) of waterbirds. Thus these estimations correspond to the distance 
birds would have moved in a time-window equivalent to that at which gut 
retention time is recorded, assuming that waterbirds (i) depart immediately after 
ingesting the propagules, (ii) move along a linear trajectory (with a constant 
bearing), (iii) move at constant flight speed, and (iv) stop immediately after gut 
passage (see a critical review for passive LDD by migratory waterbirds in Clausen 
et al., 2002). In fact, the vector movement behaviour, which is expected to influence 
dispersal patterns (Westcott et al., 2005; Russo et al., 2006), has never been taken 
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into account, although some authors have argued that the size (Clausen et al., 2002), 
functional group (Green et al., 2002; Green & Figuerola, 2005), and flight speed 
(Charalambidou et al., 2003b) of waterbirds is associated to different movement 
behaviours that might consequently affect the dispersal patterns of aquatic 
organisms. 

In Chapter 1 and 2, I provide a conceptual framework that integrates the 
necessary steps towards the estimation of propagule dispersal by migratory birds 
(through a mechanistic approach), which was subsequently used to estimate the 
dispersal patterns of aquatic propagules dispersed by waterbirds. In Chapter 1, I 
estimate the dispersal frequency and distance of propagules of aquatic plants and 
zooplankton subjected to LDD by migratory waterfowl, and investigate the effect 
of vector movement patterns (generated by different migratory strategies) and 
propagule characteristics (size and type) on the dispersal patterns. In Chapter 2, I 
analyse the properties of seed dispersal curves generated, for the seeds of several 
aquatic plants, by a wide range of waterbird species, and investigate how bird size 
scales to key model parameters (movement distance and gut retention time) and 
consequently to seed dispersal patterns. Finally, because direct evidence of long 
distance propagule dispersal by migratory vectors was still lacking and its 
potential has been questioned by several authors (e.g. Clausen et al., 2002), which 
argue that migratory birds fly with empty or even atrophied guts (Karasov & 
Pinshow, 1998; Piersma & Gill, 1998; McWilliams & Karasov, 2004), I analyse in 
Chapter 3 the frequency of seeds carried in the guts of birds (mostly passerines) 
hunted, while in their migratory flight, by Eleonora's falcons.  
 
Processes and patterns of macrophyte and zooplankton biodiversity 
Taking into account that (1) macrophytes and zooplankton have great powers of 
dispersal, rapidly colonizing newly available habitat (Santamaría, 2002; Louette & 
De Meester, 2005), (2) inland aquatic habitats are fairly homogeneous across broad 
spatial scales (Santamaría, 2002), and (3) many species tend to have ample 
geographic distributions and a low proportion of endemisms (e.g. Santamaría, 
2002; Adamowicz et al., 2009), it is reasonable to expect that their species 
assemblages are fairly homogeneous across large spatial scales (i.e. have low β-
diversity). However, previous studies suggest that macrophytes and zooplankton 
show high variation in species diversity even over small spatial scales, suggesting 
that local factors (abiotic and/or biotic conditions) might have a strong effect on the 
colonisation success and consequent diversity patterns (Louette et al., 2008; Capers 
et al., 2010).  

Several theories have been developed to explaining diversity patterns in 
inland aquatic ecosystems, although some of them were initially proposed for 
terrestrial ecosystems. The main (not exhaustive) set of formulated hypotheses 
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include the landscape filter concept, the species-area relationship (SAR), the 
metacommunity concept, the intermediate disturbance hypothesis, the diversity-
biotic interaction hypothesis, the species-energy theory and related hypotheses 
(diversity–productivity hypothesis and the metabolic theory), the diversity-
heterogeneity hypothesis, and those focused on the relationship between diversity 
and stability such as the diversity-stability theory, the diversity-ecosystem function 
theory and the diversity-invasibility hypotheses (see Stendera et al., 2012, for a 
comprehensive review of the different theories). From these different theories, it is 
possible to infer the main general drivers of aquatic diversity (at least those 
receiving more attention in research studies), which are waterbody size (most often 
area), environmental heterogeneity, disturbance, and energy flow (the latter being 
related to nutrients and productivity; Stendera et al., 2012; see Bornette & Puijalon, 
2011, and Hessen et al., 2006, for a review on the specific drivers of macrophyte and 
zooplankton diversity, respectively). In addition, interspecific interactions, namely 
those produced by trophic cascades, might originate cross-taxon diversity 
relationships. For example, the shallow lakes theory states that critical transitions 
between clear and turbid states along an eutrophication gradient is mediated by the 
dominance of different primary producers (either macrophytes or phytoplankton), 
which in turn regulate the abundance and diversity of zooplankton (Scheffer et al., 
1993).  

Notwithstanding the various studies, the processes identified as drivers of 
the diversity of macrophytes and zooplankton across different spatial scales are 
still disparate. Some studies suggest that dispersal limitation explains a high 
proportion of the variation in diversity, even over short spatial scales (Capers et al., 
2010; Frisch et al., 2012), while others suggest that niche processes (abiotic and 
biotic filtering) are the main drivers of observed diversity patterns in both 
macrophytes and zooplankton (Cottenie & De Meester, 2003; Alahuhta & Heino, 
2013). Beyond these diversity patterns, macrophytes tend to show broad 
distributional ranges (Santamaría, 2002), whereas zooplankton show strong 
biogeographic patterns at continental scale driven by environmental gradients in 
climatic variables (e.g. productivity and energy; Hessen et al., 2006; Pinel-Alloul et 
al., 2013). Very few studies have analysed diversity patterns at spatial scales 
congruent with the dispersal abilities of the study taxa (but see an example with 
diatoms in Bennett et al., 2010), which in the case of macrophytes and zooplankton 
may reach more than one thousand kilometres (as estimated in Chapter 1 and 2). 

In order to study the patterns of spatial variation in macrophyte and 
zooplankton diversity, I analyse the relative importance of dispersal (estimated as 
spatial and connectivity effects) and niche processes (estimated as abiotic and biotic 
effects) in shaping the spatial variation in species richness (Chapter 4) and 
community composition (Chapter 5). I analyse the species compositional patterns 
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in natural communities of aquatic macrophytes and cladocerans across the 
European continent using three different spatial scales adjusted to their dispersal 
ability (previously estimated in Chapter 1 and 2): local  (single community), 
regional (up to 300 km) and continental (inter-regional) scale (Figure 2).  

My own results (in Chapter 4 and 5) suggested that community composition 
varies considerably (showing a high species turnover) across small spatial scales, a 
fact that contrasts with both the high dispersal rates expected for both macrophytes 
and zooplankton, and the homogeneity of aquatic habitats over short spatial scales. 
In Chapter 6, I use a mesocosm experiment to test whether biotic resistance 
(divided in two components: priority effects and diversity resistance) can explain 
this paradoxical pattern. A priority effect consists of a competitive advantage 
conferred to those individuals/species that arrive first into a vacant habitat patch. 
Early colonizers might adapt, reproduce and monopolize the available resources, 
thereby preventing late-arriving immigrant species from establishing (Drake, 1991; 
De Meester et al., 2002; Loeuille & Leibold, 2008; Urban & De Meester, 2009). The 
pattern of high species turnover over short scales could be explained by assuming a 
stochastic arrival of species from the regional pool of species followed by priority 
effects, which originates multiple stable equilibria in species composition. 

 

 
Figure 2. Map representing the sampling locations (points), in five different European 
regions (arrows), from where the data used in Chapter 4 and 5 were obtained. Black borders 
delimit biogeographic regions. 
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In summary, this thesis integrates modelling, observational and 
experimental approaches to evaluate the potential for bird-mediated long distance 
dispersal of propagules and the impact of dispersal on aquatic diversity and 
species distribution. First, I analyse the potential for long distance dispersal of plant 
and invertebrate propagules mediated by bird migratory movements, using a 
modelling approach that integrates data from gut retention time experiments with 
field data of vector movements. Then, I analyse the gut contents of migratory birds 
caught by raptors during their migration flight to quantify the frequency of seeds 
carried along such migratory movements. Then I analyse the biodiversity patterns 
of macrophytes and zooplankton across Europe to estimate the contribution of 
environment and dispersal to shaping their community structure and diversity 
distribution. Finally, I tested the potential for resident communities to limit the 
establishment of immigrant species using a mesocosm experiment. 
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Chapter 1 
 
 
 
Migratory strategies of waterbirds shape the 
continental-scale dispersal of aquatic organisms 
 
Duarte S. Viana, L. Santamaría, T. C. Michot & J. Figuerola 
 
Ecography 36: 430-438 (2013) 



Chapter 1 
!

!38!

Abstract 
Long distance dispersal (LDD) of propagules is an important determinant of 
population dynamics, community structuring and biodiversity distribution at 
landscape, and sometimes continental, scale. Although migratory animals are 
potential LDD vectors, migratory movement data have never been integrated in 
estimates of propagule dispersal distances and LDD probability. Here we 
integrated migratory movement data of two waterbird species (mallard and teal) 
over two continents (Europe and North America) and gut retention time of 
different propagules to build a simple mechanistic model of passive dispersal of 
aquatic plants and zooplankton. Distance and frequency of migratory movements 
differed both between waterbird species and continents, which in turn resulted in 
changes in the shapes of propagule dispersal curves. Dispersal distances and the 
frequency of LDD events (generated by migratory movements) were mainly 
determined by the disperser species and, to a lesser extent, by the continent. The 
gut retention time of propagules also exerted a significant effect, which was 
mediated by the propagule characteristics (e.g. seeds were dispersed farther than 
Artemia cysts). All estimated dispersal curves were skewed towards local-scale 
dispersal and, although dispersal distances were lower than previous estimates 
based only on the vector flight speed, had fat tails produced by LDD events that 
ranged from 230 to 1209 Km. Our results suggest that propagule dispersal curves 
are determined by the migratory strategy of the disperser species, the region (or 
flyway) through which the disperser population moves, and the propagule 
characteristics. Waterbirds in particular may frequently link wetlands separated by 
hundreds of kilometres, contributing to the maintenance of biodiversity and, given 
the large geographic scale of the dispersal events, to the readjustment of species 
distributions in the face of climate change. 
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Introduction 
Dispersal is recognised to be a fundamental process in ecology. Defined as the 
movement of individuals away from their source location (across population 
boundaries), it directly affects the survival, growth and reproduction of individual 
organisms and, in turn, has ecological consequences across the various levels of 
biological organization. Dispersal promotes gene flow among populations; affects 
population and community composition, structure and dynamics (Clobert et al., 
2001); and controls the dynamics of population and community foundation, 
persistence and extinction, i.e. the dynamics of metapopulations and 
metacommunities (Hansky, 1991; Leibold et al., 2004). Dispersal capacity is also a 
key determinant of both the response of organisms to climate change (in addition 
to local adaptation and persistence; see e.g. Alsos et al., 2007), and the invasive 
potential of alien species (Wilson et al., 2009). 

Amongst all dispersal events, those involving long distances can have 
disproportionately strong effects in relation to their characteristic low frequency 
(Long Distance Dispersal, LDD; Nathan et al., 2008a).  LDD may have important 
effects on population structure and species distribution, and may also result in self-
accelerating processes of range expansion following major changes in 
environmental conditions (Clark et al., 1998; Higgins et al., 2003). In spite of their 
potential importance, little is known about the factors modulating fat-tailed 
dispersal kernels (highly leptokurtic dispersal curves, i.e. those with relatively high 
frequencies of LDD; Nathan et al., 2008a) produced by animal vectors, largely 
owing to the methodological challenges involved in their study (Trakhtenbrot et al., 
2005; Nathan et al., 2008a). 

The spatio-temporal patterns of animal movement (disperser movement) 
represent an important component of passive dispersal and are, therefore, a key 
determinant of seed shadows (the spatial distribution of dispersed seeds and other 
propagules; Russo et al., 2006). For example, propagule dispersal curves are 
affected by the movement behaviour of different disperser species (Holbrook & 
Smith, 2000; Westcott et al., 2005), as well as by spatial variation, such as the 
configuration of landscapes and the patchiness of resources (Morales & Ellner, 
2002; Carlo & Morales, 2008). Despite its importance, the mechanism and 
effectiveness of LDD events mediated by migratory animals, especially birds, 
remains almost unexplored.  

In aquatic ecosystems, waterbirds are important dispersal vectors for aquatic 
plants and invertebrates, both by external (ectozoochory) and internal 
(endozoochory) transport of their propagules (Charalambidou & Santamaría, 2002; 
Figuerola & Green, 2002b; Santamaría & Klaassen, 2002; Brochet et al., 2009b). 
Other animals, such as amphibians (Bohanak & Whiteman, 1999), fish (Pollux, 
2011) and mammals (Vanschoenwinkel et al., 2008b; Waterkeyn et al., 2010), as well 
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as wind (e.g. Brendonck & Riddoch, 1999) and water, may contribute to the passive 
dispersal of aquatic organisms among nearby wetlands or within hydrologically-
connected catchments. Local movements of waterbirds might also contribute to 
propagule short-scale dispersal, but LDD might depend almost exclusively on 
migratory movements (at least at the scale of hundreds of kilometres), since during 
migratory seasons waterbirds often ingest propagules of aquatic organisms, travel 
regularly over long distances, and land in suitable habitat (water) where 
propagules can be deposited and germinate or hatch (Brochet et al., 2009b). While 
local movements may ensure connectivity among local-populations, migratory 
movements are probably responsible for most directional, long-distance dispersal 
events.  

Several studies have already addressed the dispersal potential of aquatic 
organisms by combining the gut retention time of propagules with the flight speed 
of waterbirds (Charalambidou et al., 2003b; Soons et al., 2008). However, they 
provide estimates of dispersal distances that are based on a particularly weak 
assumption: that the movement performed by the vector was linear, took place at 
constant speed, and ended at the exact point of propagule defecation (otherwise the 
propagule would be defecated on flight, when the chances of landing on adequate 
habitat are virtually nil, as pointed out by Clausen et al., 2002). As a result, the 
dispersal distances they reported are likely to be severely overestimated (albeit still 
useful as a first approximation; equivalent to the Maximum Dispersal Distance 
depicted in Fig. 1). Others simulated the effect of the bird migratory strategy on the 
potential gene spread of aquatic organisms, though the lack of data on propagule 
gut retention time limited the estimation of propagule dispersal distances and 
consequent gene flow derived from this model (Lurz, 2002). 

In this paper, we exemplify how existing information collected to 
characterise waterbird migration may improve our knowledge of propagule LDD 
mediated by migratory birds (process 2 in Fig. 1). Although novel technologies 
such as satellite and GPS tracking devices are now being used to record bird 
movement, only a handful of individuals of a few waterbird species have been 
tracked to date with these devices (Gaidet et al., 2010). In contrast, ringing-recovery 
activity has been applied to virtually all waterbird species occurring in Europe and 
North America for the last one hundred years, generating several millions of 
movement-tracking records (Clark et al., 2009). These data can be used to extract 
species- and population-specific movement patterns. We used ring recoveries from 
Europe and North America to describe and compare the migratory strategies of 
two waterbird species known to ingest and transport propagules of aquatic 
organisms, and investigate their effect on the dispersal curves of four species of 
aquatic plants and one species of zooplankton.  First, we characterized the 
migration strategies of both waterbird species, as well as its variation between 
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continents (Europe and North America), by analysing their movement distances 
during migration. Then, we combined these data with information on propagule 
gut retention time of the five aquatic organisms to model their dispersal distances 
and investigate the effects of waterbird movement patterns and propagule gut 
retention time on the characteristics of the estimated dispersal curves.  

 
Methods 
 
Waterbird movement data 
We used ringing databases acquired from EURING (European Union for Bird 
Ringing) and freely provided by the Bird Banding Lab (BBL) of the United States 
Geological Survey (USGS) to explore the movement patterns of two migratory 
waterbird species, mallard (Anas platyrhynchos) and teal (Anas crecca), in Europe 
and North America. Databases included 91,565 and 878,698 recoveries of mallard; 
and 35,930 and 28,573 recoveries of teal, in Europe and North America respectively. 
All ringing and recovery records for which the accuracy exceeded one day (in the 
case of dates) and/or 10 Km (in the case of geographical position) were excluded 
from the analyses. Proportions of birds recovered dead and alive were not 
homogeneous across Europe and North America; hence, we decided to use 
exclusively dead-bird recoveries – since the distribution of recoveries of dead 
wildfowl (mainly shot by hunters) has been shown to be more widespread and 
representative than those recaptured alive by ringers (Wernham et al., 2002). Only 
records from the fall migration season (which include moult migration and juvenile 
dispersal) were included due to the limited number of recoveries during the spring 
migration. Finally, to ensure that the vast majority of migratory movements (those 
>100 Km; see below) consisted of a single displacement bout (and not of indirect 
movements), we only included in the analyses recoveries in which the time elapsed 
from ringing to recovery was equal or less than the species´ minimum stopover 
time during the migration season (see Supplementary material Appendix 1). 
According to the available literature (referenced in Supplementary material 
Appendix 1), a minimum stopover time of 6 days represents a reasonable choice. 
The ringing data confirmed that choice, since migratory distance and time were not 
correlated within the 6-days time window, as would be expected if movement 
bouts accumulated over time (See Supplementary material Appendix 1, Table A1). 
This condition is necessary because the time needed for a bird to make more than 
one migratory movement (i.e. more than 6 days) far exceeds the maximum gut 
retention time recorded for propagules (50 hours). 

The combination of all these restrictions reduced our dataset to 900 and 
1,741 recoveries of mallard; and 607 and 101 recoveries of teal, in Europe and North 
America respectively. 
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Analyses of migratory movements 
During migration, waterbirds adopt different migratory strategies, depending on 
the species and regions where they live, which are expected to influence propagule 
dispersal curves. In order to characterize the migratory strategies of the two 
waterbird species and their variation between Europe and North America (the 
geographical distributions of ring recoveries are shown in Supplementary material 
Appendix 2), we assessed the effect of species and continent on the frequency and 
distance of migratory movements (>100 Km) by means of generalized linear 
models (GLMs). Distances moved by waterbirds were calculated assuming 
movement at constant compass direction (along loxodromic paths) between ringing 
and recovery places, as suggested by Imboden and Imboden (1972). 

The frequency of migratory movements relative to the total of movements 
(local plus migratory) was analyzed by fitting a GLM with a binomial error 
distribution and a logit link function. The proportion of migratory movements was 
used as the response variable and the total of movements (sample size) were 
included as regression weights; species and continent (fixed factors), as well as 
their interaction, were included as the independent terms. Migratory distances 
were also fitted by a GLM, but using a negative binomial error distribution with a 
log link function. In the latter model, the response variable was the migratory 
distance (in Km) and the independent terms were the same as above (species, 
continent and their interaction). In both models, the significance of effects was 
assessed by means of likelihood ratio tests (LRT) between the full model and the 
nested model lacking the tested independent term.  
 
Estimation of dispersal curves 
Dispersal curves were estimated by combining data on gut retention time (GRT) of 
the different propagules with waterbird movement data (the ringing data used in 
the “Analysis of migratory movements” section). We used GRT data from two 
previous studies in which the survival, retention time and viability of propagules 
of different aquatic organisms was investigated – seeds of three species of Scirpus 
experimentally fed to mallard (Anas platyrhynchos) and/or teal (Anas crecca; 
Figuerola et al., 2010), as well as seeds of Potamogeton pectinatus and cysts of the 
crustacean zooplankton Artemia franciscana experimentally fed to mallard 
(Charalambidou et al., 2005). In the latter study, the effect of two types of diet 
(animal- and seed-based diets) on the gut retention time of seeds and cysts was 
tested, but no differences were found; therefore all duck individuals were used in 
this study, independently of the diet to which they were submitted. Briefly, in these 
experiments ducks accustomed to captivity were force-fed a known number of 
propagules, and the droppings were then collected at regular 4-hour intervals 
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(starting at 1 or 2 hours, depending on the experiment) up to 72 hours. Retrieved 
propagules were then hatched or germinated under controlled conditions. Only the 
GRTs of hatched/germinated propagules were used to estimate dispersal curves, 
as unviable propagules do not lead to successful dispersal (the GRT distributions of 
each of the five species are shown in Supplementary material Appendix 3). 

To estimate dispersal curves, the GRTs of the different propagules were 
combined with the movement distances of the vector waterbirds (Fig. 1). For each 
individual duck used in the GRT experiments, the model ran as follows. (1) One 
value of propagule GRT was randomly sampled from the frequency distribution of 
GRTs derived from the empirical data (see above) and multiplied by the average 
flight speed of the respective vector waterbird species (74.16 Km/h for teal and 
73.80 Km/h for mallard; Welham, 1994; Bruderer & Boldt, 2001; Alerstam et al., 
2007), so that a maximum propagule-dispersal distance (MDD) was calculated. (2) 
The MDD value was then associated to a realized vector-movement distance 
(RMD), randomly sampled from the frequency distribution of movement distances 
of the respective waterbird vector (shown in Fig. 2), derived from the ringing-
recovery datasets; if MDD<RMD, the propagule was assumed to be defecated 
during the flight in inhospitable habitat (“lost propagule”), and no dispersal event 
occurred; otherwise, the propagule was assumed to be defecated in a waterbody 
(after its vector concluded the movement bout and landed on it), hence being 
successfully dispersed (realized propagule dispersal). In this case, the realized 
dispersal distance corresponded to the RMD. This procedure was repeated 999 
times for each individual duck used in the GRT experiments, producing one 
dispersal curve per individual duck. The realized dispersal curve was obtained by 
averaging (across the N individuals of the same species used in the GRT 
experiments; see Supplementary material Appendix 4) the number of propagules 
dispersed to each 10-Km distance class. For a comparative purpose, we also 
estimated the “maximum dispersal curve” based on the frequency distribution of 
MDDs (process 1 in Fig. 1), following a procedure analogous to Soons et al. (2008). 
Maximum dispersal curves assume that waterbirds initiated their movement 
immediately after ingestion of the propagule. This assumption is however relaxed 
for realized dispersal curves, because realized waterbird movements could often be 
covered (assuming an average flight speed) in times well below the GRT. Even so, 
the time elapsed between propagule ingestion and initiation of flight would tend to 
result in overestimates of the frequency of realized dispersal.  

To compare realized dispersal curves, obtained for each combination of 
vector species (teal and mallard), continent (Europe and North America), and 
propagule species (four seed species and one cyst species), we performed pairwise 
comparisons of four different components of the dispersal curves (the mean, 
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Figure 1. Conceptual model of internal propagule dispersal by migratory birds. It illustrates 
the method used to incorporate vector movement data into estimates of propagule dispersal 
distance. Rectangular boxes represent state variables, solid arrows with diamonds represent 
fluxes (processes are shown in the lower panel) and dashed lines represent relations. Note 
that, although realized dispersal distances can often be achieved in a flight time well below 
GRT, the time elapsed between propagule ingestion and initiation of flight may lead to a 
systematic overestimation of the frequency of realized dispersal. 
 
 
median and maximum dispersal distances, as well as the frequency of LDD events). 
Again, the sample for each component corresponded to that of the GRT 
experiments (each individual duck was a replicate; see Supplementary material 
Appendix 4 for sample sizes). Significance of the comparisons was assessed by 
calculating p-values for two-sample t-tests using permutation tests. Comparisons 
were conducted only between different levels of each single factor (i.e. between 
duck species for the same propagule and continent; among propagule types for the 
same waterbird species and continent; and between continents for the same 
waterbird species and propagule species), and the p-values of the respective 
permutation tests were corrected with a progressive Bonferroni procedure. All 
analyses were performed using R (R Development Core Team, 2009). 

 

Results 
 
Waterbird migration patterns 
During the fall migration season, the frequency of migratory movements varied 
significantly between the two waterbird species and the two continents (29.3% and 
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46.2% for teal, 12.0% and 22.4% for mallard, in Europe and North America 
respectively; N=607, 101, 900 and 1741 respectively). Teals made more frequent 
migratory movements than mallards (χ2=51.29, 2 d.f., p<0.001) and these were more 
frequent in North America than in Europe for both species (χ2=27.53, 2 d.f., 
p<0.001; no interaction detected: χ2=0.003, 1 d.f., p=0.954).  

The distance distributions of waterbird movements during the fall migration 
had the peak at distances corresponding to local movements (always less than 100 
Km) and a long tail that included all migratory movements (>100 Km; Fig. 2). The 
distance of migratory movements varied significantly between both species 
(χ2=20.48, 2 d.f., p<0.001) and continents (χ2=24.37, 2 d.f., p<0.001), but the 
interaction between these two factors was not significant (χ2=0.11, 1 d.f., p=0.74). 
 

 
Figure 2. Frequency distributions of the movement distances (100-Km distance classes) of teal 
and mallard in Europe and North America. 
 
 
The detected outliers neither influenced model estimates nor changed the 
significance of effects. Jacknife residuals showed that the most influent observation 
caused a maximum change of 7%, which corresponded to an insignificant 
difference of 0.03, in a slope estimate. As also illustrated by the thicker tails of the 
distance distributions (Fig. 2), the model confirmed that teals rather than mallards, 
as well as waterbirds in North America rather than in Europe, covered longer 
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migratory distances. Nonetheless, maximum migratory distances seemed to be 
independent of species or continent, as for example mallards could reach longer 
distances than teals in Europe but not in North America. 

Overall, both the relative frequency of local vs. migratory movements and 
migratory distance varied considerably between species and continents, which 
suggest differences in migratory movement patterns. 
 

 
Figure 3. Cumulative frequency of Scirpus maritimus dispersal distances produced by two 
vector waterbird species (teal and mallard) in Europe and North America. Realized and 
maximum dispersal curves are represented. 
 

 
Dispersal curves of aquatic organisms 
Realized dispersal distances based on actual waterbird movements were 
considerably shorter than maximum dispersal distances (MDD), which are based 
only on the vector average flight speed (Fig. 3; e.g. median range = 21-63 Km 
vs.148-840 km, LDD frequency range = 6-36% vs. 98-100%, respectively). However 
the frequency of realized dispersal events, i.e. the frequency of propagules landing 
in suitable habitat, was still high (84 - 97%) and varied among the dispersal curves 
generated by the different combinations of vector species, continent and propagule 
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species (especially between the two continents: 94-97% in Europe and 84-90% in 
North America; see Supplementary material Appendix 4). 

The vector species predominantly determined the shape of the dispersal 
curves. The different migratory patterns shown by the two duck species generated 
different propagule dispersal curves, as illustrated by the differences in the rates of 
cumulative (realized) dispersal distances (Fig. 3). Propagules dispersed by teals 
reached two- to four-fold longer mean, median and maximum distances than those 
dispersed by mallard; and LDD was three to four times more frequent for the 
former (quantification of the different components of the dispersal curves and 
statistical significance are shown in Supplementary material Appendix 4 and 5). 
Differences between continents were also found, as in North America propagules 
tended to be dispersed over longer distances (up to two-fold mean and median 
distances). 

Differences in the gut retention time of propagules ingested by mallard also 
resulted in differences in their dispersal curves (Fig. 4 upper panel) – but not in the 
case of the teal. For example, the maximum dispersal distance and the frequency of 
LDD (except in Europe) differed significantly among some of the propagule species 
– in most cases between the cysts of Artemia franciscana and all seed species, and 
sometimes also between seed species (Fig. 4 lower panels; see Supplementary 
material Appendix 4 and 5 for statistical significance and quantification of the other 
components). 

All estimated dispersal curves were highly skewed towards local-scale 
dispersal distances (median dispersal distances ranged from 21 to 64 Km) and 
leptokurtic, in that long and heavy tails produced by LDD events were observed 
(Supplementary material Appendix 6). The frequency of LDD events ranged from 6 
to 36% and maximum dispersal distances ranged from 230 to 1209 Km (averaged 
distance), reaching, however, 1582 Km (absolute maximum dispersal distance; see 
Supplementary material Appendix 4). 
 
Discussion 
Many migratory animals are thought to have the potential to be effective LDD 
vectors for various plant species (Nathan et al., 2008a). Our work illustrates a 
simple and straightforward way of integrating vector migratory movement data to 
estimate more realistic propagule dispersal curves and further supports the idea 
that vector migratory movements can lead to propagule long distance dispersal. 
Birds, in particular, may promote frequent and ubiquitous LDD, as both 
frugivorous landbirds and waterbirds that feed on seeds or invertebrate 
propagules (or ingest them involuntarily) are numerous, widespread and, in, many 
cases, migratory. The application of our method to other migratory bird species 
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might contribute to assess the dispersal capacity of many terrestrial and aquatic 
passively-dispersed organisms. 
 

 
Figure 4. Comparison among the dispersal curves of the different propagules dispersed by 
mallard. Cumulative frequency of LDD events (upper panel), maximum dispersal distances 
(middle panel) and the frequency of LDD events (lower panel) are shown. Sl, S. lacustris 
(seed); Sm, S. maritimus (seed); Pp, Potamogeton pectinatus (seed); Af, Artemia franciscana (cyst). 
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The movement patterns of different waterbird dispersers (belonging to 
different species and continents) strongly shaped the estimated dispersal curves of 
ingested propagules of four aquatic plant species and one invertebrate species, in 
that the migratory strategy of the disperser influenced the frequency of realized 
dispersal, the distances at which propagules were dispersed and the likelihood of 
long distance dispersal. Differences in the gut retention time of the various 
propagules had also a considerable influence on the dispersal curves, particularly 
on those of different propagule types (angiosperm seeds vs. crustacean cysts).  

Previous work on waterbird-mediated dispersal completely disregarded the 
dispersers’ movement patterns, and focused primarily on the variation introduced 
by inter-specific differences in propagule characteristics or the average flight speed 
of waterbirds. Soons et al. (2008) estimated dispersal curves of aquatic plant seeds 
by mallards, by multiplying seed gut retention times by the disperser (average) 
flight speed, and reported maximum dispersal distances of 780 and 3000 Km for 
larger and smaller seeds, respectively. These distances overestimate potential 
dispersal, because defecated seeds were sampled at long intervals (5, 10 and 48 h 
after ingestion) and assigned to the time of sampling (i.e. a seed defecated after 11 
hours was assigned a defecation time of 48 h). On the other hand, Charalambidou 
et al. (2003b) estimated the median and maximum dispersal distances of Ruppia 
maritima seeds dispersed by five waterbird species (range = 80-320 Km and 400-
1000 Km, respectively) by multiplying their gut retention time by a range of 
potential flight speeds (from 10 to 70 km/h). Here, the inclusion of actual 
movement patterns of vector waterbirds altered the shape of the dispersal curves 
by considerably reducing peak (median) and maximum dispersal distances, as well 
as the frequency of LDD. Still, migratory waterfowl were able to disperse 
invertebrate and plant propagules regularly over tens of kilometres (e.g. median 
dispersal distances ranging from 21 to 64 km, for A. franciscana/S. lacustris 
dispersed by mallards and S. litoralis dispersed by teals respectively; see 
Supplementary material Appendix 4) and, occasionally, over much longer 
distances that span from hundreds to more than a thousand kilometres (maximum 
dispersal distances ranging from 230 to 1209 Km, for A. franciscana cysts and S. 
litoralis seeds, respectively; see Supplementary material Appendix 4). Because other 
aquatic angiosperm and zooplankton propagules show gut retention times 
comparable to those used in this study (Charalambidou et al., 2003c; 
Charalambidou et al., 2003a; Wongsriphuek et al., 2008), and many waterfowl 
species show fairly small differences in gut retention time (Charalambidou et al., 
2003b), our results are probably a good representation of what can be expected for 
other aquatic angiosperm and zooplankton species. Therefore, differences in 
dispersal patterns between vector species are more likely to arise from behaviour 
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(movement patterns) and, perhaps, diet (probability of ingestion) than from 
physiology (gut passage rate). 

However, the use of captive birds to obtain data on propagule gut retention 
time (as in all previous seed dispersal studies using mechanistic models) might bias 
the estimates of dispersal distance, as bird activity affects propagule gut retention 
time (Van Leeuwen et al., 2012a). Incorporating the effect of the vector activity in 
the model should thus be a next step for future research on endozoochorous 
dispersal by migratory birds. It has also been suggested that wild birds empty 
and/or reduce (undergo atrophy) their guts before taking-off to a migratory flight, 
which could reduce or even prevent propagule internal dispersal. This may be the 
case in waders departing for extreme long-distance migratory flights (transoceanic; 
e.g. Piersma & Gill, 1998). However, migratory waterfowl have been observed to 
resume migration immediately after feeding (e.g. Bewick’s swans and blue teals; 
Owen, 1968; Nolet & Drent, 1998). For species migrating in a stepping-stone 
fashion, such as waterfowl (at least those migrating through overland flyways), the 
advantages of adopting such drastic morphological changes are probably larger 
than the associated costs (Piersma, 1998).  

Varying movement patterns observed for different vector species and in 
different continents affected propagule dispersal patterns. Species-specific 
movement patterns might be explained by different migratory strategies 
determined by how birds manage their energy expenditure and total migration 
time, i.e. by how they adjust flight and stopover times (Hedenström, 2008). On the 
other hand, the differences between continents (Europe and North America) might 
be due to external factors, such as the spatial configuration of the landscape (i.e., 
the location of habitat patches and of geographical and environmental barriers). 
For example, migratory movement was shown to differ depending on the chosen 
flyway (Miller et al., 2005). In addition, different sampling efforts, i.e. different 
hunting efforts in this study, might also underlie the differences between 
continents. However our results show that, despite the longer distances observed 
in North America (which might reflect the landscape configuration), the differences 
observed in migratory distance between teal and mallard were not dependent on 
the continent (the interaction between species and continent was not significant). 
Overall, both intrinsic (e.g. species-specific) and extrinsic (regional) factors might 
create different migratory movement patterns (e.g. different frequencies and 
distances of migratory movements), and thus different vector species and 
populations may contribute in a different manner to the total dispersal curve (sensu 
Nathan, 2007) of a given, passively-dispersed organism.  

Estimated dispersal curves reached relatively high levels of LDD (ranging 
from 6 to 36% of the realized dispersal events). The significance of these 
estimations, i.e. how they translate into absolute frequencies of LDD, depends on a 
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number of additional factors, including the actual number of migrating waterbirds, 
the consumption of propagules immediately before each migratory flight, the 
viability of these propagules after gut passage, and the probability of successful 
colonization at the “landing site”. An overview of these factors reveals however 
that LDD might be effective. Firstly, millions of waterbirds migrate seasonally (e.g. 
1,250,000-1,875,000 teals and 7,500,000 mallards in Europe, and 2,160,000 teals and 
9,330,000 mallards in North America; Delany & Scott, 2006) and show high feeding 
rates in their stopover sites (Kvist et al., 2001), which probably results in 
considerable amounts of ingested propagules. Secondly, field evidence shows that 
8 to 80% of waterbird droppings contain intact propagules (Figuerola & Green, 
2002b; Figuerola et al., 2003; Charalambidou & Santamaría, 2005; Green et al., 2008), 
of which 8 to 50% are viable (Figuerola & Green, 2002b; Green et al., 2008; Brochet 
et al., 2009b). Thirdly, many aquatic propagules regularly consumed by ducks 
occur throughout their migratory ranges, such as those of most plant species 
(Brochet et al., 2009b) and of many invertebrates (Brochet et al., 2010). Indeed, both 
the wide distribution of aquatic plant species (Santamaría, 2002) and the results of 
zooplankton colonization experiments (e.g. Louette & De Meester, 2005) suggest 
high dispersal and colonization capacities for these two groups of organisms. 
However, it should be noted that the successful establishment of dispersed 
organisms depends on the environmental and biotic conditions of the host 
community. In fact, the high dispersal capacity of aquatic organisms contrasts with 
the high level of genetic differentiation among many of their populations, 
suggesting that local effects can be strong enough to prevent successful 
establishments. Such paradox might be the consequence of community 
monopolization by early colonizers (through priority effects), i.e. invaders might be 
excluded by competition with locally-adapted conspecifics or other species (e.g. 
Urban & De Meester, 2009). 

Notwithstanding the observed strong local effects, many aquatic organisms 
have high levels of population connectivity (Freeland, 2000). For example, 
Figuerola et al. (2005) showed that the genetic structure of three cladoceran species 
across North America was explained, to a considerable extent, by the influence of 
waterfowl flyways. The existence of a strong genetic structure that is accounted for 
by waterbird movements was consistent with a scenario of accumulated, occasional 
events of long-distance dispersal, not frequent enough to swamp genetic structure 
but recurrent enough to be reflected in it. Although invertebrate eggs are thought 
to have shorter gut retention times than angiosperm seeds, as observed for other 
zooplankton propagules (e.g. Charalambidou et al., 2003c; Charalambidou et al., 
2003a), and, consequently, much shorter dispersal distances (see Supplementary 
material Appendix 4), long dispersal distances can still be achieved through 
repeated events of stepping-stone dispersal.  
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Many migratory birds are also disease vectors, in particular waterfowl. 
Therefore, the type of models developed here might have important applications to 
understand the epidemiology of vector-borne emerging diseases (Kilpatrick et al., 
2006). However, direct extrapolation from models based on aquatic organisms is 
not possible, because pathogens may limit the capacity of infected individuals to 
migrate over long distances (Van Gils et al., 2007). 

This study is the first example showing that bird migratory movements can 
be used to estimate propagule dispersal and that ingested propagules have the 
potential to actually be dispersed over extremely long distances (hundreds of 
kilometres). The results of our modelling exercise suggest that different species are 
likely to provide largely different dispersal services, and that these services may 
differ greatly between geographic regions. Although they await empirical 
confirmation (e.g. by a comparison of gene flow estimates obtained form molecular 
markers), they suggest that fundamental differences may exist in both the risk of 
spread of biological invasions and the readjustment of species distributions in the 
face of climate change, and therefore in the management and policy responses to 
the challenges posed by these threats. 
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Appendix 1. Determination of the minimum stopover duration 

 
Migration consists of a series of migratory flights interspersed with stopover 
periods. Evidence indicates that waterbirds make prolonged stopovers to rest and 
accumulate energy (by feeding). For example, the relationship between flying and 
stopover times is typically 1:7 for small passerines and between 1:14 and 1:30 for 
larger species that travel by flapping flight, such as waterbirds (the ratio for swans 
can reach 1:43) (Hedenström & Alerstam, 1997; Newton, 2008). Therefore it may be 
expected that waterbirds spend at least 93% (1/14) of the total time of migration in 
stopovers.  

Stopover duration cannot be directly estimated from ringing data, because 
the date of departure (from the ringing site) and the date of arrival at the recovery 
site are not known. For instance, in a period of 10 days (between capture and 
recapture) a given bird might not move, make one displacement or make more 
than one displacement. However, if the minimum stopover duration (for a given 
population or species) is 10 days, then the bird has not moved, moved only at local 
scale, or made only one migratory displacement (long distance displacement of 
more than 100 Km) at some time in the 10-day period. Satellite telemetry is the only 
method capable of accurately measure stopover duration, as it allows to tracking 
single individuals at short time scales. Miller et al. (2005) reported minimum 
stopover durations (given by the lower 90% confidence interval) ranging from 5.3 
to 7.2 days (average = 6.25 days) for individual pintails (Anas acuta) travelling 
indirectly to Canada, i.e. those individuals that stopped while en route. For direct 
migrants, minimum stopover durations ranged from 58 to 71 days. The ducks were 
tracked during spring migration, when birds tend to increase migration speed by 
minimising stopover duration, in order to reach breeding grounds as early as 
possible (e.g. Kokko, 1999; Bauchinger & Klaassen, 2005). Therefore stopovers 
during fall migration might be longer than those reported for spring migration. A 
radar study (O'Neal et al., 2009) also measured stopover duration of migratory 
dabbling ducks, and, although measurements are not taken at the individual level, 
the radar is capable of identifying arriving and departing flocks accurately. They 
observed that the minimum stopover duration was 6 days, which is in agreement 
with the former study. In order to test whether migratory distance (i.e. distance of 
>100 Km movements) was correlated with time (days), we performed Spearman’s 
correlation tests for a time interval between ringing and recovery of six days (the 
minimum stopover duration referred above). We expect that if marked individuals 
are doing several migratory movements within the six-day intervals, then 
cumulative migratory distance should be correlated with time (the number of days 
elapsed between ringing and recovery). Otherwise, if the movements recorded 
within the six-day intervals are single migratory movements, cumulative migratory 
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distance should be unrelated to time. Because migratory distance was not 
correlated with time (Table A1), we concluded that waterbirds made a single 
movement bout within the six days.    

The maximum distances recorded in such time interval could be covered by 
waterbirds within a single displacement. For example, the largest distance recorded 
(2302 Km, for Anas crecca carolinensis) could be covered in 31 hours of flight at an 
average speed of 74 Km/h (flight speed reported in Alerstam et al., 2007) – a flight 
time well within the physiological limit of this species (49-63 hours maximum flight 
time; Clausen et al., 2002). Furthermore, recent satellite data on migratory 
movement showed that dabbling ducks make single movements of up to 2000 Km 
in a time interval of four days and occasionally up to 3000 Km (Gaidet et al., 2010). 

In summary, the probability of including only a single migratory 
displacement using the chosen stopover threshold (6 days) is very high. Therefore 
all analyses were based on ringing records that spanned up to six days until 
recovery.  
 
Table A1. Spearman’s correlation tests between cumulative migratory distance and time, for 
a maximum period of 6 days (corresponding to the minimum stopover duration chosen for 
all subsequent analysis). 

Region Species 
Stopover 
duration 

Correlation test 
(rho) 

p-value 

Anas crecca 6 0.0229 0.8193 
Europe 

Anas platyrhynchos 6 -0.0157 0.9085 
Anas crecca 6 -0.0253 0.8942 

North America 
Anas platyrhynchos 6 0.0687 0.3174 
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Appendix 2. Geographical distribution of ring recoveries 

 

 
Figure A1. Maps showing the distribution of ring recoveries (triangles) of teal and mallard in 
Europe and North America. 
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Appendix 3. Distribution of gut retention times 

 

 
Figure A2. Frequency distribution of gut retention times for the various propagule species, 
Scirpus litoralis (a), Scirpus maritimus (b, d), Scirpus lacustris (c), Potamogeton pectinatus (e) and 
Artemia franciscana (f), ingested by teals (a, b) and mallards (c-f). 
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Appendix 4. Quantification of different components of the dispersal curves  

 
Table A2. Summary of different components of the dispersal curves (dispersal distances): 
frequency of realized dispersal (FRD), median (Km), mean (Km), average maximum (Km), 
absolute maximum (Km) and frequency of LDD (relative to successful dispersal events). 

Conti- 
nent 

Vector Propagule N FRD Median Mean 
Max. 
(avg) 

Max. 
(abs) 

LDD 

Scirpus litoralis 3 0.95 33 107 946 1086 0.26 
Teal 

Scirpus maritimus 3 0.94 31 103 947 1086 0.25 
Scirpus lacustris 6 0.95 21 39 867 1582 0.08 
Scirpus maritimus 4 0.97 22 40 484 664 0.09 
Potamogeton pectinatus 12 0.95 22 36 501 1582 0.08 

Europe 
Mallard 

Artemia franciscana 8 0.94 21 32 226 658 0.06 
Scirpus litoralis 3 0.86 64 177 1028 1313 0.36 

Teal 
Scirpus maritimus 3 0.86 48 171 1209 1313 0.36 
Scirpus lacustris 6 0.89 30 64 1026 1273 0.14 
Scirpus maritimus 4 0.90 28 57 492 719 0.13 
Potamogeton pectinatus 12 0.86 27 47 567 1214 0.09 

North 
America 

Mallard 

Artemia franciscana 8 0.84 25 40 230 640 0.07 
 



Chapter 1 
!

!58!

Appendix 5. Results of the multiple comparisons for different components of 

the dispersal curves 
 
Table A3. Multiple comparisons of maximum (upper diagonal) and mean (lower diagonal) 
dispersal distances of propagules dispersed by mallards.  

  Europe North America 
 Species S. lac. S. mar. P. pec. A. franc. S. lac. S. mar. P. pec. A. franc. 

S. lac. - 0.2860 0.1935 0.0030 1.0000    
S. mar. 0.6600 - 0.9490 0.1325  1.0000   
P. pec. 0.4050 0.4050 - 0.1600   1.0000  

Eu
ro

pe
 

A. franc. 0.0060 0.0200 0.0780 -    1.0000 
S. lac. 0.0080    - 0.0675 0.0675 0.0000 
S. mar.  0.2595   0.2780 - 0.7400 0.0675 
P. pec.   0.0000  0.0000 0.1250 - 0.0675 N

or
th

 
A

m
er

ic
a 

A. franc.    0.0025 0.0050 0.0050 0.0510 - 
Note. Comparisons are made among propagules within a given continent and between 
continents for the same propagule. Values correspond to p-values of the permutation tests 
with a progressive Bonferroni correction. Black cells mean that comparisons were not made. 
 
 
 
Table A4. Multiple comparisons of median dispersal distance (upper diagonal) and 
frequency of LDD (lower diagonal) of propagules dispersed by mallards.  

  Europe North America 
 Species S. lac. S. mar. P. pec. A. franc. S. lac. S. mar. P. pec. A. franc. 

S. lac. - 1.0000 1.0000 1.0000 0.0100    
S. mar. 0.9400 - 1.0000 0.4620  0.0645   
P. pec. 0.9400 0.7800 - 0.7600   0.0000  

Eu
ro

pe
 

A. franc. 0.0570 0.1050 0.1380 -    0.0025 
S. lac. 0.0090    - 0.6860 0.1575 0.0030 
S. mar.  0.5200   0.6880 - 0.6860 0.1575 
P. pec.   0.5200  0.0180 0.1125 - 0.2445 N

or
th

 
A

m
er

ic
a 

A. franc.    0.7260 0.0000 0.0075 0.1125 - 
Note. Comparisons are made among propagules within a given continent and between 
continents for the same propagule. Values correspond to p-values of the permutation tests 
with a progressive Bonferroni correction. Black cells mean that comparisons were not made. 
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Table A5. Multiple comparisons of maximum (upper diagonal) and mean (lower diagonal) 
dispersal distances of propagules dispersed by teals.  

  Europe North America 
 Species S. litoralis S. maritimus S. litoralis S. maritimus 

S. litoralis - 1.0000 1.0000  
Europe 

S. maritimus 0.8120 -  1.0000 
S. litoralis 0.3940  - 0.7800 

North America 
S. maritimus  0.3940 0.8960 - 

Note. Comparisons are made among propagules within a given continent and between 
continents for the same propagule. Values correspond to p-values of the permutation tests 
with a progressive Bonferroni correction. Black cells mean that comparisons were not made. 
 
 
 
Table A6. Multiple comparisons of median dispersal distance (upper diagonal) and 
frequency of LDD (lower diagonal) of propagules dispersed by teals.  

  Europe North America 
 Species S. litoralis S. maritimus S.litoralis S.maritimus 

S. litoralis - 0.4000 0.3950  
Europe 

S. maritimus 0.5820 -  0.3880 
S.litoralis 0.5760  - 0.5920 

North America 
S.maritimus  0.5200 0.904 - 

Note. Comparisons are made among propagules within a given continent and between 
continents for the same propagule. Values correspond to p-values of the permutation tests 
with a progressive Bonferroni correction. Black cells mean that comparisons were not made. 
 
 
 
Table A7. Comparison between the dispersal potential of teal and mallard.  

  Europe North America 
Maximum 0.035 0.028 
Mean 0.0245 0.034 
Median 0.0285 0.034 
LDD 0.0185 0.028 
Note. Comparisons made with the dispersal curves of S. maritimus (the only species 
dispersed by both vectors. Values correspond to p-values of the permutation tests with a 
progressive Bonferroni correction. 
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Appendix 5. Estimated dispersal curves 

 

 
Figure A3. Dispersal curves of propagules of different species produced by two vector 
waterbird species (teal and mallard) in Europe and North America. Probability density 
follows a logarithmic scale to enhance visualization. Insets show cumulative frequency 
curves corresponding to realized (same data shown in the main plots; solid lines) and 
maximum (based on average flight speeds of vector waterbirds; dashed lines) dispersal. 
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Abstract 
Migratory birds are often suggested to be important vectors for long distance 
dispersal (LDD) of plant and animal propagules. The scale of such dispersal events 
(hundreds to thousands of kilometers) can influence landscape-level biological 
processes and species distributions. However, the few vector species studied and 
the lack of proper integration of their migratory movement in models of LDD has 
precluded the study of their potential as long-distance biotic dispersers. By means 
of a mechanistic model parameterized with empirical data, we first investigated the 
properties of seed dispersal curves generated by migratory birds, and then 
analyzed the effect of bird size on model parameters and consequent seed dispersal 
patterns. Seed dispersal curves showed in most cases large and heavy tails 
resulting in relatively frequent LDD (up to 3.5% of dispersal distances longer than 
100 km). Bird size mediated trade-offs between bird movement and seed retention 
time that, in turn, determined seed dispersal patterns and the potential of each bird 
species as LDD vector. Our modeling framework builds on a mechanistic 
understanding of seed dispersal by migratory birds and may thus be a useful tool 
to estimate the scale and frequency of bird-mediated, large-scale transport of 
native, invasive and pathogenic organisms. 
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Introduction 
Long distance dispersal (LDD) of animal-dispersed propagules arises from 
relatively infrequent large-scale movements by the dispersers, which often cause 
dispersal curves (describing the frequency distribution of dispersal distances) to be 
fat-tailed (Nathan et al., 2008a). Notwithstanding its low frequency, LDD can have 
important ecological consequences. It might link habitat patches in fragmented 
landscapes, where stepping-stone dispersal is constrained (Levey et al., 2008), and 
influence the dispersal rates of individuals and species (Higgins & Richardson, 
1999), thus affecting the regional dynamics and structure of populations and 
communities (Levine & Murrell, 2003; Bohrer et al., 2005). When LDD occurs at 
even larger scales, it might lead to range expansion or shifts (including invasions), 
influencing biogeographical and evolutionary processes. Furthermore, LDD might 
be a crucial mechanism for the survival of species or populations currently facing 
habitat fragmentation and climate change (Trakhtenbrot et al., 2005). 

Migratory animals, especially birds, are often suggested to be responsible for 
the biogeographic patterns of plant and invertebrate species that rely on them for 
propagule dispersal. Infrequent propagule LDD events produced by large-scale 
bird movements might explain rapid range expansions following glaciations (e.g. 
Clark, 1998), the colonization of isolated islands (Gillespie et al., 2012), and the 
existence of certain biogeographic disjunctions (e.g., the bipolar distribution of 
crowberries; Popp et al., 2011). Unfortunately, the low frequency and presumed 
unpredictability of LDD have precluded the study of this process in the field. 
Virtually nothing is known on propagule dispersal kernels produced by migratory 
animals. Here, we take advantage of well-documented migratory movements of 
one group of birds (waterbirds; a term used hereafter to designate shorebirds and 
waterfowl species, which are Charadriiformes and Anatidae respectively) to study 
the mechanisms behind LDD of several aquatic plant species whose seeds are 
regularly ingested by them. Despite the fragmented distribution of inland bodies of 
water across continents, aquatic angiosperms have larger ranges than their 
terrestrial counterparts (Santamaría, 2002), suggesting that LDD may be an 
important process maintaining connectivity between isolated populations of 
vectored species. 

Waterbirds are known to ingest large numbers of propagules, move over 
long distances and deposit propagules into suitable habitat (wetlands; Figuerola & 
Green, 2002b; Figuerola et al., 2003; Charalambidou & Santamaría, 2005; Brochet et 
al., 2009a). Furthermore, they might be the only vectors capable of dispersing 
propagules over regional scales in many aquatic ecosystems. Previous estimates 
suggest that the seeds and eggs of many aquatic plants and invertebrates can be 
dispersed over hundreds of kilometers (Charalambidou et al., 2003a; Soons et al., 
2008), based on the passage times of seeds or eggs experimentally fed to captive 



Chapter 2 

!

!66!

birds. These estimates are in close agreement with the distribution of most vectored 
species (i.e., those for which viable propagules are regularly found in waterbird 
faeces), as they tend to occur throughout the migration ranges of their respective 
vectors (Brochet et al., 2009b). Indeed, waterbird movements were found to explain, 
across a continental scale, a significant fraction of the gene flow among populations 
of three vectored species of aquatic invertebrates (Figuerola et al., 2005). 

Although migratory birds cover extremely large distances during migration, 
propagules carried in their guts might not be retained there long enough to reach 
suitable habitat. Instead, ingested propagules could be defecated either before 
departure or during flight (thus landing, in all likelihood, in unsuitable habitat). 
Therefore, investigating whether propagule gut-retention time (GRT) scales to the 
time required to complete a given migratory movement (and, consequently, the 
distance covered by such movement) is crucial to assess the probability of LDD 
events.  

Given the methodological difficulties involved in the study of LDD (a low-
frequency event taking place over large geographic scales), mechanistic models 
have become a widely used tool to investigate its magnitude and patterns. The 
basic approach for estimating propagule dispersal distances is to combine the 
vector movement patterns with the gut retention time of ingested propagules. 
However, the previous approach to estimate the dispersal distance of propagules 
ingested by migratory birds (only estimated for waterbirds to date) was to multiply 
their gut retention time by the bird flight speed (Charalambidou et al., 2003a; Soons 
et al., 2008), ignoring, for example, the actual distances travelled by the bird. This 
approach overestimates propagule dispersal distance, because it assumes that birds 
(1) depart immediately after propagule ingestion, (2) move linearly and at constant 
speed, and (3) land immediately before propagule deposition. In reality, these 
conditions should be rarely met, because birds (1) often take some time to depart, 
waiting for optimal weather and/or physiological conditions to be met, (2) adjust 
their movement direction en route depending on, for example, landscape features, 
and (3) decide to land after a given time independently of the gut retention time of 
propagules, for instance depending on energetic constraints. This approach is thus 
suited to estimate maximum rather than realized dispersal distances, as shown in 
Viana et al. (2013). Moreover, because propagule dispersal distances have been 
recently shown to be affected by the migratory strategies of the dispersers (i.e. the 
decisions taken by an individual or species, which are reflected in the frequency 
and distance of migratory movements; Viana et al., 2013), interspecific variation in 
their migratory movements should be included in mechanistic models of propagule 
dispersal.  

In addition, the development of mechanistic models of zoochorous dispersal 
has been constrained to date by our limited understanding of the disperser 



Allometric scaling of LDD by migratory birds 

!

! 67!

characteristics that influence both their movement behavior and the seeds’ 
retention time (Cousens et al., 2010). For example, body size is known to influence 
the movement of flying animals (especially migratory movement; e.g. Hein et al., 
2012) as well as the gut passage rate of food items (e.g. Karasov, 1990), and may 
therefore be an important determinant of migratory movement and propagule gut 
retention time.  

Given the lack of integration of the birds’ actual movement patterns and 
characteristics in estimates of long-distance propagule dispersal, we developed a 
mechanistic model, parameterized with empirical information obtained from 
various bird species, to provide a general framework to understand and estimate 
propagule dispersal by migratory birds. Using this mechanistic framework, we 
simulated the dispersal of seeds by migratory waterbirds to (1) estimate seed 
dispersal patterns generated by the migratory movements; (2) analyze the relative 
importance of model parameters related to the migratory behavior of dispersers 
and to the gut retention time of seeds, for the resulting seed dispersal patterns; and 
(3) investigate how bird body size scales to estimated model parameters and, 
through them, to estimated seed dispersal patterns.  
 
Methods 
 
Modeling framework 
We designed a rule-based stochastic model to simulate the dispersal of seeds 
ingested by birds during the migration season. The model allowed us to take into 
account the stochasticity inherent to LDD processes (as noted in Nathan et al., 
2003), which arises (in our model) from the random association between the gut 
retention time of each ingested seed and the bird’s movement (or lack of) during 
that time (see below). The simulation also allowed us to easily estimate the 
frequency of transported seeds and the frequency of LDD events, which are 
important to estimate the rate at which a given plant (or other passively-dispersed 
organism) might be dispersed. Our modeling approach (simulation) represents a 
convenient method because the combination of equations parameterized with the 
data available for this study, used to represent the frequency distributions of the 
concatenated processes determining the output variables (seed dispersal), is not 
amenable to analytical solution (see online appendix A). 

Model flow (figure 1) was designed to reproduce the bird’s behavior after 
seed ingestion. First, after ingesting a seed, the bird could stay immobile until seed 
defecation (in which case the dispersal distance is zero, i.e. no dispersal occurs) or 
move, according to the probability of moving (Fmov). If the bird moves but the gut 
retention time (GRT) of the seed is shorter than the time the bird takes to depart 
(departure lag time, DLT), the seed is defected before departure, and therefore is 
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not dispersed. If movement starts before seed defecation (in which case, the DLT is 
subtracted from the GRT, and the remaining GRT is called effective gut retention 
time, eGRT), the bird can stop either after seed defecation (flight time longer than 
the effective gut retention time, in which case the seed is defecated, while flying, 
into unsuitable habitat and no dispersal occurs) or before (flight time shorter than 
the effective gut retention time and the seed is dispersed at the distance equal to 
the flight distance; see also Viana et al., 2013). Within the gut retention time, each 
bird could either move locally or make a migratory flight, with probabilities and 
distances tailored to the movement pattern of each bird species (see below). In this 
study, we considered that long distance dispersal events are those produced by 
migratory movements (defined as those longer than 100 km). Figure 1 represents 
the flow diagram of the conceptual dispersal model (each simulation comprised 
one million iterations) and table 1 shows the model parameters (described below). 
 
Model parameterization: bird movement 
 
Probability of moving (Fmov) 
In birds that move by flapping flight (as is the case of waterbirds and most seed 
consumers), species-specific ratios between flying time and stopover time range 
from 1:14 to 1:30 (Newton, 2008). This means that the probability of moving ranges 
from approx. 0.03 to 0.08 (Fmov) during the migration season. 
 
Departure lag-time (DLT) 
DLT represents the time elapsed between propagule ingestion and bird departure. 
This parameter varied according to three different behaviors: (1) DLT decreases 
exponentially, which means that the moment of departure often takes place soon 
after propagule ingestion (Clausen et al., 2002); (2) DLT increases exponentially, 
which means that waterbirds tend not to feed before departure (Zwarts et al., 1990); 
and (3) DLT is uniformly distributed, which means that birds depart randomly, 
independently of the time of feeding (Owen, 1968). Because data on DLT are not 
available in the literature (we are only aware of an example with swans, in Clausen 
et al., 2002), we chose an arbitrary exponent value (-1.2 or 1.2 for behaviors 1 and 2, 
respectively) to model these behaviors and focused the sensitivity analysis in 
investigating the effect of the different behaviors on the dispersal patterns – rather 
than the effect of the variation in specific parameter values.  
 
Movement distance 
Waterbird (waterfowl and shorebird) movement was analyzed using banding data 
from EURING (European Union for Bird Banding) and the Bird Banding Lab  
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Figure 1. Flow diagram of the conceptual model of seed dispersal by migratory birds. 
Diamond boxes represent the rules of the dispersal process, rectangular boxes represent 
model processes, and rounded rectangular boxes represent input variables. Because the 
definition of LDD (DD>100 km) is specific for these dispersers (waterbirds) but the rest of the 
model might be generalized (to other migratory bird dispersers), we represented this process 
with dashed lines. 1Seed transportation. 
 
 
(USGS). All banding and recovery records were submitted to several accuracy 
filters due to inherent inaccuracies in the data collection (often band recoveries for 
which the place and date were inexactly reported by hunters). Maximum error 
margins were one day for dates and 10 km for geographical position (beyond these 
thresholds, all data were excluded). Only recoveries of dead birds, mainly shot, 
were used, because dead-bird recoveries (which are mainly reported by hunters) 
are considered to be more representative of actual bird distribution than those 
reported by banders (Wernham et al., 2002). Only data from the autumn migration 
season (from July to November) were included, as sample sizes (number of 
recoveries) for the spring migration season were too low.  

The occurrence of a successful dispersal event depended on the comparison 
of the flight time with the seed retention time (see Modeling framework). However 
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the flight time is not the direct measure of the time elapsed between banding and 
recovery, as the latter include immobility periods (e.g. stopover periods) and 
possibly more than a single migratory movement. Because the duration of 
immobility periods and single movements (occurring within banding and 
recovery) cannot be discriminated in our dataset, we limited the time elapsed 
between banding and recovery to the minimum stopover time during migration (6 
days for waterfowl and 3 days for shorebirds). These time windows were chosen 
based on our literature search (Miller et al., 2005; Lehnen & Krementz, 2007; O'Neal 
et al., 2012), indicating that they are unlikely to include more than single migratory 
movements. Hence the flight time (FT) corresponding to the distance of that single 
migratory movement can be calculated by dividing the flight distance (D, distance 
from banding to recovery) by the flight speed (V; see Modeling framework). If 
within the chosen time window, the birds could make more than one migratory 
movement, then the distance travelled between banding and recovery would 
increase with the corresponding time (because the likelihood of performing a 
second movement would increase with time). The lack of significant correlations 
between distance and time up to the minimum stopover time mentioned above 
suggests that our assumption is correct (see online appendix B, Table B1; data 
available in Dryad: http://dx.doi.org/10.5061/dryad.619gd). 

To model bird movement distances, we fitted a mixture of two lognormal 
distributions to the distribution of movement distances of each waterbird species, 
so that local and migratory movements could be simultaneously characterized by 
independent parameters. Migratory movements were considered those longer than 
100 km, because, according to the most exhaustive survey of waterfowl movements 
by means of satellite telemetry (to our knowledge; 228 individuals of 19 species; 
Gaidet et al., 2010), movements longer than 100 km can be considered migratory, 
also because local movements (in winter) are usually shorter than 50 km. Moreover, 
fat-tailed single distributions (such as single lognormal, Pareto, Gamma and 
Weibull) failed to represent long distance movements (the tail of the distribution; 
data not shown), whereas the proposed mixture distribution finely represented the 
tail of the distribution (see online appendix B, figure B1). The 100 km cutoff is 
therefore supported by the data and also allowed us to have two independent 
descriptors of migratory distance (which were used for the allometric relations 
with bird mass).  

The mixture distribution was scaled up using mixture weights based on the 
observed frequencies of local (<100 km) and migratory (>100 km) movements (Flocal 

+ Fmig = 1). The probability density function (PDF) of the final (mixture) distribution 
is given by 
 

 
(1) 

!
  

€ 

f(x) = (1 - Fmig ) p(x µlocal ,σ local ) + Fmig p(x µmig ,σmig ),
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where p(x) is the PDF of a 2-parameter lognormal distribution, 
 

 

(2) 

 
and µ and σ are the scale and shape parameters respectively. The distributions 
were fitted to data by maximum likelihood estimation using the package 
“fitdistrplus” and further handled (assemblage of the mixture distribution, random 
generation of values and truncation of distributions) using the package “distr” of 
the R software (R Development Core Team, 2009). All fitted distributions were 
truncated at 3000 km, because satellite data showed that waterfowl make single 
migratory displacements of up to 2900 km (Gaidet et al., 2010). Table B2 (online 
appendix B) shows the goodness-of-fit test results for all the 13 species present in 
either Europe or North America (see also figure B1). 

For the sensitivity analysis (see below), the parameters of the lognormal 
distribution (scale, µ, and shape, σ) corresponding to local distances (µlocal and σlocal) 
were kept constant in all simulations, since we did not aim at quantifying local 
dispersal distances (only the frequency of local versus long-distance dispersal; see 
Model outputs). The range of variation for the parameters defining the migratory 
movement – the frequency of migratory (versus local) movements (Fmig), and the 
scale (µmig) and shape (σmig) of migratory distances – was tailored to reflect the 
range of interspecific variation present in our migratory movement dataset. 
  
Flight speed (V) 
We used airspeed (i.e. the speed relative to the air mass, as opposed to ground 
speed, which is the speed relative to the ground and is thus influenced by the wind 
speed and direction), despite the potential effect that air density and wind might 
have on the actual ground speed, because it allowed us to select the range of values 
(45-85 km/h) based on measures directly taken on free-flying waterfowl and wader 
species (Welham, 1994; Bruderer & Boldt, 2001; Alerstam et al., 2007). Despite the 
variation introduced by air density and wind speed, this range of airspeeds 
probably provides a conservative estimate of the corresponding range of variation 
in groundspeeds among the species used in this study. 
 
Model parameterization: seed retention time 
We used seed gut-retention time data from three previous studies (Charalambidou 
et al., 2003b; Charalambidou et al., 2005; Figuerola et al., 2010) in which known 
numbers of seeds of different aquatic plant species were fed to individuals of seven 
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waterfowl species (see Table B3 for a full list of the species used). To investigate the 
survival, retention time and germinability of seeds after gut passage, faeces were 
collected at given time intervals (from one to four hours, depending on the 
experiment) and the germinability of extracted seeds was tested. Because the exact 
time of seed defecation was not known (only the time intervals of retrieval from the 
cage), data were considered to be interval-censored (data available in Dryad: 
http://dx.doi.org/10.5061/dryad.619gd). Since we were interested in modeling 
effective seed dispersal, fitted curves were based solely on the retention time of 
seeds that germinated after gut passage. 

The frequency of defecated seeds rapidly increases after ingestion and then 
decays in a power-law fashion, thus we evaluated the fits of three types of 
parametric distributions: Gamma, lognormal and Weibull distributions. These 
types of distribution are often used to model seed retention times (e.g. Rawsthorne 
et al., 2009). The three fittings were compared using the Akaike’s Information 
Criterion (AIC) and the coefficient of determination (R2, based on the squared-
coefficient of the correlation between observed and estimated data). Although fits 
were very similar, the lognormal distribution generally provided slightly better fits 
(see online appendix B table B3 and figure B2). Hence, we decided to fit this 
distribution (lognormal; PDF is given in equation 2) to all GRT distributions to 
enhance parameter and model output comparability. The distributions were fitted 
to data by maximum likelihood estimation using the package “fitdistrplus”. 
Random generation of values and truncation of distributions was done using the 
package “distr” of the R software (R Development Core Team, 2009). All 
distributions were truncated at 52 hours, which was the maximum seed retention 
time recorded in the complete dataset (see above). 
 
Model outputs 
 
Frequency of effective dispersal (FED)  
Proportion of dispersed seeds transported into a different locality (i.e. excluding 
viable seeds defecated at the site of ingestion or during flight). Note that the 
denominator of this proportion is the total number of defecated, viable seeds 
(equivalent, in this case, to the number of model iterations); hence, to refer this 
frequency to the number of ingested seeds, it should be multiplied by the 
proportion of seeds that survive and remain viable after gut passage, which ranged 
from 0.5 to 22% in the original datasets (Charalambidou et al., 2003b; 
Charalambidou et al., 2005; Figuerola et al., 2010).  
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Frequency of LDD (FLDD) 
LDD events were defined as those produced by migratory movements, and 
therefore FLDD is the proportion of effectively dispersed seeds that are transported 
over more than 100 km. This cut-off was defined according to the movement 
pattern showed by waterbirds. Again, the denominator of this proportion is the 
total number of defecated, viable seeds. 
 
Dispersal distance 
We used two components of the seed dispersal curve (the distance distribution of 
dispersed, viable seeds) to characterize seed dispersal distance: the median 
dispersal distance and the 99% quantile of the dispersal curve (Q99). 
 
Table 1. Summary information on model parameters. The minimum and maximum values of 
the parameters were rounded down and up respectively. 
Component Parameter Description Range 

Fmov Probability of moving 0.03 - 0.08 
DLT Departure lag-time (hours) 0.5 - 6 
V Flight speed (km/h) 45 - 85 
Fmig Frequency of migratory movements 0.08 - 0.56 

µlocal 
Scale of lognormal (fitted to the distance 
distribution of local movements) 

1.92 - 3.33 

σlocal 
Shape of lognormal (fitted to the distance 
distribution of local movements) 

0.49 - 1.16 

µmig 
Scale of lognormal (fitted to the distance 
distribution of migratory movements) 

5.23 - 6.58 

Bird 
movement 

σmig 
Shape of lognormal (fitted to the distance 
distribution of migratory movements) 

0.49 - 0.97 

µGRT Scale of lognormal (fitted to the seed 
retention time distributions) 

-0.01 - 2.41 Seed gut-
retention 
time σGRT Shape of lognormal (fitted to the seed 

retention time distributions) 
0.11 - 1.20 

 
 

Sensitivity analysis 
To estimate the influence of variation in the different parameters on seed dispersal 
patterns we carried out a global sensitivity analysis, designed to encompass the 
complete range of variation observed in the empirical datasets (see table 1). The 
contribution of each parameter to model output was estimated by calculating 
Sobol’s indices according to the method of Saltelli (Saltelli, 2002). This approach can 
be used regardless of the type of model, as it does not assume linearity of effects. 
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Saltelli’s indices represent the proportion of output variation that is attributed to 
each parameter, due to both its pure effect (first-order index) and to its global effect 
(including interactions with the other parameters; total index). If the total index is 
higher than the first-order index, it means that interaction effects are present and 
contribute to the output variation. To ensure that parameter values were drawn 
from uniform distributions over the parameters’ range of values (listed in Table 1) 
and a broad coverage of possible combinations of parameter values, a Latin 
hypercube sampling technique was applied using the package “lhs” of the R 
software (R Development Core Team, 2009). The total number of combinations 
(and consequently of simulations) was n (k + 2), where n is the number of samples 
(10,000) and k the number of parameters (eight). The sensitivity analysis was 
performed using the package “sensitivity” of the R software (R Development Core 
Team, 2009).  
 
Effect of bird body mass on migratory movement and seed retention time 
To investigate the potential influence of the body mass of various bird species (a 
surrogate of their body size) on the main determinants of seed dispersal, we fitted 
linear mixed models to three descriptors of migratory movement patterns (Fmig, µmig 
and σmig) and two descriptors of seed retention time (µGRT and σGRT). The scale 
parameter (µ) of a lognormal curve is associated to the measures of central 
tendency, but only the median depends entirely on this parameter (median = 
exponentiated µ; which, in the case of a lognormal distribution, is equal to the 
geometric mean), and the shape parameter (σ) is associated to the measures that 
influence the shape of the distribution (such as the skewness and kurtosis). Mean 
body mass of each bird species was obtained from Lislevand et al. (2007; male and 
female values averaged). Body mass was used as the explanatory variable in all 
models. We included as random effects the continent (Europe and North America) 
in the models of migratory movement, as well as the experiment (the different 
origins of the data) and seed species in the models of seed retention time. The 
significance of body mass was obtained comparing the full model with a submodel 
without its effect by means of Likelihood Ratio Tests (LRT). All models were fitted 
using the package “lme4” of the R software (R Development Core Team, 2009). 
 
Effect of bird mass on seed dispersal patterns 
To investigate the effect of bird body mass on seed dispersal patterns, we estimated 
the model outputs for a range of model parameter values that were made to 
depend on such body mass. First, we selected a range of variation in bird body 
mass, chosen to encompass that observed among all bird species used in this study 
(40-1260g, from dunlin Calidris alpina to mallard Anas platyrhynchos). Second, we 
estimated the values of the model parameters that correspond to the different 
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values of bird body mass, based on (1) the results of the linear mixed models 
described in the previous section, whenever these showed significant relationships 
(i.e. for the scale parameter of migratory distance distributions, µmig, and the scale 
parameter of the seed retention time distributions, µGRT; see Results) and (2) the 
relationship reported by Alerstam et al. (2007), for bird flight speed. Parameters not 
related to bird mass or with unknown relationships were kept fixed in all these 
model runs.  
 
Results 
 
Model results 
The seed dispersal curves generated by waterbird movements during the migration 
season were highly leptokurtic and skewed towards local-scale dispersal (dispersal 
distances shorter than 100 km; figure 2), but a high proportion (95%) of the 
estimated dispersal curves had a tail of LDD events (dispersal distances longer 
than 100 km). The density of the tail varied with the frequency of LDD events 
(FLDD), which varied between 0 and 3.5% (median = 0.1%; figure 2A, B). Marked 
differences in the density of the curve tails resulted into considerable differences in 
the median dispersal distances, which varied from 6 km to 81 km (median = 18 km; 
figure 2C). Seed dispersal could reach extremely long distances (up to 3000 km), 
although the totality of the dispersal curves had 99% quantiles that did not rise 
above 518 km (figure 2D). In fact, for half of the estimated dispersal curves, the 99% 
quantile never rose above 19 km (figure 2D). 
 
Sensitivity analysis 
Parameter variation had a strong effect on estimated dispersal patterns; however, 
the relative importance of each parameter varied for the different output variables 
(figure 3).  

The frequency of effective dispersal (FED), which ranged from 0 to 
approximately 8%, was mainly affected by the birds’ probability of moving (Fmov) 
and departure lag-time (DLT), as well as the scale of seed retention times (µGRT). 
Interactions between parameters showed weak effects on FED (figure 3A). FED 
increased, on average, 4.5-fold (from 1.2 to 5.3%) with increasing µGRT (which 
ranged from -0.01 to 2.41, i.e. median seed retention times that ranged from approx. 
1 to 11 hours), 2.8-fold with increasing Fmov (which ranged from 3 to 8%), and 1.5-
fold with decreasing averaged DLT after seed ingestion. The latter effect means 
that birds that tend to depart immediately after seed ingestion (behavior 1) 
disperse on average 1.5 times more seeds than those that tend to wait (behavior 2; 
random times of departure showed intermediate FEDs).  
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The frequency of long distance dispersal (FLDD) was mainly affected by the 
scale of seed retention times (µGRT) and the frequency of migratory movements (Fmig; 
figure 3B), increasing on average 88-fold (from 0.008 to 0.7%) with increasing µGRT 
(from -0.01 to 2.41, as above) but only 2.7-fold (from 0.09 to 0.25%) with increasing 
Fmig (which ranged from 0.08 to 0.56). Modest interaction effects among parameters 
also affected FLDD.  

The median dispersal distance was strongly affected by µGRT and Fmig, but 
also by the scale of migratory distances (µmig; median varied between 187 and 720 
km) and the shape of seed retention time (σGRT; figure 3C). Likewise, µGRT and Fmig 
were the most influential parameters for the 99% quantile, which was also 
influenced by strong interactions in all parameters (figure 3D). 
 

 
Figure 2. Estimated seed dispersal curves corresponding to the minimum, median and 
maximum value of three outputs of the model. Model outputs are the frequency of LDD 
(FLDD; A, B; B represents the same as A but the vertical axis is in log-scale to enhance the 
visualization of the curve’s tail), median dispersal distance (C) and the 99% quantile (Q99; D). 
The vertical axis in b, c and d is in logarithmic scale. 
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Figure 3. Results from the sensitivity analysis for the various model outputs: frequency of 
transported seeds (FTP; A), frequency of LDD events (FLDD; B), median dispersal distance (C) 
and the 99% quantile of the dispersal distances (Q99; D)). Plots show the first-order 
(circles±C.I.) and total (triangles±C.I.) sensitivity index for the different parameters. 
 
 
Effect of bird body mass on migratory movement and seed retention time 
Bird mass was negatively correlated with the scale parameters of both migratory 
distance (µmig; χ2=4.79, d.f.=1, p=0.03, figure 4A) and seed retention times (µGRT; 
χ2=5.42, d.f.=1, p=0.02, figure 4D). However, its effect on the frequency of 
migratory movements (Fmig; χ2=2.58, d.f.=1, p=0.11, figure 4C) or the shape 
parameter of both migratory distance (σmig; χ2=0.14, d.f.=1, p=0.71, figure 4B) and 
seed retention times (σGRT; χ2=0.60, d.f.=1, p=0.44, figure 4E) was not significant. 

When the scale parameter (µ) of the lognormal distributions fitted to the 
migratory distances and seed retention times was substituted by the empirical, log-
transformed median, the relationships were also significant and very similar to 
those described for µ (in the case of retention times, sampling times were smoothed 
in order to make the data more continuous; data not shown). 
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Effect of bird mass on seed dispersal patterns 
Owing to its positive effects on the scale parameters of both migratory movement 
distance and seed retention time (µmig and µGRT), discussed in the previous section, 
and its positive effect on flight speed, bird mass had strong indirect effects on the 
variables of frequency and distance of effective dispersal (figure 5). Both of these 
latter variables decreased with increased bird mass, largely owing to the greater 
influence that the two former parameters (migratory movement distance and seed 
retention time), compared to the latter (flight speed), have on dispersal patterns (as 
shown in the Sensitivity analysis) and to the fact that the flight speed varies little 
with body mass. 
 

 
Figure 4. Effect of interspecific variation in bird body mass on the parameters describing the 
bird migratory movement (A-C) and seed gut-retention time (D-E). Parameters are 
dimensionless, because they either correspond to the natural logarithm of distance (km; A, B) 
and time (hours; D, E) or to a frequency (C). Note that the scale of the horizontal axes of 
migratory movement (A-C) and seed retention time (D-E) differ. 
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Figure 5. Effect of interspecific variation in bird body mass on seed dispersal patterns. 
Dispersal patterns are represented by the seed dispersal curves generated by five values of 
bird body mass (A), the frequency of effective dispersal (FED; B), the frequency of LDD 
events (FLDD; C), the median dispersal distance (D), and the 99% quantile of the dispersal 
distances (Q99; E). 
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Discussion 
By means of a simple mechanistic model, this paper tracks down the processes 
involved in the generation of successful propagule LDD by migratory birds. Two 
basic processes formed the structure of the model: bird migratory behavior and 
seed gut-retention time. Our results show that the size of the vector bird scales to 
two key model parameters (bird migratory distance and seed retention time) that 
strongly affect the seed dispersal patterns (dispersal frequency and distance). 
Because mechanistic models serve the purpose of understanding the system in a 
process-based fashion, and are therefore suitable for generalization (Nathan & 
Muller-Landau, 2000; Cousens et al., 2010), the bird size provides a straightforward 
measure by which the potential of bird species as propagule dispersers can be 
generalized. As our understanding of the dispersal processes increases, we should 
be able to assess the importance of many migratory bird vectors (water and land 
birds) by estimating the frequency and distance of propagule dispersal for the 
vectored organisms. 

The importance and effectiveness of a vector species is largely determined 
by the frequency with which it transports propagules and deposits them into 
suitable habitat. According to our results, the frequency of effective dispersal (FED) 
depends mainly on the vector probability of moving, the time it takes to depart 
(departure lag-time, DLT), and the scale of seed retention times (µGRT). The only 
situation in which seed dispersal might not take place is when birds stop feeding 
well before departing (when DLT>GRT), particularly if propagules have short 
retention times. This may well be the case for some species of shorebirds, such as 
the bar-tailed godwit (Limosa lapponica) and the red knot (Calidris canutus), which 
have been shown to stop feeding several hours, up to one or two days, before 
departure to allow for physiological and/or morphological alterations (e.g. Piersma 
& Gill, 1998). Indeed, while shorebirds feed on both seeds and propagules of 
several aquatic organisms (e.g. Green et al., 2005b; Sánchez et al., 2006) and migrate 
over long-distances, some species (notably, the longest migrants) might not be able 
to function as propagule dispersers, because they atrophy their guts before 
departing for migratory flights (Piersma & Gill, 1998).  

Waterbirds dispersed a maximum of 3.5% (the median was 0.1%) of the 
defecated, viable seeds over more than 100 km (note that if the model is to be 
parameterized for other bird groups, LDD may need to be redefined according to 
the species’ movement behavior). This frequency should be even lower when 
calculated on the basis of ingested (rather than defecated viable) propagules, since 
a considerable proportion of them fail to survive gut passage or germinate 
afterwards. For example, only 8 to 50% of propagules of aquatic organisms found 
in droppings of wild waterbirds collected in the field were still able to hatch or 
germinate (Figuerola & Green, 2002b; Green et al., 2008; Brochet et al., 2009b). The 
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experimental data used in this study showed similar viability values for defecated 
propagules (5 to 52%); however, only 10 to 42% of ingested propagules were 
retrieved (i.e. not broken or digested) after gut passage – suggesting that only 0.5 to 
22% of ingested propagules will be viable when defecated (Charalambidou et al., 
2003a; Charalambidou et al., 2005; Figuerola et al., 2010). Based on these numbers, 
the maximum frequency of LDD estimated by our model would represent 0.8% of 
the ingested propagules. This frequency might decrease further, since propagule 
viability tends to decrease with increasing gut retention time (Charalambidou et al., 
2003a; Charalambidou et al., 2005; Figuerola et al., 2010). More work is needed to 
investigate the characteristics of both the vector species and ingested propagules 
mediating this effect. Although odds seem to be against LDD, the large number of 
migratory birds (e.g., tens of millions of waterbirds in Europe; Delany & Scott, 
2006) may suffice to translate these low frequencies into a reasonably high number 
of events taking place every year.  

In addition to the frequency, the distance of the dispersal events is crucial to 
assess the effectiveness and role of a given dispersal vector (Nathan, 2007). In the 
case of migratory birds that act as LDD vectors, the distance of propagule dispersal 
largely depends on the migratory strategy of the vector bird species and the 
resulting movement patterns (for example, the distribution of migratory distances; 
Viana et al., 2013). Although migratory distance can be affected by external factors 
such as weather conditions and landscape features, it is largely a function of flight 
efficiency, particularly as it relates to features such as aerodynamics and flight 
performance (e.g. body mass, wing size and shape, and wing loading; Hedenström, 
2008). Body mass, in particular, affects the birds’ flight speed (see Alerstam et al., 
2007 for a discussion) and migratory distance (the scale parameter µmig, as observed 
in our study). Given the opposite effects of body mass on flight speed (positive) 
and migratory distance (negative), we can expect a trade-off between flight speed 
and migratory distance mediated by bird size, which (according to our simulations) 
has a bearing on seed dispersal. For example, smaller waterbirds tend to fly longer 
distances at lower speeds, which should increase the probability of propagule 
defecation while still in flight. However, body mass negatively influenced seed 
retention times, therefore the longer gut-retention times of smaller waterbirds 
should compensate (at least in part) for the longer time spent on their migratory 
flights. In contrast, larger waterbirds show shorter gut retention times and tend to 
fly shorter distances at higher speeds. Overall, the contrasting influence that bird 
body size has on three different determinants of seed dispersal identified by our 
model (flight speed, migratory distance and gut retention time) results in a trade-
off between the efficiency of dispersal over moderate distances and the potential 
for LDD – with a shift from the former to the latter as bird body size decreases. We 
therefore suggest that different bird species contribute in different ways to 



Chapter 2 

!

!82!

propagule dispersal, even when transporting propagules of the same organism (i.e. 
they may show differential contributions to its total dispersal kernel, sensu Nathan, 
2007). 

If potential migratory, and other long-distance, movements mediating seed 
LDD are not taken into account, the estimated dispersal kernel of many plant taxa 
belonging to different biomes might be truncated (i.e. the dispersal tails might be 
underestimated). Many migratory birds, inhabiting different biogeographical 
regions, are known to ingest seeds and potentially disperse them. The vast majority 
of migratory seed dispersers, such as frugivorous birds (e.g. Johnson et al., 1985), 
waterbirds (e.g. Brochet et al., 2009b), and many insectivorous migrants that also 
consume fruit during the migration season (compensatory frugivory; Eggers, 2000) 
live in temperate and boreal regions. However tropical regions also harbor 
migratory frugivorous species – some make altitudinal migrations (e.g. Levey & 
Stiles, 1992) and others make latitudinal migrations between temperate and tropical 
regions (Chesser & Levey, 1998) – that can therefore act as vectors of seed LDD. 
Temperate-tropical migrants may, however, show limited potential to mediate 
effective long-distance seed dispersal, as plants might not be able to establish in 
such different habitats. On the contrary, aquatic environments are more 
homogeneous and therefore are more amenable to successful LDD events, even 
across different biomes. Because LDD influences population dynamics and 
distribution patterns at higher scales (other than local; Fragoso et al., 2003), as well 
as the range expansion rate of species (Higgins & Richardson, 1999), investigating 
the potential of migratory birds to mediate long-distance seed dispersal in different 
biomes can help to explain the biogeographical patterns of many plant species.  

The model presented here might be adapted and parameterized to study the 
dispersal of terrestrial plants by land birds. It is important to note, however, that 
the allometric relationships found in this study might vary among different bird 
taxa. For example, the body size of passerine species was shown to have a positive 
effect on gut retention time (Karasov, 1990). A positive relationship might even be 
frequent, because propagules passing through longer guts, such as those of larger 
birds, should take more time. However, other factors might affect seed retention 
time. For example, the bird size is also related to the gizzard size in a positive way 
(as observed by performing a Pearson’s correlation test with data provided in 
Herrera, 1984a; data not shown), and, according to Figuerola et al. (2002), larger 
gizzards destroy larger numbers of seeds (at least in waterfowl). This might mean 
that only the seeds that spend less time in the gizzard can survive, which could 
result in shorter retention times (as the bird body mass increases). 

Further model developments should also address the effects of other 
parameters on LDD. For instance, for both water and land birds, the effect of vector 
activity and time activity budgets on propagule retention time may be important. 
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For example, the swimming activity of ducks was shown to reduce propagule 
retention time as compared to resting ducks (Van Leeuwen et al., 2012a). Propagule 
characteristics, such as seed size (Soons et al., 2008), may also affect LDD. This 
model could also be applied to pathogen dispersal if seed retention time is replaced 
by the duration of infectious periods in birds (e.g.1-8 days for H5N1 avian 
influenza; Gaidet et al., 2010). However, the potential effects of infection on the 
migration capacity of birds (e.g. van Gils et al., 2007) should be accounted for in the 
model. 

The simple mechanistic approach presented here provides a framework for 
LDD hypothesis testing in relation to colonization success, connectivity or invasion 
spread. For example, assessing the bird potential to disperse seeds of plants with 
known range expansion rates would allow researchers to compare such rates with 
the estimated frequency and distance range of seed LDD. The calibration and 
validation of such models, both in terrestrial and aquatic habitats, would be of key 
importance to explain biogeographic patterns, predict future range shifts (e.g. in 
response to climate change or as a result of biological invasions) and/or to infer the 
impact of altered landscape dynamics (e.g. in response to habitat fragmentation or 
wetland loss). This work is a first step towards the development of a general 
framework for modeling, understanding and forecasting biotic transport by 
migratory birds. 
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Appendix A. Mathematical formulation of the model 
 
The dispersal distance of propagules ingested by any given bird (or any other 
animal) depend on (1) the time elapsed between ingestion and defecation or 
regurgitation (i.e., the gut retention time), (2) the rate and pattern of movement by 
the animal, which includes (in migratory animals making a single step, as included 
in our model) the lag time between ingestion and departure. Owing to the existence 
of both random and systematic variation in these two variables, dispersal results in 
a frequency distribution of dispersal distances that can be described through a two-
processes statistical model (Cousens et al. 2008). Let pR(r) be the probability density 
function (pdf) of the dispersal distance (R) of a seed. Then, 
 

 (1) 
  
where pT(t) is the pdf of the time from ingestion to ejection (T) and pR|T(r|t) is the 
conditional pdf expressing the displacement distance of the animal at a given time. 
It is relatively common and straightforward to fit appropriate equations to 
observed distributions of gut retention time, i.e. to estimate pT(t). However, as 
Cousens et al. (2008) note, it is by no means straightforward to obtain an equation 
for pR|T(r|t). Hence, the most usual procedure involves the resolution of a discrete 
version of equation (1) using a tabular approach (see Cousens et al. 2008, pg. 60, eq. 
4.4.) analogous to the resampling procedure used (to avoid the need for 
discretization and allow for an explicit inclusion of the stochastic component) in 
our process-based model. 

We can explore further the potential for an analytical resolution of equation 
(1), using the set of equations derived from our empirical data on bird migration 
and propagule retention time. In our model, seed retention time follows a 
lognormal distribution, thus the probability that a seed is defecated some time t 
after ingestion is: 

 

 
(2) 

 
Departure time, or the time that elapses from ingestion until the bird departs, has 
distribution pdep(t). We consider two possibilities for this distribution, an 
exponential and a uniform distribution: 
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(3b) 

 
The probability that the bird has left (the patch) by time t is simply the cumulative 
distribution of pdep: 
 

 
(4) 

 
We now focus on bird movement. In this respect, we make the following 

assumptions:  
1. Birds make, at most, one migratory movement before defecation or 

regurgitation of seeds. To simplify the model and because we were most 
interested in dispersal events mediated by migratory flights, we also 
considered a distribution of single local movements (independent of time). 
The latter assumption can lead to an infra-estimation of local dispersal 
distance (dispersal events mediated by local movements). 

2. Seeds defecated or regurgitated during the flight die – leading to 
unsuccessful dispersal.  

3. Birds fly at speed v. 
4. The distance travelled is independent of time elapsed between ingestion 

and departure. 
 

 
(5) 

 
which is the PDF of a mixture of two lognormal distributions (representing local 
and migratory movements respectively), where Fmig is the frequency of migratory 
flights (as compared to local flights, Floc = 1-Fmig), and where 
 

 
(6) 

 
and 
 

 

(7) 

€ 

pdep (t)=
1
b
, 0 < t < b

!

€ 

pleft (t)= ds⋅ p
0

1
∫

dep
(s)

!

€ 

pmov r( ) = 1− Fmig( )⋅ ploc r( ) + Fmig ⋅ pmig r( )

!

€ 

ploc r( ) =
1

2⋅ π⋅σ loc ⋅ r
e
−
ln r−µ loc( )2

2⋅σ loc
2

!

€ 

pmig r( ) =
1

2⋅ π⋅σmig ⋅ r
e
−
ln r−µmig( )2

2⋅σ mig
2



Chapter 2 

!

!86!

Seeds are dispersed a distance r if (1) birds fly a distance r (which happens with 
probability pmov(r)) and (2) retention time is sufficiently long to allow birds to reach 
their destination with the propagule in the gut – that is, retention time is greater 
than the sum of two terms: departure time and flight time. Departure time is a 
random variable, but we assume that flight time is fixed, and equal to r/v. Thus, 
 

 
(8) 

 
which is the probability of seed dispersal at a given distance r.  

Despite the simplifying assumption that pmov(r) is independent of t, we are 
not aware of any analytical solution for this equation. The equation may, however, 
be resolved numerically. Such resolution would involve the calculation of pdispersal 
for a number of discrete values of r, and the subsequent use of these values to 
obtain either an empirical fit or a histogram describing pdispersal(r). Such a calculation, 
analogous to the discretization procedure proposed by Cousens et al. (2008), would 
provide more accurate estimates of the parameters used to describe the dispersal 
curve than the simulation model presented in this paper; however, they will not 
allow for an estimate of the variability (“noise”) associated to them. 
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Appendix B. Supplementary tables and figures 
 
Table B1. Results of the Spearman correlation tests between movement distance and time 
(days) recorded between banding and recovery for a time period corresponding to the 
chosen minimum stopover time (MST). All tests are not significant for a Bonferroni corrected 
alpha-level (α≈0.003). 
Continent Waterbird N MST R p-value 
Europe Anas crecca 102 6 0.023 0.819 
Europe Anas platyrhynchos 56 6 -0.016 0.908 
Europe Anas querquedula 18 6 0.142 0.573 
Europe Calidris alpina 18 3 0.166 0.511 
Europe Calidris canutus 11 3 0.181 0.594 
Europe Tringa totanus 25 3 -0.202 0.332 
N. America Anas acuta 43 6 0.036 0.819 
N. America Anas americana 13 6 0.202 0.508 
N. America Anas crecca 30 6 -0.025 0.894 
N. America Anas discors 71 6 -0.114 0.345 
N. America Anas platyrhynchos 214 6 0.069 0.317 
N. America Anas rubripes 37 6 -0.010 0.951 
N. America Aythya affinis 24 6 0.414 0.044 
N. America Aythya americana 22 6 -0.014 0.952 
N. America Aythya collaris 18 6 0.304 0.220 
 
 
Table B2. Lognormal distribution fits to the movement distances of various waterbird 
species in two regions. N, sample size; Fmig, frequency of migratory movements (>100 km); 
µlocal and σlocal, scale and shape parameter of lognormal fitted to local distances; µmig and σmig, 
scale and shape parameter of lognormal fitted to migratory distances; χ2 and p, chi-squared 
value and respective p-value (p>0.05 indicates that the estimated and observed distributions 
do not significantly differ) of the goodness-of-fit test to the fitted mixture distribution 
(mixture of the local and migratory lognormal distributions); R2, squared-coefficient of the 
correlation between observed and predicted frequencies. 
Region Species N Fmig µlocal σlocal µmig σmig χ2 p R2 
Europe Anas crecca 538 0.19 2.51 0.96 5.72 0.68 190.8 0.59 0.99 
Europe Anas querquedula 32 0.56 2.64 1.16 5.97 0.58 131.7 0.59 0.66 
Europe Anas platyrhynchos 742 0.08 2.42 0.95 5.30 0.64 1050.9 0.04 1.00 
Europe Tringa totanus 50 0.50 1.92 0.83 6.58 0.71 285.8 0.48 0.92 
Europe Calidris alpina 85 0.21 2.47 1.12 5.98 0.66 226.5 0.35 0.88 
Europe Calidris canutus 27 0.41 1.93 0.92 6.42 0.90 324.1 0.37 0.88 
N.America Anas rubripes 369 0.10 3.10 0.53 5.36 0.61 300.9 0.12 0.90 
N.America Anas americana 40 0.33 3.12 0.49 5.77 0.58 113.8 0.51 0.74 
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N. America Anas discors 173 0.40 3.21 0.53 6.23 0.93 343.0 0.25 0.90 
N. America Anas crecca carolin. 66 0.45 3.18 0.68 6.15 0.74 365.2 0.27 0.70 
N. America Anas platyrhynchos 955 0.22 3.33 0.62 5.68 0.76 407.0 0.18 0.85 
N. America Anas acuta 167 0.26 3.05 0.49 5.86 0.80 210.2 0.62 0.88 
 
 

 
Figure B1. Mixture distribution (local and migratory lognormal distribution mixture; red 
line) fitted to waterbird movement distances (dots). 
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Table B3. Distribution fits (Lognormal, Gamma and Weibull) to the gut retention times of the 
seeds of various aquatic plant species ingested by various waterbird species. Missing values 
indicate that the fitting process did not converged. N, sample size (number of seeds that 
survived gut passage and remained viable); µGRT and σGRT, scale and shape parameter of the 
lognormal distribution (which generally produced the best fits); AIC, Akaike’s Information 
Criterion; R2, squared-coefficient of the correlation between observed and predicted 
frequencies.  
   Lognormal Gamma Weibull 
Bird species Plant species N µGRT σGRT AIC R2 AIC R2 AIC R2 
A. crecca R. maritima 48 1.12 1.20 172 0.80 170 0.50 171 0.80 
A. crecca S. litoralis 55 2.40 0.67 240 0.20 233 0.02 229 0.29 
A. crecca S. maritimus 106 2.41 0.58 430 0.24 414 0.01 404 0.38 
F. atra S. litoralis 121 2.26 0.96 580 0.48 596 0.02 597 0.31 
F. atra S. maritimus 64 1.59 0.93 242 0.78 253 0.03 253 0.62 
A. penelope R. maritima 30 0.98 0.65 82 0.79 89 0.10 91 0.51 
A. platyrhynchos P. pectinatus 509 0.89 0.78 802 1.00 838 0.90 - - 
A. platyrhynchos R. maritima 51 -0.01 1.07 88 1.00 88 0.96 88 0.99 
A. platyrhynchos S. lacustris 320 1.51 0.93 1540 0.55 1629 0.03 1631 0.29 
A. platyrhynchos S. maritimus 57 1.56 0.56 205 0.70 201 0.08 200 0.72 
M. angustirostris S. litoralis 47 2.14 1.15 254 0.08 258 0.02 258 0.03 
M. angustirostris S. maritimus 111 1.81 1.03 514 0.22 543 0.01 542 0.10 
A. acuta R. maritima 24 0.77 0.11 31 1.00 31 - 31 1.00 
A. clypeata R. maritima 21 1.17 1.14 79 0.86 80 0.46 79 0.79 
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Figure B2. Lognormal distribution (red line) fitted to the gut retention times of the seeds of 
various aquatic plant species ingested by various waterbird species (dots). 
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Long distance dispersal (LDD) events may have important effects on gene flow and 
species diversity, particularly in fragmented landscapes (Levine & Murrell, 2003; 
Bohrer et al., 2005). At large enough scales, LDD might lead to range expansion or 
shifts (including biological invasions), and thus influence biogeographic and 
evolutionary processes (Gillespie et al., 2012). For passively dispersed organisms, 
such as those producing propagules dispersed by a vector (e.g. plant seeds), LDD 
at broad spatial scales is thought to be rare and mediated by either unusual 
movement patterns of standard vectors or non-standard vectors (Nathan et al., 
2008a). Six general mechanisms have been proposed to promote long distance 
propagule dispersal: vector movement in open terrestrial landscapes (where vector 
movement is facilitated), large animals (which often have larger home ranges), 
migratory animals, extreme meteorological events, ocean currents and human 
transportation (Nathan et al., 2008a). Vectors underlying these LDD mechanisms 
might act at distances much longer than usually observed (in plants, for example, 
seeds are usually dispersed at distances ranging from 10 to 1500 m away from their 
parent; Corlett & Westcott, 2013), and determine biogeographic patterns. 

At broad spatial scales, at which LDD can influence biogeographic 
processes, the study of long distance propagule dispersal is mainly based on 
dispersal vectors for which their movement can have some degree of predictability 
(Gillespie et al., 2012), and that are associated to patterns of island (re)colonisation 
(e.g. Krakatau; Thornton, 1992) and disjunct distributions (e.g. Cruden, 1966). For 
example, (i) sea-drifting seeds (pushed by ocean currents) of a pan-tropical plant 
(Hibiscus pernambucensis) were proposed to be responsible for the relatively low 
genetic differentiation between Atlantic and Pacific populations (Takayama et al., 
2008); (ii) anisotropic wind patterns were suggested to explain compositional 
floristic patterns in islands of the southern hemisphere (Muñoz et al., 2004); and (iii) 
a single long distance dispersal event mediated by a bird was hypothesized to 
explain the bipolar distribution (an extreme disjunct distribution pattern) of 
crowberries (Empetrum; Popp et al., 2011). In particular, migratory birds, which can 
provide rapid and directed dispersal services, have been involved in the long 
distance dispersal of a variety of organisms since Lyell (1832), Darwin (1859) and 
Ridley (1930), mainly in aquatic ecosystems where both epi- and endo-zoochory 
may be frequent (Figuerola & Green, 2002a; Brochet et al., 2009a; Van Leeuwen et 
al., 2012b). However, evidence on the potential of migratory birds to act as LDD 
vectors is solely based on indirect evidence, including dispersal syndromes (e.g. 
dispersal vector inferred from the characteristics of seeds of organisms dispersed 
into islands; Gillespie et al., 2012), spatial patterns of biodiversity distribution 
coincident with bird migratory movements (e.g. King et al., 2002; Figuerola et al., 
2005; Popp et al., 2011), and propagules found in gut contents of migratory birds 
supposedly arriving from a migratory flight (Fridriksson, 1975). Quantitative 
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evidence that migratory birds can actually transport (and disperse) propagules 
during a migratory flight has, nonetheless, never been produced.  

In this study we take advantage of the biology and natural history of the 
Eleonora's falcon (Falco eleonorae) to quantify long distance dispersal of seeds 
carried by their prey while in migratory flight. Eleonora's falcons winter in 
Madagascar, where they feed mainly on insects, but breed in small Mediterranean 
islands located along major migratory flyways between Europe and Africa, in the 
Moroccan Atlantic coast, and in small islands in the eastern most Canary Islands 
(Walter, 1979). Their breeding season starts later than usual comparing with other 
falcon species, and hatching and growth of their chicks in late summer largely 
overlaps with the period of major autumn migratory flux of birds heading to Africa 
(and upon which Eleonora's falcons prey; Walter, 1979). We set out our work on the 
small island of Alegranza, which is the northern most island of the eastern Canary 
Islands and is located 100 km west off the African coast. With the purpose of 
increasing sample sizes, we also visited the nearby islands of Montaña Clara and 
Roque del Este, two smaller islands that together with Alegranza make up the 
whole breeding area of the Eleonora's falcon in the Canary Islands. Alegranza (and 
the two other islands) is not located along a major migratory route, but birds can 
reach it during their southward migration, likely blown off their route by strong 
trade winds. Because the migratory flux in Alegranza is not constant, these falcons 
store their (hunted) preys around the nest during periods of more intense 
migratory flux (Figure 1). To quantify the frequency of seeds transported by 
migratory birds migrating from Europe to Sub-Saharan Africa "via" Canary Islands, 
we removed (in situ) the digestive tract of the stored preys leaving the corpse back 
at the same place to allow for posterior consumption by falcons. 

To ensure that migratory birds were hunted while in migratory flight, we 
identified the hunting areas of Eleonora's falcons by tagging seven different 
individuals during the breeding seasons of 2012 and 2013 (three males and three 
females in 2012, and two males and three females in 2013) with solar-powered GPS 
tags (University of Amsterdam). Each satellite position was recorded at intervals 
ranging from 3 to 60 sec with a precision of 10-15 metres. We identified the hunting 
areas by recording the falcons' positions during those days for which preys were 
found around the nests (i.e. in days of intense hunting activity). During these days 
falcons travelled up to 31 km to a NE quadrant off the island (Figure 2), where 
potential migratory birds are expected to appear if blown off their southward 
migratory route (away from Africa), at altitudes up to 3275 m (mean=328 m). The 
digestive tracts (mostly gizzards and, when still intact, intestines) of 408 stored bird 
preys belonging to 21 different species were dissected and their contents washed 
out under a stereoscope. All seeds (N=57) were found in the gizzard of five bird  
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Figure 1. Image of a Eleonara's falcon nest (left panel) and larder (right panel). 
 
 
preys (1.2% of all birds) and none in the intestine. Common quail (Coturnix 
coturnix; an omnivorous species) was the species that transported seeds more 
frequently (3 out of 8 individuals, plus one individual that carried two fragments of 
legume loments) and in higher quantities (mean=17 seeds; Table 1). Two 
insectivorous species, the common redstart (Phoenicurus phoenicurus) and the 
European pied flycatcher (Ficedula hypoleuca), which have also a complementary 
frugivorous diet during the migration season (Herrera, 1984b), transported seeds of 
fleshy fruits (Lonicera sp. and Rhamnus sp., respectively) at low frequency (only one 
individual bird out of 14 and 157, respectively; Table 1). 

Because Alegranza is a volcanic island with a very dry weather, only a few 
plant species occur there. The transported plant species are not among the local 
flora (personal observation) and thus it is impossible that the seeds had been 
ingested in the island. Although the origin of the seeds (belonging to five different 
families; Table 1) was not known, the genus Rubus does not occur in the Canary 
Islands (Arechavaleta et al., 2009) and must have come from somewhere else, 
probably from the previous stopover site in either the Iberian Peninsula or the 
African coast. The individual of common quail that was carrying the Rubus seeds 
(N=43 plus some fragments of damaged seeds) was also carrying two Fabaceae 
seeds, thus it is highly probable that the latter have also come from outside the 
Canary Islands. The Lonicera genus occurs in the Canary Islands but not in the 
eastern most islands (i.e. Lanzarote, Fuerteventura and small adjacent islands, 
including Alegranza; Arechavaleta et al., 2009), whereas only one (out of four 
species) species of the genus Rhamnus occurs in the Eastern islands (Arechavaleta et 
al., 2009) but in small and very localized areas.  

According to migration studies, many bird species, particularly passerines, 
depart from the SW Iberian Peninsula taking also a SW direction, parallel to the 
African coast (i.e. parallel to the Moroccan west coast), independently of the 
departing location (even if they depart from the south of Portugal; Hilgerloh, 1989).  
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Table 1. Results of the sampled digestive tracts of migratory birds hunted by Eleonora's 
falcons. 

Bird species 
Freq. 
birds 

Freq. 
digesta 

Nº seeds 
Freq. 

dispersal 
Plant taxon 

Ficedula hypoleuca 157 0.56 2 1 Rhamnus sp. 
Sylvia communis 104 0.09 0 0  
Hippolais polyglotta 41 0.37 0 0  
Lanius senator 16 0.75 0 0  
Phoenicurus phoenicurus 14 0.50 1 1 Lonicera sp. 
Sylvia cantillans 14 0.21 0 0  
Phylloscopus trochilus 11 0.18 0 0  
Phylloscopus bonelli 9 0.11 0 0  

Coturnix coturnix 8 1.00 54 3 
Rubus sp. 

Fabaceae (2 sps) 
Chenopodiaceae 

Actitis hypoleucos 7 0.57 0 0  
Luscinia megarhynchos 6 0.33 0 0  
Muscicapa striata 3 0.67 0 0  
Sylvia borin 3 0.33 0 0  
Acrocephalus paludicola 2 0.50 0 0  
Locustella naevia 2 0.00 0 0  
Motacilla flava 2 0.00 0 0  
Oenanthe oenanthe 2 1.00 0 0  
Saxicola rubetra 2 0.50 0 0  
Luscinia svecica 1 0.00 0 0  
Oenanthe hispanica 1 0.00 0 0  
Phalaropus fulicarius 1 1.00 0 0  
Phylloscopus sp. 1 0.00 0 0  
Sylvia sp. 1 0.00 0 0  
 

 
If in addition winds blow from the East, the predominant wind direction during 
summer, migratory birds may end up heading the Canary Islands. In fact, birds do 
not always behave in an optimal manner; for example, nocturnal migrants can be 
pushed against their usual migration direction (even backwards) by head winds 
but keep flying for hours in such conditions (Cochran & Wikelski, 2005). Therefore, 
migratory birds reaching Alegranza from North might depart from SW Iberian 
Peninsula (approximately one thousand kilometres away from Alegranza) or the 
African coast. Independently of the departure place, where probably birds fed for 
the last time, our results show that birds are able to takeoff with undigested 
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material (including seeds) in their guts, supporting the hypothesis that birds can 
actually transport seeds while in migratory flight. Furthermore, ingested seeds by 
the three bird species were shown to survive gut passage (in quails, Davidse & 
Morton, 1973; and in both redstarts and flycatchers, Herrera, 1984b), which 
suggests that these bird species can effectively disperse seeds. 

We used a "non-invasive" method to study LDD of seeds by migratory birds 
to show that this phenomenon is frequent enough (one out of every 80 migratory 
birds, in this study) to be quantified and studied in the field. This type of study 
might be implemented in other regions and on different bird species. For example, 
many bird migrants are hunted (legally) en route (e.g. wood pigeon, Columba 
palumbus, in the Pyrenees), and many crash against lighthouses along the coast 
while in migratory flight. Our particular study system might also be interesting for 
studying potential secondary dispersal by the Eleonora's falcons, which might 
disperse the seeds carried by their prey when travelling among islands, and 
between the Canary Islands and Africa (given that seeds survive and are retained 
in their guts long enough). 

We conclude that both omnivorous and frugivorous migratory birds can 
disperse seeds over distances of at least a few hundred kilometres. Given their 
wide distribution and high abundance, long distance seed dispersal by migratory 
birds might be more frequent than previously thought, which can be translated into 
large amounts of seeds travelling each year over large spatial scales, including 
dispersal to islands and between continents (e.g. Europe and Africa). The disparity 
often observed between dispersal potential and estimated rates of dispersal based 
on both gene flow (less gene flow than predicted; De Meester et al., 2002) and 
historical range expansions (higher rates of expansion than predicted, also known 
as Reid's paradox; Clark et al., 1998) suggests that niche processes often limit LDD 
(through abiotic and biotic filtering). In our study, we found seeds from species 
that are present in neither Alegranza nor nearby islands, suggesting that 
environment rather than dispersal limitation is limiting the establishment of new 
colonisers. Consequently, estimates of dispersal obtained from island colonization 
studies are probably underestimating, to a large extent, the frequency of propagule 
arrival and plant LDD. Quantifying long distance seed dispersal by migratory birds 
might aid in estimating LDD rates (for example, into islands), estimating invasion 
potential, resolving the Reid's paradox, improving species distribution models 
(SDMs), in which the inclusion of dispersal potential has been often neglected. 
Thus it might help to predict climate change impacts and to test hypotheses 
derived from questions of population and community ecology, as well as 
biogeography.    
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Figure 2. Location of the island of Alegranza (upper panel) and Eleonora's falcons' 
hunting movements (lower panel) during periods of sample collection (days in which 
sampled birds carried seeds). Data from each individual is shown in a different colour. 
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Abstract 
1. The relative role of local and regional processes in determining patterns of 
biodiversity might vary across spatial scales. In inland aquatic communities, 
macrophytes and zooplankton have the potential to disperse over large spatial 
scales (hundreds of kilometers), but the role of environmental and regional 
processes in determining species richness at different spatial scales is poorly 
understood.  
2. To assess their importance, we surveyed 139 waterbodies in five geographic 
regions (Spain, Italy, The Netherlands, Scotland and Norway) and measured, at 
each of them, environmental variables, descriptors of connectivity and the species 
richness of two aquatic taxa (aquatic angiosperms and cladocerans).  
3. Analyses using boosted regression trees (BRT) and generalized linear models 
(GLM), integrated with multiple imputation of missing data, indicated that both 
environmental and regional processes were related to local species richness.  
4. Total phosphorus was the main environmental correlate of species richness, 
showing a unimodal relationship with both functional groups. Conductivity and 
lake depth were also related to cladoceran species richness, and Secchi depth was 
related to angiosperm richness.  
5. The species richness of aquatic angiosperms and cladocerans were significantly 
correlated, but this effect was mainly indirect (i.e. determined by the effect of 
common environmental variables).  
6. The weak effect of connectivity and the absence of spatial autocorrelation in 
model residuals suggested weak dispersal limitation for both groups within 
regions. However region identity strongly influenced species richness, which 
suggests an important effect of biogeographic factors (e.g. the level of "endemicity", 
i.e. the number of unique species found in each region) and/or dispersal limitation 
at continental scale.  
7. We conclude that environmental factors and biogeographical processes largely 
determine the patterns of local and regional species richness in aquatic plants and 
zooplankton. 
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Introduction 
Local species richness is determined by environmental factors and biotic 
interactions (local processes), as well as the dispersal of organisms from the 
regional pool of species into the local habitat patch (regional process; Ricklefs, 
1987). Dispersal is especially important in explaining species richness in 
fragmented and naturally isolated habitats (e.g., islands, wetlands and mountain 
tops) where metacommunity dynamics prevail (Davies et al., 2001; Cottenie & De 
Meester, 2004; Leibold et al., 2004). In inland aquatic habitats, dispersal has been 
generally assumed to be one of the key determinants of local species richness and 
community diversity (Cottenie & De Meester, 2004). Indeed, several studies have 
shown evidence of dispersal limitation (e.g. Capers et al., 2010; Frisch et al., 2012) 
and its influence on species richness (e.g. Dodson, 1992) in aquatic taxa. However, 
other observational and experimental studies have shown that local, rather than 
regional, processes (i.e., local environment instead of dispersal limitation) 
determine community diversity in zooplankton (Shurin, 2000; Forbes & Chase, 
2002; Cottenie & De Meester, 2003; Cottenie & De Meester, 2004) and macrophyte 
(e.g. Alahuhta & Heino, 2013) communities.  

Numerous field and experimental observations attest to the strong dispersal 
abilities of many aquatic organisms (e.g. high colonisation rates of zooplankton, 
Louette & De Meester, 2005; low spatial autocorrelation of passively-dispersed 
organisms, Shurin et al., 2009), largely through the passive dispersal of dormant 
propagules (resting eggs and seeds) by abiotic and biotic vectors. For example, 
waterbirds are frequent dispersal vectors of the propagules of zooplankton, aquatic 
plants and benthic invertebrates (Figuerola & Green, 2002a; Brochet et al., 2010; Van 
Leeuwen et al., 2012b), able to disperse them over hundreds of kilometers on a 
regular basis (Viana et al., 2013).  

In addition to the high vagility of aquatic plants and zooplankton, which 
facilitates their frequent dispersal among waterbodies, successful interchange of 
species or genotypes requires that immigrants are able to establish in the recipient 
community – i.e. to germinate/hatch, if they are transported as propagules, grow 
and multiply under the new environmental conditions, and ultimately overcome 
the biotic resistance (e.g. competition, predation) of the resident community. Local 
environmental conditions are generally controlled by climatic factors, hydroperiod, 
water chemistry, habitat size and spatial/structural heterogeneity (Williams, 2001; 
Lacoul & Freedman, 2006; Bornette & Puijalon, 2011, for aquatic plants; Hessen et 
al., 2006, for zooplankton). Among these factors, productivity is the main driver of 
species diversity and community composition in lentic systems (lakes, ponds and 
wetlands; hereafter “lakes”). For example, nutrient availability determines the 
productivity of each waterbody, which in turn influences the species richness of 
both aquatic plants and zooplankton (Dodson et al., 2000; Jeppesen et al., 2000). 
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Such environmental factors both influence and are influenced by community 
composition, especially keystone taxa known to have strong effects on other 
elements of the aquatic community, such as aquatic plants and zooplankton – 
which, through their effects on algae growth and water turbidity, may influence 
the structure and productivity of the whole community (Scheffer et al., 1993).  

Although aquatic plants and zooplankton may respond to common 
environmental drivers, a direct effect of one group on another might also underlie 
the co-variation of their species richness. Disentangling direct and indirect 
(environment-mediated) effects allows us to discriminate whether one group 
represents an appropriate surrogate of the other (a phenomenon often referred to 
as “cross-taxon congruence”) or whether the common environment explains the 
species richness of both groups. Reported examples of direct interactions between 
aquatic plants and zooplankton include (i) refuge effects, whereby aquatic plant 
stands protect zooplankton against predation (e.g. Jeppesen et al., 1997), (ii) habitat 
heterogeneity effects, whereby aquatic plants provide substrate and/or a diverse 
spatial template for other aquatic organisms (periphyton, zooplankton and bethic 
invertebrates; De Meester et al., 2006), and (iii) light-climate effects, whereby the 
filtering activity of zooplankton removes phytoplanktonic algae, reducing water 
turbidity and improving conditions for aquatic plant growth (Jeppesen et al., 1999). 

We used a survey method specifically designed to document the species 
richness of both aquatic angiosperms (hereafter called aquatic plants) and 
cladocerans in lakes across a wide geographic range (five regions in Europe) and 
spanning a broad range of environmental conditions to evaluate: (1) whether there 
are generic environmental drivers of aquatic species richness, applicable to both 
functional groups; (2) whether the species richness of these groups is affected by 
regional processes acting over regional (dispersal limitation) and continental scales 
(biogeography and/or dispersal limitation); and (3) whether aquatic plant and 
zooplankton species richness influence each other, through direct or indirect 
effects. 
 
Methods 
 
Sampling design and data collection 
Angiosperm and cladoceran communities were surveyed respectively in 128 and 
124 out of 139 lakes located at five different regions in Europe: 1) the lower 
Guadalquivir watershed (SW Spain; N=20); 2) the upper and medium Po 
watershed (NE Italy; N=29); 3) the lower Rhine and Maas watersheds (the 
Netherlands; N=30); 4) the Fife area (E Scotland; N=30); and 5) several small, 
adjacent watersheds in C Norway (N=30; see the list of sites in Appendix S1, Table 
S1, in Supporting information). Sampling took place during the summers of 1998 
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(Spain, the Netherlands and Norway) and 1999 (Scotland and Italy). In each region, 
a circular area of approximately 150 km radius was defined and a subsample of 30 
lakes was randomly selected among those contained within it (based on available 
cartographic information). The lack of access to some of the selected lakes reduced 
further the number of lakes sampled. 

Floating and submerged angiosperms were sampled along four orthogonal 
transects perpendicular to the lake shore and situated approximately at its 
intersection with the four cardinal points. In addition, the rest of the lake was 
visited and any additional species recorded. The surveys were carried out during 
the peak of the growing season at each area, so that all angiosperm species present 
in the lake along the season could be detected. Furthermore, the composition of 
macrophyte communities is usually consistent across years over small time scales 
(few years), until major environmental changes occur (Sayer et al., 2010). Duplicate 
herbarium specimens were prepared for each species and transect, and one of them 
submitted to a central team of taxonomists (C. D. Preston and J. M. Croft) to 
confirm the determinations, based on a common checklist of European aquatic 
angiosperms agreed among the different teams prior to sampling. Hybrid species 
were considered different taxonomic units and therefore included in measures of 
species richness (see the list of species in Appendix S1, Table S2). 

To obtain a fully representative sample of both littoral and pelagic 
cladocerans across the recent history of the lake, the composition of Cladoceran 
communities was based on a combination of “live samples”, using plankton nets 
and preserved in ethanol, and “remain samples”, isolated from sediment samples 
collected at the deepest part of each lake (see the detailed methods in Appendix 
S2). Analysis of cladoceran remains from sediment samples has been shown to 
ensure an adequate representation of all species occurring throughout the year (i.e. 
at different seasons), while also accounting for interannual variation in species 
composition (Brendonck & De Meester, 2003; Catalan et al., 2009); hence, they were 
considered more reliable than one-shot samples of zooplankton using plankton 
nets (which was however done to aid in the identification of cryptic taxa, by means 
of genetic analysis). When a full species determination was not possible, the 
individual(s) was ascribed to the lowest identifiable taxonomic level and included 
in measures of species richness. As with aquatic plants, hybrid species were also 
considered different taxonomic units and therefore included in measures of species 
richness (see the list of species in Appendix S1, Table S2). 

For all the sampled lakes, several geographic and physico-chemical variables 
were recorded: altitude (m), area (km2), maximum lake depth (m), Secchi depth 
(m), conductivity (at 20ºC; µS cm-2), pH, calcium (mg l-1), and total phosphorus (µg 
P l-1) (except for the Scottish lakes, where lake depth and Secchi depth were not 
measured). In addition, the number and area (km2) of all neighboring lakes within 
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two different radii (10 and 20 km) of each surveyed lake (obtained from 
cartographic information). These two latter variables measure the availability of 
nearby immigration sources and were incorporated to the analyses as an estimator 
of connectivity, similar to other studies in terrestrial (e.g. forest fragments; Magrach 
et al., 2012) and aquatic (e.g. lake zooplankton; Dodson, 1992) systems. 
 
Data analyses 
Based on data obtained from the 139 lakes spread across the continent of Europe 
(Spain, Italy, Netherlands, Scotland and Norway), we modeled the species richness 
of each group as a function of eight environmental variables, four connectivity 
variables, and the species richness of the other group. Dispersal limitation at the 
regional scale was evaluated by checking the spatial correlation in species richness 
(correcting for spatially structured environment, i.e. spatial autocorrelation in 
model residuals) and the effect of connectivity variables, whereas biogeographical 
patterns and dispersal limitation at continental scale were evaluated by including 
region identity as a factor variable in the statistical models and investigating 
regional, local and endemic richness patterns. 
 
Determinations of species richness 
We calculated the species richness, i.e. the number of species in local communities 
(local species richness) and in each region (regional species richness), as well as the 
number of unique species found in each region (endemic species richness). In 
addition, because the sampling effort varied among regions, we calculated the 
regional species (corrected-) richness using one asymptotic estimator, the Chao 2 
(Chao, 1987; Colwell, 2013), and a Michaelis Menten richness estimator (MMMean) 
for which richness is obtained by functional extrapolation with a fitted analytical 
rarefaction curve (Colwell et al., 2004; Colwell, 2013). Chao 2 and MMMean were 
calculated using the software EstimateS (Colwell, 2013). 
 
Modeling strategy 
Although a considerable sampling effort was made (N = 128 and N = 124 for plants 
and cladocerans respectively), the high number of measured explanatory variables 
limited our ability to test for interactions and non-linear relationships that could be 
important for explaining species richness patterns. We therefore decided to use a 
machine learning method, boosted regression trees (BRT; see details below), to 
learn from the data how each explanatory variable affects species richness. This 
method allowed us to model interactions (as do regression trees) and to explore 
non-linear relationships that are otherwise difficult to hypothesize. We then used 
generalized linear models (GLM; see details below) to model linear and quadratic 
effects (those that could be observed in the BRT analysis plus those identified 
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through the analysis of GLM residuals) and test which variables contributed 
significantly to explain species richness. GLMs also allowed us to obtain simpler, 
more general models with fewer parameters. Moreover, the implementation of two 
types of models (BRT and GLM, explained below) provided a way to check the 
consistency of results, which is a desirable property when investigating general 
drivers for a given biological pattern. BRT and GLM models were fitted 
independently to the species richness of aquatic plants and cladocerans.  

For both BRT and GLM, the following explanatory variables were 
considered: altitude, area, depth, Secchi depth, conductivity, pH, total phosphorus 
(TP), connectivity (area and number of lakes within 10 or 20 km, with separate 
models fitted for each of the two radii to test which one produced the best fit), 
species richness of the other group (either of plants or cladocerans; SR-cross) and 
region (as a fixed factor with five levels: Spain, Italy, Netherlands, UK and 
Norway). Calcium was excluded due to co-linearity with conductivity, as indicated 
by variation inflation factors (VIF<3 for all variables except calcium). All statistical 
analyses (explained below) were performed using the R program (R Development 
Core Team, 2012). 
 
Multiple imputation (MI) 
The data set had a few missing values in some of the explanatory variables (4.4% 
and 4.1% of data values for plants and cladocerans, respectively; species richness 
was measured in all lakes). Since removing all cases with missing values would 
require removing the data from an entire region (Scotland), we resorted to multiple 
imputation (MI) of missing data. This technique provides a way of estimating 
unbiased model parameters by accounting for the uncertainty derived from the 
imputation process. 

We used multivariate imputation by chained equations (MICE; implemented 
with the R package mice; Van Buuren & Groothuis-Oudshoorn, 2011) to impute 
missing values, with predictive mean matching (PMM), for each variable with 
missing data. This is a semi-parametric method that uses a multiple regression 
model to estimate missing values, in which the values of the model parameters are 
chosen at random (conferring uncertainty to imputed values) from a joint posterior 
distribution obtained by Gibbs sampling. The uncertainty of imputation is reflected 
in the analysis by creating m replicated data sets, for which the predicted imputed 
values vary according to the randomly chosen values of the imputation model 
parameters. These imputed data sets are analyzed separately and the model results 
combined to obtain a single model (see below for details on how the combination is 
done). This method has been shown to produce reliable results if missing data 
depend on measured variables, i.e. if missing data can be estimated from other 
variables present in the data set (a scenario referred to as “missing at random”, 
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MAR; Schafer & Olsen, 1998). This was the case in our dataset and, to increase the 
accuracy of imputed values, we chose the variables showing a correlation 
coefficient > 0.3 with the variable being imputed. For example, the two variables 
with most missing data (lake depth and Secchi depth, approx. 25% of missing 
values each) were highly correlated with total phosphorus TP (approx. r=0.40 and 
0.60 respectively), which means that TP (and other measured variables) can be used 
to predict the missing data. All explanatory variables (except pH) were log-
transformed before the imputation procedure to normalize them and linearize 
relationships with imputed variables. All multiple imputation models converged as 
shown by plotting the mean and standard error of the different variables against 
the iteration number of the Gibbs sampling procedure (Appendix S3, Fig. S1).   

The statistical procedures described below (BRT and GLM) were applied to 
a growing number of m imputed datasets to choose the optimal m, i.e. the number 
from which the results became stable. In our case, m was determined as 20 (see 
Appendix S3, Fig. S2). 
 
Boosted regression trees (BRT) 
The boosted regression trees (BRT) method is based on the combination of 
regression trees (i.e. recursive partitioning of the data space by maximizing the 
homogeneity of the response variable in the created sections or “terminal nodes”) 
and boosting (an adaptive method that uses many simple models, in this case 
regression trees, to build a more accurate model with improved predictive ability; 
Elith et al., 2008). Given the relatively low sample size, we decided to (1) keep the 
size of trees, and consequent interactions’ order, low (tree complexity parameter = 
2), and (2) choose a low shrinkage parameter (learning rate parameter = 0.002), 
which controls the contribution of each individual tree to the final model. These 
parameter values allowed us to produce an optimal number of trees, estimated 
using cross-validation (with a bag fraction = 0.5), of at least 1000, as recommended 
by Elith et al. (2008). The importance of a predictor variable was determined by its 
frequency of selection (for splitting) weighted by a measure of improvement of the 
model given each split and averaged across all trees (contributions were scaled to 
sum to 100; see Elith et al., 2008 for details). All BRT results (variable importance 
and predictions) were averaged across the m imputed datasets. BRT analyses were 
implemented with the R package gbm using code provided in Elith et al. (2008). 
 
Generalized linear models (GLM) 
Generalized linear models were fitted using Poisson error distributions and log 
links. We started by defining a full model in which all variables referred above 
were included, together with the interaction between the area and number of lakes 
within a given radius (which we considered a potentially important contributor to 
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the connectivity effect). Based on the results of BRT and on a previous inspection of 
the residuals of GLMs with linear terms, we included quadratic terms of four 
explanatory variables for the species richness of, respectively, aquatic plants 
(conductivity, pH, TP and SR-cross) and cladocerans (altitude, depth, pH and TP). 
The marginality principle was kept in all fitted models – i.e. whenever higher-order 
terms were included, all single-order effects contributing to them were also 
included. 

In order to make a first screening of important predictors (model selection) 
we fitted one model per combination of predictor variables, up to all possible 
combinations, using the R package MuMIn (Bartón, 2013). From the models 
obtained, we selected that with the lowest AIC and all those with a difference in 
AIC lower than two in relation to the former. This was performed repeatedly on all 
the m imputed datasets. Finally, we selected the predictors that were retained on 
average (across the different models obtained with all the m imputed datasets) in at 
least 50% of the fitted models. This procedure allowed us to identify the set of 
variables likely to contribute to explaining the observed patterns of species 
richness, independently of the partial effects exerted by the various predictors. 

Once the reduced set of retained predictors was obtained, we fitted the 
reduced GLM and tested the significance of the predictors. The estimates 
(coefficients and standard errors) produced by each regression model (fitted to 
each of m imputed datasets) were pooled according to Rubin’s rules (Rubin, 1987). 
However, pooling results for significance tests is not as straightforward as for 
model estimates. The more conservative approach, proposed by Meng & Rubin 
(1992), consists of likelihood ratio tests (LRT) that take into account both the 
deviance of each model fitted to the mth data set and the deviance in relation to the 
“pooled” model, but we are not aware of any statistical software that implements 
these tests. Therefore we developed an algorithm written in R language that 
performs LRT to GLMs with Poisson error distributions. We provide a description 
of the method and the code for this function in Appendix S4. If one or more 
predictors turned out to be not significant (across the 20 imputed datasets), we 
removed them and compared the resulting sub-model with the primarily refined 
model by means of AIC; if the change in AIC was less than two, we kept the 
simplest model (i.e. the sub-model). All variables retained in 100% of the models 
obtained with the first screening were significant, which also supports the 
robustness of the whole statistical method. The explanatory power of the retained 
predictor variables was calculated as the difference between the deviances of the 
nested-model (for which the variable of interest was dropped out) and the optimal-
model divided by the deviance of the optimal-model, expressed as a percentage.  
 
 



Chapter 4 

!

!112!

Results 
Regional, local and endemic species richness differed among regions (Table 1) even 
when accounting for sample sizes (see species accumulation curves in Appendix 
S3, Fig. S3). Local richness was strongly correlated with the regional richness 
(corrected for sample size) of aquatic plants (r=0.9 and 0.8 for Chao2 and MMMean, 
respectively) but not cladocerans (r=0 and 0.2 respectively), although none of both 
correlations was significant (probably due to the reduced sample size; N=5 
regions). In contrast, regional variation in the number of unique taxa (those 
detected only in a given region in our survey) was strongly correlated with local 
richness for cladocerans (r=0.87) but not for aquatic plants (r=0.36; see all the 
diversity indices in Table 1).  
 
Table 1. Summary information on the regional distribution of species richness. SR, species 
richness. 

Group Region N 
Total 

SR 
Chao 2 MMMean 

Mean 
local SR 

Endemic 
SR 

Spain 19 14 20.1 17.77 2.10 5 
Italy 19 22 29.1 24.96 6.05 4 
Netherlands 30 24 22.42 32.3 2.27 3 
Scotland 30 25 22.94 27.47 4.87 3 

Plants 

Norway 30 31 28.56 32.58 8.37 13 
Spain 12 33 42.26 50.59 6.75 5 
Italy 29 55 65.98 57.96 14.34 7 
Netherlands 25 52 61.05 61.41 10.40 6 
Scotland 28 45 66.85 53.32 7.29 1 

Cladocerans 

Norway 30 39 41.41 40.48 13.57 7 
 
 

The relationships between plant and cladoceran species richness were weak 
and depended on the group used as predictor. When cladoceran richness was used 
as predictor of aquatic plant richness, we observed a hump-shaped relationship 
(downward parabola: SRP = 1.715 + 0.046 * SRZ + 0.006 * SRZ

2, F(1,28458) = 21.79, p < 
0.01, R2 = 0.11, note the high degrees of freedom resulting from hypothesis testing 
on data subjected to multiple imputation, as explained in the Methods; Fig. 1). 
When plant richness was used as predictor of cladoceran richness, a significant but 
weak linear relationship was found (SRZ = 2.209 + 0.267 * log10(SRP+1), F(1,48629) = 
7.39, p = 0.01, R2 = 0.02; Fig. 1). Both relationships became non-significant when the 
environmental variables were included in the models (see below), largely owing to 
the effect of region and TP, as observed by adding one variable at a time (data not 
shown). 
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Region was the most important variable 
explaining local species richness of both 
aquatic plants and cladocerans, showing the 
highest importance index in the BRT models 
and the highest explanatory power in GLMs 
(Fig. 2, 3, 4, 5; see Appendix S3, Table S3 for 
GLM results). However, regional variation in 
local species richness differed between aquatic 
plants and cladocerans, even when accounting 
for the effect of environmental variation across 
such different regions. Plant species richness 
was higher in Norway, Italy and Scotland, and 
lower in Spain and the Netherlands, whereas 
cladoceran species richness was higher in 
Italy, the Netherlands and Norway, and lower 
in Scotland and Spain (Fig. 2, 3, 4, 5). 

Independently of the region, only a 
minor set of significant environmental 
variables determined species richness. For 
both plants and cladocerans, TP and 
conductivity were the only predictors 
consistent between the two types of model 
(GLM and BRT; Fig. 2, 3, 4, 5). TP showed a 
significant quadratic, unimodal effect 

(downward parabola) on both plant and cladoceran richness (Fig. 4, 5), plus a 
negative linear effect on cladoceran richness (Fig. 5). Conductivity had a quadratic 
effect on plant richness and a negative linear effect on cladoceran richness (Fig. 4, 
5). On the other hand, pH was an important common predictor in GLMs but not in 
BRT (Fig. 2, 3, 4, 5), probably because only two extreme values (of acidic lakes in 
the Netherlands) drove the effect in the GLM but were insufficient to be important 
in the BRT. In GLMs, pH had a positive effect on plant richness and a quadratic, 
unimodal effect on the cladoceran richness (Fig. 4, 5).  

Other important predictors of species richness were specific for one of the 
two groups. Secchi depth was the third most important predictor of plant species 
richness, showing a positive relationship (Fig. 2, 4). In the GLMs, when the Secchi 
depth was included along with lake depth, none had a significant effect, which 
suggests that the two variables have redundant effects (due to collinearity; approx. 
rho = 0.6). Similar effects exerted by these variables can also be observed with the 
BRT analysis (Fig. 2). One connectivity variable (the number of lakes within 20 km) 
had significant effects on plant species richness in both BRT and GLM (Fig. 2, 4), 

 
Figure 1. Cross-taxon relationship 
between plant and cladoceran species 
richness. SR, species richness. The 
response variable (y-axis) is shown in 
log scale in both plots and the 
respective models are SRP = 1.715 + 
0.046 * SRZ + 0.006 * SRZ

2  and SRZ = 
2.209 + 0.267 * log10(SRP + 1). 
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though its effect was relatively weak (only 2.1% of explained deviance, as 
compared to 15.5% explained by region and 14.8% by the four environmental 
variables included in the GLM model; Fig. 4). 
 

 
Figure 2. Partial dependence plots for all variables included in the BRT model of plant 
species richness. The y-axes represent the marginal effect of the respective explanatory 
variable on the predicted species richness (centered to have zero mean). The relative 
contribution (%) of each variable is shown between parentheses in the x-axes labels. TP, total 
phosphorus; AreaLK20, area of neighbor lakes within 20 km; NoLK20, number of neighbor 
lakes within 20 km; SR-cross, cladoceran species richness. 
 
 



Species richness of aquatic organisms 

!

! 115!

 
Figure 3. Partial dependence plots for all variables included in the BRT model of cladoceran 
species richness. The y-axes represent the marginal effect of the respective explanatory 
variable on the predicted species richness (centered to have zero mean). The relative 
importance of each variable (as the percentage of explained deviance) is shown between 
parentheses in the x-axes labels. TP, total phosphorus; AreaLK10, area of neighbor lakes 
within 10 km; NoLK10, number of neighbor lakes within 10 km; SR-cross, plant species 
richness. 
 

 
Lake depth had a negative effect on cladoceran species richness, although it 

was only observed with GLMs (Fig. 3, 5). Cladoceran species richness increased 
significantly with one measure of connectivity, the area of surrounding lakes 
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within 10 km, although the relationship was relatively weak (only 2.2% of 
explained deviance, as compared to 21.3% explained by region and 34.2% by the 
four environmental variables included in the GLM model; Fig. 5). All variables 
identified as important after the first model selection were kept in the final model. 

The proportion of variance explained by the whole GLM models was 55% 
and 44% for aquatic plants and cladocerans, respectively. Correlograms and 
Moran’s I statistics (Fig. 6) showed that, although dependent (species richness) and 
most independent (environment and connectivity) variables were spatially 
autocorrelated, model residuals were not. This means that the relationships with 
environmental and connectivity variables reflected in the model sufficed to explain 
the spatial autocorrelation in species richness.  
 
Discussion 
We present a cross-scale analysis in lentic habitats that identified total phosphorus 
(a key determinant of lake productivity) as the main environmental driver of the 
species richness of both aquatic angiosperms and cladocerans. Conductivity was 
also a common predictor of the species richness of both groups, although it was 
more important for cladocerans (accounting for 7.1% of total variance) than for 
aquatic plants (2.2% of total variance). Other environmental variables (water 
transparency for aquatic plants, lake depth for cladocerans) also had significant 
effects on species richness. Habitat connectivity, on the other hand, had significant 
but limited effects on species richness. In addition, the lack of spatial 
autocorrelation in species richness (after correcting for the environmental factors) 
suggests that these communities showed weak effects of dispersal limitation within 
regions. However, the relatively strong effect of region identity on species richness 
(unexplained by environmental variables) indicates that biogeographic factors and 
dispersal limitation may act at a broader (continental) scale. 

The concentration of phosphorus, an essential nutrient in aquatic habitats, is 
considered to be a surrogate for productivity (Dodson et al., 2000; Jeppesen et al., 
2000; Chase & Leibold, 2002) and a critical element in mediating transitions 
between alternative stable states (“clear” versus “turbid”) in shallow waterbodies 
(Scheffer et al., 1993) – such as most lakes surveyed in our study (median lake depth 
= 7 m). The decrease in aquatic plant and cladoceran species richness as TP 
increases, observed with BRT (abrupt drop) and GLM (negative, linear effect), 
supports the idea of alternative stable states. However, the quadratic, unimodal 
effect of TP on local species richness detected in this and other studies (Mittelbach  
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Figure 4. Partial effect plots for all variables included in the GLM model of plant species 
richness. The y-axes represent the marginal effect of the respective explanatory variable 
on the predicted species richness (centered to have zero mean). Dashed lines represent the 
95% confidence interval. The percentage of explained deviance by each variable is shown 
between parentheses in the x-axes labels. TP, total phosphorus; NoLK20, number of 
neighbor lakes within 20 km. 
 

 
et al., 2001; Chase & Leibold, 2002) suggest that the drop in aquatic species richness 
that accompanies the transition to a turbid state might be preceded by an increase 
in species richness at increasing TP – thus defining a peak of species richness at 
intermediate TP. In addition, high TP levels might also promote the dominance of 
non-edible phytoplankton, limiting the production of large cladocerans and 
causing a concomitant reduction of cladoceran species richness (e.g. Ghadouani et 
al., 2006). 
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Figure 5. Partial effect plots for all variables included in the GLM model of cladoceran 
species richness. The y-axes represent the marginal effect of the respective explanatory 
variable on the predicted species richness (centered to have zero mean). Dashed lines 
represent the 95% confidence interval. The percentage of explained deviance by each variable 
is shown between parentheses in the x-axes labels. TP, total phosphorus; AreaLK10, area of 
neighbor lakes within 10 km. 
 

 
The covariation of the species richness of both groups, aquatic plants and 

cladocerans, with its main environmental determinant (TP) is probably mediated 
by its effect on water turbidity, through the chain of effects generally hypothesized 
in eutrophication processes: increased phytoplankton growth causes increased 
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water turbidity, which results in decreased abundance and/or species richness of 
aquatic plants and, through cascading effects between predatory/zooplanktivorous 
fish, a reduction in zooplankton abundance and/or species richness  (Jeppesen et 
al., 1999; note however that abundance and species richness might not respond in 

the same way). This mechanism is 
supported by the significant effect of water 
transparency (Secchi disk depth) on aquatic 
plants but not zooplankton (Fig. 5). 
However, because such an effect would be 
mediated by the aquatic plants, one should 
expect a significant effect of plant richness 
on cladoceran richness (i.e. cross-taxon 
congruence) even after accounting for the 
effect of lake productivity (TP) and water 
turbidity (Secchi disk depth). The weak 
relationship between cladoceran and plant 
species richness (Fig. 1), which disappears 
when the region and TP effect are 
considered, seems therefore paradoxical. 
However, the unimodal relationship 
between TP and cladoceran richness might 
be driven by the unimodal response of the 
aquatic plant abundance, rather than its 
species richness, to TP (as also suggested 
by De Meester et al., 2006). Increased plant 
abundance (rather than species richness) 
might provide more shelter to zooplankton 
while maintaining the water column in a 
clean, transparent state (Strand & Weisner, 
2001; Declerck et al., 2007). For example, in 

eutrophic ponds (high TP), extensive monospecific stands of aquatic plants may 
host diverse communities of littoral phytophilous zooplankton, living pelagically 
or slightly attached on the plants, thereby maintaining a high microinvertebrate 
biodiversity (Van Onsem et al., 2010). At the other extreme, a diverse community of 
aquatic plants may be thriving in relatively oligotrophic lakes (benefited by the 
high water transparency and their access to nutrients from the sediment), while 
cladocerans show limited abundance and species richness owing to limited food 
availability at the water column (such as observed in many Italian and Norwegian 
lakes in our study). In short, while the overall, hump-shaped response to TP may 

 
Figure 6. Spatial correlograms for plant 
(upper plot) and cladoceran (lower plot) 
species richness, showing the Moran’s I 
index for each distance class (25 km). The 
solid and dashed lines represent the 
spatial autocorrelation for the raw and 
residual (resulting from GLMs) species 
richness respectively. 
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be comparable for the species richness of aquatic plants and zooplankton, it does 
not necessarily need to be positively associated at an individual lake level. 

Besides the effect of TP, a few additional predictors (mainly conductivity 
and pH) explained a considerable fraction of the variation in local species richness, 
although these had different effects on the two functional groups. Conductivity 
had a quadratic effect on plant richness, which may reflect the positive effect of 
inorganic nutrient availability (e.g. calcium, which was highly correlated with 
conductivity) at low salinity, and the negative effect of osmotic stress at high 
salinity (Lacoul & Freedman, 2006); and a strongly negative, linear effect on 
cladoceran richness, possibly owing to the progressive dominance of a few species 
with broader osmotic tolerance (e.g. Green et al., 2005a). pH showed the opposite 
pattern: cladoceran richness peaked at neutral pH, whereas plant richness 
increased linearly with increasing pH. The latter relationship probably reflects a 
dual cause-effect relationship: a decrease in plant species richness in acidic-lake 
communities, dominated by one or a few specialized species (e.g. Juncus bulbosus), 
and the increase in pH caused by the strong photosynthetic activity in lakes with 
abundant and diverse aquatic plant communities.  

Finally, the decrease of cladoceran species richness with lake depth may be 
explained by the negative relationship between mixing depth and zooplankton 
biomass (reported, for example, by Berger et al., 2006) and the absence of littoral 
taxa in deep lakes. In fact, some of the positive relationships between lake depth 
and species richness reported in the literature may be due to sampling biases 
(Keller & Conlon, 1994), as benthic and littoral zooplankton rarely appear in more 
pelagic zones, but pelagic species frequently appear in littoral zones (Walseng et al., 
2006).  

Despite the strong effect of several environmental variables (largely TP), 
regional variation still accounted for a considerable proportion of variance in 
species richness (similar to that accounted for by the whole set of environmental 
variables; Table A1, Fig. 2-5). Such an effect could reflect, at least in part, the 
influence of latitude-related variables that vary at large scale, which are often used 
to delimit biogeographic regions and explain broad diversity patterns. For 
example, climatic variation was suggested to control a trade-off between dispersal 
and ecological specialization that in turn controls species diversity (Jocque et al., 
2010). However, such variation may be more likely related to biogeographic 
factors, such as the specific composition of the regional species pool. Despite the 
few data points available (N=5), this idea is supported by the strong correlations, 
observed in our survey, between the regional species richness (corrected for sample 
size) and local species richness of aquatic plants, as well as between the regional 
“endemic”-species richness and the local species richness of cladocerans (note that 
regional species richness was not related to the regional “endemic”-species richness 
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in cladocerans). Because (1) the effect of region identity was strong, suggesting 
limited inter-regional dispersal, and (2) the total and endemic species richness 
varied among regions and were related to local species richness, species richness 
may largely be determined by biogeography (for which dispersal limitation at 
continental scale is a contributing factor).  

Dispersal has also been shown to affect the species richness of aquatic 
organisms (e.g. zooplankton; Dodson, 1992). However, those taxa that rely on the 
production of propagules for dispersal (such as aquatic plants and cladocerans) 
often show high rates of dispersal and colonization (e.g. Santamaría, 2002; Louette 
& De Meester, 2005). Our results show that habitat connectivity at the small scale 
(10-20 km) had limited effects on plant and cladoceran species richness (≤2.2% of 
the total variance). Moreover, after accounting for this effect, there is no apparent 
dispersal limitation up to 300 km (maximum distance separating two lakes within 
each region), because no spatial autocorrelation was detected in the GLMs’ 
residuals. Other studies have also suggested that the effect of dispersal depends on 
the scale (Shurin et al., 2000), becoming evident at long rather than short distances 
(King et al., 2002; Viana et al., 2013). Mechanistic models of propagule dispersal by 
waterbirds have shown that the propagules of aquatic plants and zooplankton may 
be dispersed regularly over distances up to 100 km, and occasionally over 
hundreds of kilometers (>200 km for zooplankton and >1000 km for plants; Viana 
et al., 2013). Insights from community structure studies also suggest that 
zooplankton propagules can disperse over distances on the order of 100 km, 
showing uniform dispersal within geographic areas of 300,000 km2 (Pinel-Alloul et 
al., 1995). Similarly, population genetic studies of the aquatic plant Potamogeton 
pectinatus suggest that dispersal is more or less uniform at distances of up to ca 150-
200 km, beyond which geographical separation becomes limiting (King et al., 2002). 

Preliminary analyses showed that, in the absence of multiple imputation 
procedures, the deletion of cases would have caused both a significant loss of 
statistical power (to identify important drivers of taxon richness) and inconsistent 
results between different groups (plants and zooplankton) and taxonomical ranks 
(data not shown). We therefore encourage the use of imputation methods that 
account for the variability of imputed values for analyzing cross-scale (or multi-
region) data, in which missing data is a common feature, with the aim of 
identifying general drivers of biodiversity distribution. Furthermore, for studies on 
taxon richness for which Poisson regression is often a suitable type of model, 
likelihood ratio tests for multiply imputed data is a useful tool to test the 
significance and contribution of the predictors’ effect. The identification of common 
important drivers (TP and conductivity) is important for conservation purposes 
and for understanding the underlying causes of cross-taxon congruence. In our 
case, cross-taxon congruence was determined by extrinsic factors rather than by 
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direct effects between both groups. Indeed, the low congruence in species richness 
often reported for lentic aquatic taxa, for example, across trophic levels (Declerck et 
al., 2005; Longmuir et al., 2007; Heino, 2010), suggests the influence of complex 
interactions and/or specific predictors. The independent and interaction effects 
accounted for by either the GLM or the BRT analyses presented here may therefore 
underlie the idiosyncratic variation frequently reported for aquatic species 
richness, particularly when it is surveyed at continental scales.  

In conclusion, our work suggests that the species richness of aquatic, 
passively-dispersed organisms is primarily determined by local environmental 
conditions and biogeographic factors. On the one hand, ecosystem characteristics 
driven by TP (such as productivity) explained a large proportion of the spatial 
variation in species richness of aquatic plants and cladocerans, and probably drove 
their covariation via direct and/or indirect effects (e.g., trophic cascades). On the 
other hand, dispersal limitation only explained a small fraction of the spatial 
variation in species richness within regions (<300 km). Our results therefore 
suggest that the environment controls species richness at all scales (environmental 
variables were spatially correlated at all scales and significantly affected species 
richness), while dispersal limitation may become important at large scales (>300 
km), strengthening the differences between regions and reinforcing biogeographic 
patterns.  
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Appendix S1. Sites and species lists. 
 
Table S1. List of sampling sites ("lakes"). 
Region Name Latitude Longitude 

Puerto de Santa Maria 36.63333 -6.23333 
Laguna de 36.95887 -6.45043 
Cuquero 37.00885 -6.23645 
Laguna de Tollos 36.8497 -6.01665 
Laguna del Pilon 36.90318 -5.89827 
Laguna del Taraje, Sevilla 36.9 -5.89827 
Laguna Dulce de Zorrilla 36.85997 -5.86507 
Laguna Hondilla, Espera 36.87438 -5.8609 
Brazo del Este 37.18242 -6.03227 
Utrera 2 37.04308 -5.82312 
Alcaparrosa, Utrera 37.0481 -5.81675 
Laguna de Calderon, Lantejuela 37.3621 -5.1183 
Lantejuela, no name 37.38238 -5.1733 
Lantejuela, road 37.37218 -5.18673 
Cortijo Tranquila, Lantejuela 37.3621 -5.17667 
Laguna Dulce, Campillos, Malaga 37.04958 -4.83113 
Laguna de Santa Olalla 36.983 -6.48107 
Laguna Amarga, Jauja, Cordoba 37.31963 -4.61743 
Pond, Las Jarillas 37.78752 -5.83818 

Spain 

Castillo de las Guardas 37.69086333 -6.376116667 
Alserio 45.78472222 9.216666667 
Ghirla 45.91694444 8.822222222 
Idro 45.76666667 10.51666667 
Iseo 45.73333333 10.06666667 
Lugano  45.96666667 8.983055556 
Maggiore 45.96666667 8.9666765 
Mantova 45.15000133 10.8000035 
Mergozzo 45.95638889 8.463055556 
Mezzola 46.18334267 9.433337833 
Monate 45.78611111 8.664444444 
Montorfano 45.7825 9.1375 
Annone 45.80000567 9.333343 
Moro 45.86305556 10.1575 
Orta 45.81666667 8.4 
Piano 46.0333355 9.150007167 

Italy 

Pusiano 45.80222222 9.273055556 
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S.Maria  45.71666717 10.60000583 
Sartirana 45.7000095 9.416672 
Segrino 45.82916667 9.267222222 
Sirio 45.48333417 7.883334 
Varese 45.8 8.75 
Viverone 45.40138889 8.051388889 
Avigliana 45.05000883 7.383335333 
Candia 45.32361111 7.911944444 
Comabbio 46.76305556 8.691944444 
Como 46 9.266666667 
Endine 45.77777778 9.938055556 
Garda  45.66666667 11.7 

 

Garlate 45.81666917 9.400003333 
Uitgeest 52.51667 4.733333 
Westerkoggenland 52.62842 4.925383 
Zwolle west 52.54408 6.0607 
Groningen 53.21667 6.633333 
Hilversum 52.25 5.1 
Drakensteun 52.18333 5.266667 
Sandbergen 52.18333 5.616667 
Posterenk 52.2013 6.11015 
Lindlust 52.03333 4.416667 
Gauda 52.03697 4.755633 
Huisen 51.93047 5.9466 
Dirksland 51.73512 4.061717 
Geeuw 53.0257 5.640283 
Korindijk 51.76998 4.33295 
Biesbos 51.76745 4.773117 
Werkendam 51.8094 4.7628 
Woudenhiem 51.81045 5.040267 
Vligmen 51.72043 5.246517 
Lith 51.81667 5.416667 
Cuigken 51.75253 5.809733 
Middenseeland 51.51667 3.733333 
Nieuwginneken 51.52585 4.818217 
Rigen 51.59168 4.891017 
Sandplat 51.3 3.733333 
Zwarte Meer 52.63333 5.95 
Drachten 53.0643 6.038833 

Netherlands 

Ringwiel 52.98727 5.52855 
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Britsiradeel 52.99043 5.57485 
Uitwellingerga 52.9843 5.74025 

 

Grote Vliet 52.7524 5.126717 
Litlvatn (Kvingla) 64.89235 11.36077 
Blåvatn 64.91172 11.65295 
Sørvatn 64.91727 11.29623 
Storvatn 64.88693 11.38397 
Svantjørn 64.89992 11.12048 
Osplivatn 64.92523 11.05275 
Torkelvatn 64.90022 10.97293 
Staverengvatn 64.82703 11.30802 
Svarthamarvatn 64.91673 11.0269 
Grunntjørn 64.96397 11.8038 
Kvernhusvatn 64.82838 11.29055 
Væremsvatn 64.92342 11.52902 
Demmingsvatn 64.93918 11.7732 
Mølledalsvatn 64.91348 11.21475 
Storveavatn 64.84415 11.37553 
Litlvatn (Vikna) 64.91893 11.14423 
Vikestadvatn 64.91698 11.19638 
Lyngsnesvatn 64.96503 11.08058 
Jostakktjørn 64.92027 11.03165 
Kvernengvatn 64.93402 11.08397 
Dalavatn 64.89443 10.90487 
Vestervatn 64.85495 11.35443 
Klavavatn 64.91395 11.03488 
Laugen 64.85 11.3154 
Angeltjørn 64.96037 11.78692 
Eidshaugvatn 64.91577 11.44832 
Nordvatn 64.9313 11.3322 
Osavatn 64.9518 11.68672 
Aunevatn 64.9009 11.2732 

Norway 

Damsgardvatn 64.90213 10.82935 
Alloa 56.01184 -3.78059 
Cockairney W 56.07854 -3.46225 
Coldrain 56.096 -3.49507 
Windyedge 56.27964 -3.52161 
Minkie Moss 56.28364 -3.48623 
Calais Muir Wood 55.97217 -3.39414 

Scotland 

Glenniston Quarry 56.02711 -3.26773 
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Mugdrum 56.25937 -3.25925 
Innerleith 56.19767 -3.17663 
Gartmorn 56.03907 -3.74973 
Kilmux Farm 56.1454 -3.03016 
Gilston House 56.15534 -2.90162 
Harleswynd 56.19069 -2.9508 
Blebo 56.21759 -2.93534 
Newport on Tay 56.34259 -2.93839 
Morton Lochs 56.33413 -2.87348 
Balbuthie 56.11136 -2.8041 
Balmonth Resvr 56.15641 -2.74063 
Innergellie 56.14776 -2.69217 
Sheardale 56.05782 -3.68633 
U Glendevon Res 56.12809 -3.76987 
LGlendevon Res 56.12877 -3.72162 
Thorn 56.20084 -3.67648 
Charlestown E 55.95319 -3.48956 
Lurg Loch 56.06068 -3.46158 
Kettlehill 56.1627 -3.09504 
Loch Leven 56.10588 -3.41505 
Highholm 56.00732 -3.44352 
Glenquey Resvr 56.1118 -3.65653 

 

Loch Gelly 56.02694 -3.28377 
 
 
Table S2. List of species. 
Aquatic angiosperms Cladocerans 
Alisma plantago-aquatica Acroperus harpae 
Apium inundatum Alona affinis 
Callitriche hermaphroditica Alona guttata 
Callitriche spp. Alona intermedia 
Callitriche truncata Alona spp. 
Ceratophyllum demersum Alona quadrangularis 
Elodea canadensis Alona rectangula 
Elodea nutalii Alona rustica 
Hippuris vulgaris Alonella excisa 
Isoetes echinospora Alonella exigua 
Isoetes lacustris Alonella nana 
Juncus bulbosus Alonella spp. 
Lagarosiphon major Alonopsis elongata 
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Lemna minor Anchistropus emarginatus 
Lemna trisulca Anchistropus minor 
Littorella uniflora Bosmina longirostris 
Lobelia dortmanna Bosminidae indet 
Mentha aquatica Bythotrephes longimanus 
Myriophyllum alterniflorum Camptocercus rectirostris 
Myriophyllum spicatum Ceriodaphnia dubia 
Najas marina Ceriodaphnia laticaudata 
Nelumbo nucifera Ceriodaphnia spp. 
Nuphar lutea Ceriodaphnia pulchella 
Nuphar pumila Ceriodaphnia quadrangula 
Nymphaea alba Ceriodaphnia reticulata 
Nymphoides peltata Chydorus piger 
Polygonum amphibium Chydorus spp. 
Potamogeton alpinus Chydorus sphaericus 
Potamogeton berchtoldii Daphnia ambigua 
Potamogeton crispus Daphnia cristata 
Potamogeton filiformis Daphnia cucullata 
Potamogeton friesii Daphnia galeata 
Potamogeton gramineus Daphnia galeata hybrid 
Potamogeton lucens Daphnia galeata × cucullata 
Potamogeton natans Daphnia hyalina 
Potamogeton nodosus Daphnia hyalina × galeata 
Potamogeton obtusifolius Daphnia hyalina × cucullata 
Potamogeton pectinatus Daphnia longispina 
Potamogeton perfoliatus Daphnia magna 
Potamogeton polygonifolius Daphnia spp. 
Potamogeton pusillus Daphnia pulex  
Potamogeton trichoides Daphnia pulicaria 
Potamogeton × nitens Daphnia rosea 
Potamogeton × sparganifolius Daphnia similis 
Potamogeton × suecicus Daphnia tenebrosa 
Ranunculus subgen. Batrachium Diaphanosoma brachyurum group 
Ruppia drepanensis Diaphanosoma laticaudata 
Ruppia maritima Diaphanosoma spp. 
Sparganium angustifolium Disparalona rostrata 
Sparganium emersum Dpahnia obtusa 
Sparganium hyperboreus Drepanothrix dentata 
Stratiotes aloides Duhnevedia crassa 
Subularia aquatica Eubosmina coregoni 
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Trapa natans Eubosmina longicornis 
Utricularia intermedia Eubosmina longicornis × coregoni 
Utricularia minor Eubosmina longispina 
Utricularia vulgaris Eubosmina longispina × coregoni 
Vallisneria spiralis Eubosmina longispina × longicornis 
Zannichellia palustris/pedunculata/major Eubosmina spp. 
Zannichellia peltata/obtusifolia Eurycercus lamellatus 
 Eurycercus lamellatus/glacialis 
 Graptoleberis testudinaria 
 Holopedium gibberum 
 Ilyocryptus sordidus 
 Latona setifera 
 Leptodora kindti 
 Leydigia acanthocercoides 
 Leydigia leydigi 
 Leydigia spp. 
 Macrothricidae spp. 
 Moina affinis 
 Moina brachiata 
 Moina micrura 
 Moina spp. 
 Monospilus dispar 
 Ophryoxus gracilis 
 Oxyurella tenuicaudis 
 Pleopis polyphemoides 
 Pleuroxus aduncus 
 Pleuroxus denticulatus 
 Pleuroxus spp. 
 Pleuroxus spp. (non truncatus) 
 Pleuroxus striatus 
 Pleuroxus trigonellus 
 Pleuroxus truncatus 
 Pleuroxus uncinatus 
 Pleuroxus varidentatus 
 Polyphemoidae (family) 
 Polyphemus pediculus 
 Pseudochydorus globosus 
 Rynchotalona falcata 
 Scapholeberis mucronata 
 Sida crystallina 
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 Sididae (family) 
 Simocephalus expinosus 
 Simocephalus spp. 
 Simocephalus serrulatus 
 Simocephalus vetulus 
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Appendix S2. Sampling of cladocerans.  
 
Cladocerans were sampled with 90 µm mesh plankton nets (30 cm diameter) and 
preserved in ethanol. To obtain a fully representative sample of both littoral and 
pelagic cladocerans across the recent history of the lake, we also took samples of 
sediments at the deepest part of each lake. Sediments accumulate remains from all 
microhabitats over seasons and years, therefore providing an overview of all 
species present in the lake in recent years. Sediment samples were taken using 
corers or small van Veen grabs; in both cases, only the top (i.e., recent) sediments 
were collected. Samples obtained with plankton nets were screened under a 
dissecting microscope, and species were identified largely following Flössner 
(2000), except for bosminids, which were identified according to Flössner (1972) 
and Lieder (1996). Putative hybrids within the Daphnia longispina complex and 
those resulting from Bosmina (Eubosmina) species were identified after Wolf & Mort 
(Wolf & Mort, 1986) and Lieder (1983, 1996) respectively. Cladoceran remains were 
analysed according to Frey (1986). Wet sediment was deflocculated in 100 ml of 
10% KOH at 100ºC for 20 minutes and passed through a 40 micron sieve. The 
residue was then transferred into 5% formalin. Up to 200 cladoceran remains per 
sample were identified and counted (headshields, shells, postabdomens, 
postabdominal claws, mandibles, and others) using the determination keys of Frey 
(1960) and a standard microscope at 100 to 200× magnification. Bosmina was 
divided into subgenera (Eubosmina and Bosmina) based on the location of the lateral 
head pores (Goulden & Frey, 1963; Hofmann, 1984).  

When a full species diagnosis was not possible, the individual(s) were 
ascribed to lowest identifiable taxonomic level and included in measures of species 
richness. Hybrid species were considered different taxonomic units and therefore 
included in measures of species richness. 



Species richness of aquatic organisms 

!

! 131!

Appendix S3. Supporting tables and figures. 
 
Table S3. Summary statistics from the GLM analyses. FS, frequency of selection; Coef, sign of 
the regression coefficient; % ED, percentage of explained deviance. 
Group Term FS Coef. F D.F.1 D.F.2 p % ED 

Secchi depth 0.85 + 3.416 1 223 0.066 4.4 
Conductivity 0.886 - 2.004 1 42553 0.157 1.1 
Conductivity2 0.70 - 6.866 1 12552 0.009 2.2 
pH 0.97 + 7.598 1 263351 0.006 3.3 
TP 1.00 - 2.685 1 36224 0.101 1.0 
TP2 1.00 - 9.032 1 43218 0.003 4.9 
NoLK20 0.92 + 4.477 1 5502214 0.034 2.1 

Pl
an

ts
 

Region 1.00 NA 7.956 4 50582930 0.000 15.5 
Depth 0.59 - 5.497 1 5086 0.019 4.8 
Conductivity 1.00 - 11.223 1 1316594 0.001 7.1 
pH 1.00 - 0.008 1 66005 0.927 0.0 
pH2 1.00 - 8.144 1 16828 0.004 6.2 
TP 1.00 - 10.852 1 18359 0.001 8.2 
TP2 1.00 - 13.263 1 1097768 0.000 7.9 
AreaLK10 0.68 + 4.390 1 108678 0.036 2.4 

C
la

do
ce

ra
ns

 

Region 1.00 NA 8.493 4 192083249 0.000 21.3 
NA, not applied 
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Figure S1. Assessment of convergence (among the m imputed datasets) of the means and 
standard deviations (sd) per iteration of the imputed values.  The different variables for 
which there was more than one missing value are represented.  
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Figure S2. Example of the assessment of the optimal number of imputed datasets (m) by 
visually observing stability both in the frequency of selection (upper panels) and p-values for 
each predictor variable in GLMs. Vertical and horizontal dashed lines represent the optimal 
m chosen (20) and the mean result (from m = 20 to 30) respectively. 
 
 
 
 

 
Figure S3. Species accumulation curves for each group (plants and cladocerans respectively) 
and region. SP, Spain; IT, Italy; NE, Netherlands; SC, Scotland; NO, Norway 
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Appendix S4. R code to perform likelihood ratio tests to generalized linear 
models (GLM) with poisson error distributions fitted to multiply imputed data. 
 
# Viana et al., 2013 
 
# Appendix S4. R code for the function "lrt.mi" 
 
# The function "lrt.mi" performs likelihood ratio tests to generalized linear models 
(GLM) with poisson error distributions fitted to multiply imputed data. The 
function is based on Meng and Rubin (1992). 
 
# The function was designed to use multiply imputed data obtained by using the R 
package "mice" (van Buuren and Groothuis-Oudshoorn, 2011). 
 
# We defined the following arguments for the function: 
# - fit: poisson GLM fitted to multiply imputed data using package "mice" (object of 
class "mira")  
# - data: multiply imputed data (obtained with function mice) 
# - centre: vector containing the name of the explanatory variables to be centered 
before fitting (if, for example, quadratic terms are to be fitted) 
 
# Start code 
 
lrt.mi <- function (fit, data, centre=NULL) { 
  
 # load package "mice" 
 require(mice) 
  
 # m is number of multiply imputed datasets 
    m <- data$m  
     
    # If m<2, stop running because at least two imputated datasets are needed 
    if (m < 2) stop("At least two imputations are needed") 
     
    # extract model formula  
    formula<-formula(fit$analyses[[1]]$terms) 
     
    # extract terms from the formula 
    fo.terms<-terms(formula) 
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    # extract the names of the terms 
 fo.labs<-labels(fo.terms) 
  
 # number of terms 
    kp<-ncol(model.matrix(formula)) 
      
 # create objects to store results 
 est.full<-list()  
    var.cov.full<-matrix(nrow=0,ncol=kp) 
    null.dev<-numeric(1) 
     
 # loop through the m multiply imputed datasets 
    for(f in 1:m) { 
      
     # extract each dataset 
     df<-complete(data,action=f) 
      
     # center explanatory variables  
     pos.centre<-which(names(df)%in%centre==TRUE) 
     df[,pos.centre]<-as.numeric(scale(df[,pos.centre],scale=F)) 
      
     # fit the full model 
     fitf<-glm(formula,family=poisson,data=df) 
      
     # extract null deviance 
     null.dev.full<-fitf$null.deviance  
      
     # extract model coefficients 
     ests<-fitf$coefficients  
      
     # extract variance-covariance matrix 
     var.cov<-vcov(fitf)  
     row.names(var.cov)<-NULL 
      
     # extract the coefficients' variance 
     ests.var<-diag(var.cov)  
      
     # store model coefficients 
  est.full[[f]]<-ests  
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  # store variance-covariance matrix 
  var.cov.full<-rbind(var.cov.full,var.cov)   
  } 
   
 # pool the full models' coefficients according to Rubin (1987)  
 est.df<-t(as.matrix(as.data.frame(est.full))) 
 coeffs<-apply(est.df,2,mean) 
  
 # pool variance-covariance according to Rubin (1987) 
 vcov.df<- cbind(data.frame( DataSet = 
rep(1:ncol(model.matrix(formula)),m)),var.cov.full) 
 require(plyr) 
 mean.vcov<-as.matrix(ddply(vcov.df, .(DataSet), colwise(mean))[,-1]) 
 e <- est.df - matrix(coeffs, nrow = m, ncol = kp, byrow = TRUE) 
 b <- (t(e) %*% e)/(m - 1) 
 t <- mean.vcov + (1 + 1/m) * b 
  
 # store null deviance 
 null.dev[1]<-null.dev.full 
  
 # create empty list to store the pooled coefficients of submodels 
 coeffs1<-list() 
  
 # loop through the model terms to estimate the coefficients of the 
submodels (by successively dropping one term) 
 for(k in 1:length(fo.labs)){  
 
  # create empty list to store the coefficients of submodels 
  est.sub<-list() 
   
  # loop through the m imputed datasets  
     for (l in (1:m)) { 
      dl<-complete(data,action=l) 
      pos.centre<-which(names(dl)%in%centre==TRUE) 
      dl[,pos.centre]<-as.numeric(scale(dl[,pos.centre],scale=F)) 
      fitl<-glm(formula,family=poisson,data=dl) 
   fitl1<-update(fitl,paste("~.-",fo.labs[k])) 
   ests<-fitl1$coefficients 
   est.sub[[l]]<-ests 
   } 
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  # pool the submodels' coefficients according to Rubin (1987)
  
  est.df<-t(as.matrix(as.data.frame(est.sub))) 
  coeffs1[[k]]<-apply(est.df,2,mean) 
  } 
   
 # create objects to store results  
 dev.vec.full<-numeric() 
 dev.vec.sub<-numeric() 
 F.vec<-numeric() 
 df1.vec<-numeric() 
 df2.vec<-numeric()  
 p.vec<-numeric() 
  
 # loop through the model terms to calculate the deviances of the full- and 
sub-models 
    for(j in 1:length(fo.labs)){  
 
  # create objects to store results 
     devM <- devL <- 0 
     dev.pool.full<-0 
     dev.pool.sub<-0 
     aic.pool.full<-0 
      
     # loop through the m imputed datasets to calculate the deviances of 
models in relation to fitted and pooled (optimal) models 
     for (i in (1:m)) { 
       
      # fit full- and sub-model 
      di<-complete(data,i) 
      pos.centre<-which(names(di)%in%centre==TRUE) 
      di[,pos.centre]<-as.numeric(scale(di[,pos.centre],scale=F)) 
      fit<-glm(formula,family=poisson,data=di) 
      fit1<-update(fit,paste("~.-",fo.labs[j])) 
       
      # calculate the log-likelihood of the fitted full-model  
   ll.o<-logLik(fit) 
    
   # calculate the log-likelihood of the pooled full-model 
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   mmi<-model.matrix(fit,di) 
   pred.m<-exp(mmi %*% coeffs) 
   ll.m<-sum(log(dpois(model.frame(formula, di)[1][,1], 
pred.m))) 
    
   # calculate the log-likelihood of the fitted sub-model 
   ll.o1<-logLik(fit1) 
    
   # calculate the log-likelihood of the pooled sub-model 
   mmi1<-model.matrix(fit1,di) 
   pred.m1<-exp(mmi1 %*% coeffs1[[j]]) 
   ll.m1<- sum(log(dpois(model.frame(formula, di)[1][,1], 
pred.m1))) 
    
   # calculate deviances according to Meng and Rubin (1992) 
   devL<-devL+2*(ll.m-ll.m1) 
   devM<-devM+2*(ll.o-ll.o1) 
    
   # calculate the deviance of the pooled full-model 
   dev.pool.full<-dev.pool.full+(-2*(ll.m-
sum(log(dpois(model.frame(formula, di)[1][,1], model.frame(formula, di)[1][,1]))))) 
    
   # calculate the deviance of the pooled sub-model 
   dev.pool.sub<-dev.pool.sub+(-2*(ll.m1-
sum(log(dpois(model.frame(formula, di)[1][,1], model.frame(formula, di)[1][,1]))))) 
   aic.pool.full<-aic.pool.full+(-2*ll.m+2*length(coeffs)) 
   } 
    
  # perform likelihood ratio tets according to Meng and Rubin 
(1992) 
  devM<-devM/m 
  devL<-devL/m 
  dev.pool.full<-dev.pool.full/m 
  dev.pool.sub<-dev.pool.sub/m 
  aic.pool.full<-aic.pool.full/m 
  dimQ1<-length(coeffs) 
  dimQ2 <- dimQ1 - length(coeffs1[[j]]) 
  rm <- ((m + 1)/(dimQ2 * (m - 1))) * (devM - devL) 
  Dm <- devL/(dimQ2 * (1 + rm)) 
  v <- dimQ2 * (m - 1) 
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     if (v > 4) w <- 4 + (v - 4) * ((1 + (1 - v/2) * (1/rm))^2) 
     else w <- v * (1 + 1/dimQ2) * ((1 + 1/rm)^2)/2 
  pvalue <- 1 - pf(Dm, dimQ2, w) 
  dev.vec.full<-c(dev.vec.full,dev.pool.full) 
  dev.vec.sub<-c(dev.vec.sub,dev.pool.sub) 
  F.vec<-c(F.vec,Dm) 
  df1.vec<-c(df1.vec,dimQ2) 
  df2.vec<-c(df2.vec,w) 
  p.vec<-c(p.vec,pvalue) 
  } 
    
 # store the summary statistics (for each model term, we provide the 
deviance of the full-model, deviance of the sub-model, F value, degrees of freedom, 
and p-value) 
 p.df<-
data.frame(var=fo.labs,dev.full=dev.vec.full,dev.sub=dev.vec.sub,F=F.vec,df1=df1.
vec,df2=df2.vec,p.value=p.vec) 
    
 # return a list with the following results: summary statistics, null deviance 
of the pooled full-model, pooled AIC of the full-model (mean across the models 
fitted to each of the m imputed datasets), coefficients of the pooled full-model, and 
the pooled variance-covariance matrix 
 res.list<-
list(LRT.results=p.df,null.deviance=null.dev,pooled.AIC=aic.pool.full,pooled.coeffi
cients=coeffs,vcov.pool=t) 
 return(res.list) 
 } 
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Abstract 
 
Aim 
We investigated the relative contribution of environmental, biotic, connectivity and 
spatial determinants for the variation in community compositiona (beta-diversity) 
of aquatic plants and cladocerans over regional (up to 300 km) and continental (up 
to 3300 km) scales. 
 
Location 
Europe (Norway, Scotland, Netherlands, Italy and Spain). 
 
Methods  
We first calculated the Sorensen's index of beta-diversity and its partition into a 
turnover and nestedness components to investigate whether variation in 
community composition was due to species turnover or species loss. Then we used 
constrained analysis of principal coordinates and variation partitioning to estimate 
the relative contribution of environmental (physico-chemical and climatic 
variables) and biotic (covariance between plant and cladoceran species 
composition) factors, small-scale connectivity, and spatial structure at regional and 
continental (inter-regional) scales to explaining the observed patterns of beta-
diversity.  
 
Results 
The communities of both taxonomic groups presented high levels of beta-diversity 
at both scales (regional and continental), which were primarily explained by 
species turnover rather than by species loss. Variation partitioning analyses 
showed that environmental and biotic variables were the main drivers of 
community composition, with limited effects of small-scale connectivity (only 
significant for aquatic plants) and no significant effects of the spatial structure at 
regional scale. At continental scale, however, there were significant spatial effects. 
We detected significant variation in community composition among the regions 
where the communities were sampled (separated by hundreds of kilometres), due 
to a combination of spatial correlation (unique contribution of region) and 
regionally structured environmental, biotic and connectivity variables.  
 
Main conclusions  
Our results suggest that, although small-scale connectivity might affect species 
composition in some regions, aquatic plant and zooplankton communities are not 
limited by dispersal at regional scale. Hence, stochastic colonization followed by 
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species sorting (through environmental and biotic filtering) might better explain 
the high beta-diversity of aquatic plants and cladocerans at such scale. 
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Introduction 
The spatial distribution of biodiversity in a landscape is determined, according to 
the metacommunity theory (Leibold et al., 2004), by the rate of dispersal of 
organisms, the environmental and biotic heterogeneity of habitat patches, and the 
functional equivalence among species (in terms of niche and fitness; Logue et al., 
2011). The rate of dispersal between habitat patches is, in turn, intrinsically related 
to the dispersal ability of species and to landscape configuration, especially the 
distance between habitat patches (or communities; Shurin et al., 2009). Knowledge 
of the dispersal potential of species composing local communities is, therefore, 
needed to establish the spatial scale at which variation in community composition 
(beta-diversity) should be studied. In fact, beta-diversity can vary with the spatial 
scale at which it is surveyed (Dumbrell et al., 2008), because, for example, the effect 
of dispersal on community composition also varies with the spatial scale (Cadotte 
& Fukami, 2005). 

Environmental conditions also vary in space, usually in an autocorrelated 
way (e.g. differentiation increases with increasing distance). If species arriving 
from distant sites are less well adapted to local environmental conditions than 
resident species, they will be at competitive disadvantage (environmental filtering). 
Hence, the spatial pattern of environmental conditions might affect the spatial 
distribution of species (Cottenie, 2005). For example, differences in beta-diversity 
along latitudinal gradients are most often attributed to environmental variation 
(e.g. Qian & Ricklefs, 2007). In addition to environmental filtering, other local 
processes shape community structure, namely species interactions (biotic filtering). 
Therefore the successful colonization of a habitat patch (establishment) depends on 
both the local environmental and biotic filtering.  

Overall, regional (dispersal and extinction) and local (abiotic and biotic 
conditions) factors determine community composition (Ricklefs, 1987). Their 
relative importance is the key to understand the mechanisms of community 
assembly, and has been the object of intense debate. Some authors argue that 
stochastic (or “neutral”) processes such as colonization and extinction are sufficient 
to explain the observed patterns of beta-diversity, even under the simplifying 
assumption of no ecological differentiation among species (Hubbell, 2001). Others 
suggest that different species have different niches, and therefore deterministic 
processes (local abiotic and biotic conditions) are important to stabilize species 
diversity (e.g. Levine & HilleRisLambers, 2009). However, these do not need to be 
opposite or mutually exclusive views. For example, Gravel et al. (2006) suggests 
that niche and neutrality form a continuum established by the balance of 
competitive and stochastic exclusion. 

Whatever the relative importance of regional and local factors might be, 
dispersal is an essential process for community assembly, as it either promotes or 
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prevents (through dispersal limitation) the interchange of species and genotypes 
among communities, and thus contributes to the spatial variation of community 
composition. Further, Vellend (2010) suggests that dispersal is a key process to 
understand community ecology (diversity, composition and dynamics) across 
different scales – the local, regional and global community. 

Amongst continental ecosystems, aquatic ecosystems probably epitomize 
the combination of homogeneous environmental conditions and, despite their 
apparent isolation, high connectivity. In fact, many aquatic organisms lacking traits 
for active dispersal among waterbodies, such as aquatic plants and zooplankton, 
nevertheless have great powers of dispersal (e.g. by wind and waterbirds; Cáceres 
& Soluk, 2002; Figuerola & Green, 2002a; Green et al., 2008; Vanschoenwinkel et al., 
2008a; Brochet et al., 2009b; Van Leeuwen et al., 2012b; Viana et al., 2013) and 
colonization (e.g. Santamaría, 2002; Louette & De Meester, 2005). Experimental 
work suggests however that this dispersal ability is often not reflected in the 
species and genetic composition of communities due to the strong filters posed by 
local processes (e.g. Shurin, 2000; De Meester et al., 2002; Cottenie et al., 2003). 
Therefore, we may ask whether the potential for long distance dispersal (LDD) of 
these aquatic organisms is reflected in the composition of their communities – i.e. 
whether we can detect the spatial signature of dispersal limitation over regional 
and continental scales, or whether community composition is driven instead by 
local factors.  

In this study, we surveyed the community composition of aquatic plants 
(angiosperms) and cladocerans (crustacean zooplankton) at regional (up to 300 km) 
and continental (up to 3300 km) scales to (i) evaluate the relative importance of 
neutral processes (namely dispersal limitation), as compared to local processes (see 
below), for spatial variation in community composition (beta-diversity) at the two 
spatial scales (regional and continental), and (ii) assess what kind of local processes 
drive beta-diversity. Local processes included niche processes (environmental and 
biotic variables) and connectivity (the amount of nearby habitat). 

We chose to work with macrophytes and cladocerans because, besides 
offering good taxonomic resolution and adequate sampling methods (including 
methodologies to obtain integrated community assessments based on sediment 
remains, see below), both groups are key drivers of community composition in 
shallow lakes (owing to their effects on nutrient availability, phytoplankton growth 
and, therefore, alternative equilibrium states; e.g. Jeppesen et al., 1997; Scheffer & 
Nes, 2007). In addition, biotic interactions were investigated because direct and 
indirect interactions between plant and cladoceran species had been previously 
reported (e.g. Whiteside, 1970; Davidson et al., 2011). Direct interactions include the 
use of macrophytes as refuges against fish predation by large cladocerans (e.g. Van 
Donk & Van de Bund, 2002; Declerck et al., 2007) and the repellence of certain 
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cladoceran species (particularly specialized planktonic taxa; Van Donk & Van de 
Bund, 2002) by allelopathic substances produced by macrophytes. Indirect effects 
include allelopathic effects of macrophytes on phytoplankton, which often cascade 
into zooplankton via trophic interactions (Van Donk & Van de Bund, 2002); as well 
as the increase in water transparency associated to zooplankton foraging on 
phytoplankton, which favours the survival and recruitment of certain macrophytes 
(Perrow et al., 1999).   
 
Materials and methods 
 
Sampling design and data collection 
During the summers of 1998 and 1999, we surveyed the angiosperm and 
cladoceran communities of 139 lakes located at five different regions in Europe: the 
low Guadalquivir watershed (SW Spain), the upper and medium Po watershed 
(NE Italy), the low Rhine and Maas watersheds (the Netherlands), the Fife area (E 
Scotland) and several small, adjacent watersheds in Central Norway. Owing to 
logistic constraints, a few lakes could not be sampled for either angiosperms or 
cladocerans (N= 114 and 123, respectively). At each region, we defined a circular 
area of 150 km radius and selected a random subset of 30 waterbodies (lakes, ponds 
and reservoirs – hereafter referred to as “lakes”) amongst all those contained 
within it (based on available cartographic information). Because of accessibility and 
logistic constraints, we were only able to survey 20 and 29 of these waterbodies for 
Spain and Italy, respectively (see Appendix S1 in Supporting Information for a 
complete list of sites). 

Floating and submerged angiosperms were sampled during the peak of the 
growth season (which varies largely from Northern to Southern Europe) to ensure 
that every major taxa had been included. The survey consisted of four orthogonal 
transects perpendicular to the lake shore and situated approximately at its 
intersection with the four cardinal points. In addition, the rest of the lake was 
visited and any additional species recorded. Duplicate herbarium specimens were 
prepared for each species and transect, and one of them submitted to a central team 
of taxonomists to confirm the determinations (C. D. Preston and J. M. Croft), based 
on a common checklist of European aquatic angiosperms agreed among the 
different teams prior to sampling. Hybrid species were considered different 
taxonomic units (see the list of species in Appendix S1). 

Cladocerans were sampled with plankton nets and preserved in ethanol. To 
obtain a fully representative sample of both littoral and pelagic cladocerans 
covering the recent history of the lake, we also took samples of sediments at the 
deepest part of each lake (see the detailed methods in Appendix S2). Because 
zooplankton is highly dynamic over time (in contrast with macrophytes), sediment 
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samples also provided seasonally-integrated, representative assessments of extant 
communities, particularly in qualitative terms (presence-absence of species; e.g. 
Brendonk & De Meester, 2003; Catalan, 2009). When a full species determination 
was not possible, the individual(s) was ascribed to the lowest identifiable 
taxonomic level. Hybrid species were also considered as different taxonomic units 
(see the list of species in Appendix S1). 

At each lake sampled, we measured several physico-chemical variables in 
situ:  altitude, area, maximum depth, water transparency (Secchi depth), 
conductivity, pH, calcium, and total phosphorous (TP; except for the Scottish lakes, 
where lake depth and Secchi depth could not be measured). Climatic variables 
(mean annual precipitation, mean annual temperature, mean temperature of the 
coldest month, and mean temperature of the warmest month) were obtained from 
the WorldClim dataset (Hijmans et al., 2005). In addition, the number and area of 
all neighbouring lakes within a radius of 10 and 20 km of each surveyed lake were 
measured and used as an estimate of connectivity.  
 
Data analysis 
All data analyses were performed with species presence-absence matrices from 
which lakes lacking plants and cladocerans were removed.  

We first calculated the multiple-site Sorensen’s index of beta-diversity and 
its turnover and nestedness components, according to Baselga (2010, 2012), to check 
whether community compositional variation (of plants and cladocerans) was due 
to species turnover or species loss (species loss is usually associated to historical 
processes and dispersal limitation, but other mechanisms such as nested habitats 
and selective environmental tolerance can also lead to nestedness patterns; Ulrich 
et al., 2009; Baselga, 2010). Since, in the CAP analyses presented below, we used 
only data from lakes where both plants and cladocerans were present (N=103), we 
decided to obtain the three indices (beta-diversity, turnover and nestedness) by 
resampling 999 times a subsample of 103 lakes from each entire dataset (either 
plants or cladocerans). In order to summarize the relative importance of turnover 
and nestedness in one unique index, we also calculated the proportion of total beta 
diversity explained by nestedness (βratio; Dobrovolski et al., 2012).  

To assess the relative contribution of local processes (environmental, biotic 
and connectivity variables) and neutral processes to explaining variation in 
community composition, we used constrained analysis of principal coordinates 
(CAP; also known as distance-based redundancy analysis, dbRDA; Anderson & 
Willis, 2003) with the Sorensen's index as distance measure in the response matrix, 
and variation partitioning (Borcard et al., 1992; Peres-Neto et al., 2006). Local 
processes were represented by means of selected subsets of environmental 
(physico-chemical and climatic variables), biotic (interactions between plant and 
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cladoceran species) and connectivity (amount of nearby habitat) variables, and 
neutral processes were assessed by estimating ”pure” spatial correlation (i.e. spatial 
variation unrelated to local processes) in community composition. Upon correction 
for the spatial structure (which might be the result of spatially structured local 
factors), a significant effect of local factors is generally accepted to represent local 
control (assuming that the most relevant local factors were measured); and a 
significant spatial effect, after correcting for the effect of local factors, is usually 
taken to indicate neutral processes, such as historical events and dispersal 
limitation. Following on this, variation partitioning was also used to estimate the 
relative contribution of the different types of local factors – environmental, biotic 
and connectivity variables – to explaining beta-diversity.  

For these analyses, we used only the lakes for which both plants and 
cladocerans were present (N=103). Furthermore, because some of the 
environmental variables had missing values (4.6% of the environmental data was 
missing), we used an iterative imputation method based on random forest 
(missForest; Stekhoven & Bühlmann, 2012) to impute missing values. The 
performance of imputation was assessed using the normalized root mean squared 
error (NRMSE=0.46). Moreover, we also performed analyses on data for which 
incomplete cases were removed, and obtained similar results (see Results). Each 
component entering the variation partitioning analysis consisted of a model 
constructed according to the following statistical procedures.  

The environmental component (E) was constructed using CAP followed by 
forward selection of environmental variables. Community composition (presence-
absence of species) of either plants or cladocerans was included as the response 
matrix, following standardization based on the Hellinger transformation (Legendre 
& Gallagher, 2001) for the forward selection procedure. All measured 
environmental variables were included in the explanatory matrix. The adjusted 
coefficient of determination (R2) was used as the criterion to stop the forward 
selection procedure, according to Blanchet et al. (2008). Only the environmental 
variables selected were subsequently used in the variation partitioning analyses, 
for the sake of parsimony and statistical power.  

The biotic component (B) (interaction between plants and cladocerans) was 
defined using co-correspondence analysis (CoCA; ter Braak & Schaffers, 2004) to 
predict the community structure of one group (either plants or cladocerans) based 
on the community structure of the other group (based on the covariance between 
the two assemblages). One taxonomic group was included as the response matrix 
and the other as the explanatory matrix. Cross-validatory fits (“leave-one-out” 
cross validation) were then calculated, as 100 × (1 − sspa/ssp0) where sspa is the 
sum of squared prediction errors of the model and ssp0 is the sum of squared 
prediction errors under the null model of no relationship (site-species 
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independence), to test the accuracy of the predictions (ter Braak & Schaffers, 2004). 
Values above zero indicate that the prediction is better than that obtained by 
chance, therefore this procedure is also a validity test for the model. For the 
variation partitioning analysis, we chose the ordination axes (predictor variables) 
containing the site scores that produced the best fits (maximum prediction 
accuracy).  

The connectivity component (C) was composed by the number and area of 
lakes within 10 and 20 km. A significant effect of the connectivity variables was 
interpreted to indicate dispersal limitation, i.e. a more likely arrival of species in 
lakes with more or larger nearby lakes. 

Because this study comprised two different scales, which can be interpreted 
as hierarchical, we characterized the space by dividing it into a component 
representing the region (R) and another component representing spatial 
relationships among lakes within each region (S), using a procedure described in 
Declerck et al. (2011). The R component consisted of a matrix with 4 dummy 
variables representing the identity of the region, and the S component consisted of 
Moran’s eigenvector maps (MEM; Dray et al., 2006), formerly called principal 
coordinates of neighbour matrices (PCNM; Borcard & Legendre, 2002; Borcard et 
al., 2004), which are the result of an orthogonal combination of spatial variables 
based on the geographic coordinates of the study sites. The resulting MEM 
variables were arranged in blocks, each block consisting of a group of sites spatially 
clustered (i.e. a region), by means of a staggered matrix. Because the S component 
of the spatial model is not efficient in depicting linear trends with geographic 
coordinates, we tested for them by performing a CAP on geographic coordinates. 
No linear trend was detected in any of the regions for both plants and cladocerans 
(data not shown), and therefore we did not consider such trends in the variation 
partitioning analysis. 

The proportion of variation attributed to each component was calculated by 
means of CAP (for the global fractions) and by a subtractive procedure (for the 
unique and shared fractions; Peres-Neto et al., 2006), and their significance assessed 
with permutation tests. The word “effect”, which is used to explain our results, 
refers to statistical effects and not to causal relationships. 

All statistical analyses were performed with the R software (R Development 
Core Team, 2012), using the packages "betapart" (Baselga et al., 2013), “vegan” 
(Oksanen et al., 2013), “packfor” (Dray & Blanchet, 2013), “cocorresp” (Simpson, 
2009) and “PCNM” (Legendre et al., 2013).  
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Results 
 
Beta-diversity 
Both the plant and cladoceran communities showed very high levels of beta 
diversity at the continental (>97%) and regional scale (>85%). The compositional 
variation of the communities was explained almost entirely by species turnover, 
rather than species loss (βratio<0.11; Table 1).  
 
Table 1. Sorensen index of beta-diversity (SOR) and its decomposition into a turnover 
component (SIM) and nestedness component (NES). βratio is the ratio between NES and SOR. 
Taxon Region SOR SIM NES βratio 

Spain 0.855 ± 0.022 0.785 ± 0.039 0.070 ± 0.018 0.082 
Italy 0.869 ± 0.000 0.786 ± 0.000 0.083 ± 0.000 0.095 
Netherlands 0.908 ± 0.004 0.838 ± 0.008 0.071 ± 0.005 0.078 
Scotland 0.922 ± 0.002 0.862 ± 0.007 0.060 ± 0.006 0.066 
Norway 0.904 ± 0.000 0.850 ± 0.000 0.054 ± 0.00 0.059 

Plants 

Global 0.980 ± 0.000 0.965 ± 0.000 0.014 ± 0.000 0.014 
Spain 0.857 ± 0.009 0.790 ± 0.011 0.067 ± 0.008 0.079 
Italy 0.853 ± 0.006 0.786 ± 0.009 0.067 ± 0.008 0.078 
Netherlands 0.885 ± 0.007 0.789 ± 0.016 0.095 ± 0.013 0.108 
Scotland 0.922 ± 0.000 0.860 ± 0.000 0.061 ± 0.000 0.067 
Norway 0.859 ± 0.000 0.806 ± 0.000 0.052 ± 0.000 0.061 

Cladocerans 

Global 0.974 ± 0.000 0.958 ± 0.001 0.016 ± 0.001 0.016 
 
 
Variation partitioning 
The complete model (including E, B, C and R as explanatory components) 
accounted for 54% and 50% of the existing variation in the community composition 
of aquatic plants and cladocerans, respectively (Fig. 1). The spatial component S 
was not significant for both plants and cladocerans. The unique fraction of 
environment (E), biota (B), connectivity (C; only for plants), and region (R) all 
explained a significant proportion of the observed variation (Fig. 1, Table 2). The 
joint effect of region, environment and biotic conditions (R+E+B) explained the 
highest fraction of community compositional variation for both plants and 
cladocerans, accounting for 16% and 14% of the total variance in plants and 
cladocerans respectively (although this fraction is not testable; Fig. 1), indicating 
the importance of regional variation in environmental and biotic filters. The unique 
fractions of environment (E) and biota (B) also explained a considerable amount of 
variation (7 - 10%; Fig. 1, Table 2), which might indicate high local control of 
species composition. The R+E+B+C and E+R fractions showed comparable effects, 



β-diversity of aquatic organisms 
!

! 151!

accounting for 4-6 % of the total variance (Fig. 1), confirming the importance of 
regional variation in local 
processes. 

The results of the 
variation partitioning for the 
data for which incomplete cases 
(those containing missing values) 
were removed were qualitatively 
similar. The only noteworthy 
difference is that for cladocerans 
the unique contribution of region 
(R component) was not 
significant, caused mainly by the 
removal of an entire region 
(Scotland) from the analyses (see 
Appendix S3, Table S3.1). 
Nonetheless, the main 
conclusions hold, which also 
supports the robustness of our 
analyses. 
 
Environmental model 
The environmental conditions 
affected the species composition 
of both plant and cladoceran 
communities (Table 3), 
explaining together ~36 and 
~34% (adjusted R2) of the 
observed variation in community 
composition respectively (Table 
2). For both plants and 
cladocerans, the climatic 
variables were the most 
important, explaining most of 
the variation (Table 3). Other 
drivers included the 
concentration of calcium and 
total phosphorus, and Secchi 
depth. In addition, a number of 
variables had taxon-specific 

 
Figure 1. Variation partitioning results for plants 
and cladocerans. E, environmental component; B, 
biotic component; C, connectivity component (four 
variables representing the number and area of lakes 
within 10 and 20 km from the focal sampled lake); R, 
regional component (region identity). 
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effects: the mean temperature of the warmest month, depth and pH for plants, and 
the altitude, area and conductivity for cladocerans (Table 3; see also Appendix S3, 
Fig. S3.1). 
 
Biotic model 
The CoCA showed that plant and cladoceran communities influenced each other’s 
composition. The cross-validatory fits indicated that three axes were sufficient to 
explain the effects of cladocerans on plants, and vice-versa (see Appendix S3, Fig. 
S3.2). Hence, the biotic component of the variation partitioning analyses consisted 
of a matrix with three variables (CoCA site scores) for both the cladoceran and 
plant analyses. The biotic component (B) explained a large proportion of the 
species compositional variation (34% and 31% for plants and cladocerans 
respectively; Table 2), of which about one third (approx. 10%) corresponded to its 
unique fraction. 
 
Table 2. Statistical information for the global and unique fractions of all components 
considered in the variation partitioning analysis. Global fractions: E, environmental 
component; B, biotic component; R, regional component (variation among regions); C, 
connectivity component (within regions). Unique fractions are denoted as E/(B+C+R), 
B/(E+C+R), C/(E+B+R) and R/(E+B+C).  

Taxon Source adjR2 
d.f. 

model 
d.f. 

residuals 
F p 

E 0.361 9 93 5.054 0.001 
B 0.338 3 99 12.935 0.001 
C 0.116 4 98 3.288 0.001 
R 0.330 4 98 9.546 0.001 
E/(B+C+R) 0.081 9 82 1.612 0.002 
B/(E+C+R) 0.093 3 82 3.886 0.001 
C/(E+B+R) 0.030 4 82 1.385 0.015 

Plants 

R/(E+B+C) 0.035 4 82 1.523 0.005 
E 0.339 9 93 4.821 0.001 
B 0.309 3 99 11.812 0.001 
C 0.075 4 98 2.385 0.001 
R 0.315 4 98 9.231 0.001 
E/(B+C+R) 0.070 9 82 1.494 0.002 
B/(E+C+R) 0.096 3 82 3.962 0.001 
C/(E+B+R) 0.009 4 82 0.858 0.824 

Cladocerans 

R/(E+B+C) 0.035 4 82 1.533 0.003 
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Connectivity model 
Connectivity (i.e. the amount of nearby habitat) significantly influenced the beta-
diversity of plants (adjusted R2=12%) and cladocerans (adjusted R2=8%). However, 
its effect was three times lower than those of all other significant components (E, B 
and R). Furthermore, its unique contribution was reduced for plants (3%, p=0.015) 
and not significant for cladocerans (0.9%, p=0.824; Table 2). CAP including all 
variables of all components except the spatial one (i.e. E, B and C, but not R and S) 
in one explanatory matrix revealed higher connectivity within Norway (higher 
number of neighbour lakes) and, to a lesser degree, Italy (larger area of neighbour 
lakes; see Appendix S3, Fig. S3.1). In fact, partialling out the effect of region (by 
holding constant the effect of region in a partial CAP; data not shown) showed that 
the effect of connectivity was largely absorbed by the effect of region in plant 
communities, and completely explained (by the region effect) in cladoceran 
communities. 
 
Table 3. Forward selection of environmental variables. All selected variables are statistically 
significant (p<0.05). Neither rank nor (unadjusted) R2 are given for variables removed from 
the final model. Tmean, mean annual temperature; Tmin; mean temperature of the coldest 
month; Tmax, mean temperature of the warmest month; TP, total phosphorus. 
 Plants Zooplankton 
Variable Rank R2 Rank R2 
Precipitation 1 0.101 1 0.101 
Tmean 8 0.012 3 0.043 
Tmin 3 0.039 2 0.041 
Tmax 2 0.056   
Altitude   4 0.018 
Area   9 0.012 
Depth 9 0.012   
Secchi 5 0.019 8 0.013 
Ca 4 0.020 7 0.013 
TP 7 0.016 5 0.017 
Conductivity   6 0.016 
pH 6 0.018   
 
 
Spatial model 
The regional component (R) affected the composition of both plants and 
cladocerans and explained approx. 33% and 32% of the variation in plants and 
cladocerans respectively (Table 2). However most of this variation was explained 
by the joint effect of region and local processes (E, B and C), which means that a 
large proportion of the variation in environmental, biotic and connectivity drivers 
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is regionally structured. On the other hand, the spatial component S did not affect 
the beta-diversity of plants and cladocerans (p=1.00), and thus was not included in 
the variation partitioning analysis. Mantel correlograms also suggest a lack of 
spatial correlation at the regional scale (see Appendix S3, Fig. S3.3). 
 
Discussion 
The high beta-diversity in both plant and cladoceran communities across Europe 
was explained by high species turnover, i.e. their species composition differed 
largely among lakes at all scales, even over very short distances. Our variation 
partitioning analysis indicates that this pattern of variation is not caused by strong 
dispersal limitation of the surveyed taxa within regions, but by the effect of local 
processes (environmental and biotic filters). This means that, although dispersal is 
not a limiting factor, organisms fail to establish upon arrival, owing to unsuitable 
environmental conditions, competitive exclusion or a combination of both (see 
below).  

The effect of connectivity (C), which varied considerably among regions, 
was generally small. This is congruent with the lack of spatial correlation at 
regional scale (up to 300 km; S component not significant), and with the evidence 
suggesting a high dispersal potential of aquatic plants and zooplankton. For 
example, available estimates suggest that the propagules of aquatic plants and 
zooplankton are regularly dispersed by animal vectors (notably waterbirds; 
Figuerola et al., 2003; Charalambidou & Santamaría, 2005) over distances that 
frequently reach tens of kilometres and, occasionally, hundreds to thousands of 
kilometres (Viana et al., 2013). The high turnover observed in Norway, despite high 
connectivity (high number of neighbour lakes within 10 and 20 km), might be 
explained by the reduced importance of waterbirds as dispersal vectors at those 
latitudes, owing to prolonged periods of ice cover that reduce waterbird visitation 
and access to propagule banks in late autumn and winter. In lower latitudes, on the 
other hand, propagule dispersal by waterbirds might occur during all year (due to 
uptake of propagules from the propagule bank; Green et al., 2002; Figuerola et al., 
2003). Small-scale connectivity in aquatic ecosystems is also likely to reflect existing 
levels of hydrological connection. Indeed, the number (but not the area) of nearby 
lakes was correlated with the annual precipitation (r=0.50-0.56) and had a strong 
effect on species compositional variation in Norway. 

The spatial effects on community composition were significant at broader 
scales, as strong compositional differences were observed among communities of 
different regions. These differences might be explained by biogeographic factors 
and limited dispersal at continental scale, as well as by environmental variation 
difficult to capture at such large scales. Future work should focus on disentangling 
the potential effects of historical factors, such as the effect of past glaciations, on the 
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latitudinal variation of beta-diversity (e.g. Svenning et al., 2011; Baselga et al., 2012), 
as well as the potential effect of contemporary dispersal at continental scale (for 
example, long distance dispersal by waterbirds, which should be more frequent 
along migratory flyways; King et al., 2002; Figuerola et al., 2005). These directional 
connectivity patterns (associated to migratory flyways) might be effective if 
organisms are able to colonize distant habitat patches – meaning that migration 
ability, and thus connectivity, should depend on the combination of dispersal and 
colonization abilities of the different species. Such colonization mechanisms are 
influenced by both deterministic and stochastic events, and are broadly discussed 
in the framework of the evolving meta-community hypothesis (e.g. Urban et al., 
2012): for example, zooplankton species might rapidly adapt to the local 
environment in a new habitat patch and monopolize resources that could be used 
by (better adapted) species of the regional pool (Urban & De Meester, 2009). 

Although aquatic plants and zooplankton have high dispersal abilities, they 
must tolerate the local (environmental and biotic) conditions of the arriving site. 
We observed significant environmental and biotic effects on the communities, in 
line with those reported by previous studies on both taxa (e.g. Cottenie et al., 2003; 
Declerck et al., 2007; O’Hare et al., 2012). Although not easy to interpret, the 
relationship between the plant and cladoceran communities suggests that complex 
biotic interactions may be important for explaining community composition. This 
relationship (covariance between the two assemblages) had been already observed 
(Davidson et al., 2011). For example, many cladocerans are associated to given 
macrophyte species (Whiteside, 1970), which suggests that the presence of given 
macrophyte species might facilitate the colonization and persistence of the 
macrophyte-associated cladoceran species. It is also possible that these biotic 
relationships are largely explained by common responses to pronounced 
environmental gradients, such as those generated by differences between regions 
(as suggested by the shared variation explained by the biotic, environmental and 
region components). Together with the environmental control exerted, for example 
by climate at continental scale and physico-chemical factors at regional scales, 
biotic effects contribute to the mosaic of local conditions (habitat heterogeneity) 
that can be found at all scales, thus leading to further biotic differentiation among 
lakes (i.e. to increased beta-diversity). 

Taking into account all the observed effects, the explanation for the high 
beta-diversity among lakes separated by tens to a few hundred kilometres (regional 
scale) has to simultaneously satisfy the conditions of high species turnover, high 
dispersal rates, and high local control (by environmental and biotic conditions). 
The metacommunity framework considers four main mechanisms (species sorting, 
mass effects, patch-dynamic and neutral model; Leibold et al. 2004, Logue et al., 
2011), which are not necessarily mutually exclusive (e.g. mass effects might be a 
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special case of species sorting; Logue et al., 2011; Winegardner et al., 2012). The 
patterns described here would only be congruent with species sorting and mass 
effects, caused by high environmental heterogeneity and high dispersal rates. 
Simulation studies (Münkemüller et al., 2012) suggest, however, that mass effects 
are incompatible with high local control (niche processes), although it could still be 
locally important for the assembly of some species, particularly in regions with 
high inter-patch connectivity (Urban, 2004). Hence, we suggest that species sorting 
might be the general mechanism driving community assembly and species 
distribution in aquatic plants and cladocerans.  

Whatever the mechanism explaining species composition, we found 
unusually high levels of beta-diversity and species turnover. One possible 
explanation would be that the lack spatial structure is not reflecting high dispersal 
rates, but rather some unmeasured local variables. However the dispersal rates of 
aquatic plants and zooplankton are generally high (Santamaría, 2002; Louette & De 
Meester, 2005) – obviously, with specific exceptions (e.g. hybrids, which are often 
sterile, have much reduced dispersal abilities; Hollingsworth et al., 1996). 
Moreover, propagule banks may store propagules that survive for many years 
(prolonged dormancy), which constitute a strong buffer against local extinction 
(e.g. Mergeay et al., 2007). We propose two alternative, though not mutually 
exclusive, explanations: (1) priotity effects: the high dispersal ability of most species 
might lead to a stochastic arrival order of species in empty habitat patches (rather 
than some species arriving always first), which becomes monopolized by these 
early arriving species and, through a combination of demographic effects and local 
adaptation, prevent subsequent immigrant species from establishing (Shurin, 2000; 
Chase, 2003; Urban & De Meester, 2009); (2) high dispersal rates after habitat 
disturbance (caused, e.g. by drought, freezing or the arrival of keystone predators) 
might also lead to rapid compositional responses of communities through species 
sorting, which can lead to high species turnover (Cottenie & De Meester, 2004). 
Note, however, that if habitat disturbance is severe enough to generate habitat 
homogeneity, the composition of the different communities might converge, as 
species that do not tolerate extreme conditions would be filtered out (Chase, 2007). 
Investigation of the temporal dynamics of community composition, e.g. through 
the study of paleoecological records (Mergeay et al., 2011), could be used to address 
whether one of these processes, or a combination of both, might be responsible for 
the observed patterns. 

In conclusion, this study shows that high levels of beta-diversity might be 
achieved through complex patterns of biotic and environmental variation over 
relatively short scales. Because, as a general pattern, high species turnover was 
primarily related to local processes (i.e. abiotic and biotic filters) rather than 
dispersal limitation, we suggest that the aquatic communities surveyed are 
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structured by stochastic colonization followed by priority effects and/or species 
sorting.  
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Appendix S1. Sites and species lists. 
 
Table S1.1. List of sampling sites ("lakes"). 
Region Name Latitude Longitude 

Puerto de Santa Maria 36.63333 -6.23333 
Laguna de 36.95887 -6.45043 
Cuquero 37.00885 -6.23645 
Laguna de Tollos 36.8497 -6.01665 
Laguna del Pilon 36.90318 -5.89827 
Laguna del Taraje, Sevilla 36.9 -5.89827 
Laguna Dulce de Zorrilla 36.85997 -5.86507 
Laguna Hondilla, Espera 36.87438 -5.8609 
Brazo del Este 37.18242 -6.03227 
Utrera 2 37.04308 -5.82312 
Alcaparrosa, Utrera 37.0481 -5.81675 
Laguna de Calderon, Lantejuela 37.3621 -5.1183 
Lantejuela, no name 37.38238 -5.1733 
Lantejuela, road 37.37218 -5.18673 
Cortijo Tranquila, Lantejuela 37.3621 -5.17667 
Laguna Dulce, Campillos, Malaga 37.04958 -4.83113 
Laguna de Santa Olalla 36.983 -6.48107 
Laguna Amarga, Jauja, Cordoba 37.31963 -4.61743 
Pond, Las Jarillas 37.78752 -5.83818 

Spain 

Castillo de las Guardas 37.69086333 -6.376116667 
Alserio 45.78472222 9.216666667 
Ghirla 45.91694444 8.822222222 
Idro 45.76666667 10.51666667 
Iseo 45.73333333 10.06666667 
Lugano  45.96666667 8.983055556 
Maggiore 45.96666667 8.9666765 
Mantova 45.15000133 10.8000035 
Mergozzo 45.95638889 8.463055556 
Mezzola 46.18334267 9.433337833 
Monate 45.78611111 8.664444444 
Montorfano 45.7825 9.1375 
Annone 45.80000567 9.333343 
Moro 45.86305556 10.1575 
Orta 45.81666667 8.4 
Piano 46.0333355 9.150007167 

Italy 

Pusiano 45.80222222 9.273055556 
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S.Maria  45.71666717 10.60000583 
Sartirana 45.7000095 9.416672 
Segrino 45.82916667 9.267222222 
Sirio 45.48333417 7.883334 
Varese 45.8 8.75 
Viverone 45.40138889 8.051388889 
Avigliana 45.05000883 7.383335333 
Candia 45.32361111 7.911944444 
Comabbio 46.76305556 8.691944444 
Como 46 9.266666667 
Endine 45.77777778 9.938055556 
Garda  45.66666667 11.7 

 

Garlate 45.81666917 9.400003333 
Uitgeest 52.51667 4.733333 
Westerkoggenland 52.62842 4.925383 
Zwolle west 52.54408 6.0607 
Groningen 53.21667 6.633333 
Hilversum 52.25 5.1 
Drakensteun 52.18333 5.266667 
Sandbergen 52.18333 5.616667 
Posterenk 52.2013 6.11015 
Lindlust 52.03333 4.416667 
Gauda 52.03697 4.755633 
Huisen 51.93047 5.9466 
Dirksland 51.73512 4.061717 
Geeuw 53.0257 5.640283 
Korindijk 51.76998 4.33295 
Biesbos 51.76745 4.773117 
Werkendam 51.8094 4.7628 
Woudenhiem 51.81045 5.040267 
Vligmen 51.72043 5.246517 
Lith 51.81667 5.416667 
Cuigken 51.75253 5.809733 
Middenseeland 51.51667 3.733333 
Nieuwginneken 51.52585 4.818217 
Rigen 51.59168 4.891017 
Sandplat 51.3 3.733333 
Zwarte Meer 52.63333 5.95 
Drachten 53.0643 6.038833 

Netherlands 

Ringwiel 52.98727 5.52855 
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Britsiradeel 52.99043 5.57485 
Uitwellingerga 52.9843 5.74025 

 

Grote Vliet 52.7524 5.126717 
Litlvatn (Kvingla) 64.89235 11.36077 
Blåvatn 64.91172 11.65295 
Sørvatn 64.91727 11.29623 
Storvatn 64.88693 11.38397 
Svantjørn 64.89992 11.12048 
Osplivatn 64.92523 11.05275 
Torkelvatn 64.90022 10.97293 
Staverengvatn 64.82703 11.30802 
Svarthamarvatn 64.91673 11.0269 
Grunntjørn 64.96397 11.8038 
Kvernhusvatn 64.82838 11.29055 
Væremsvatn 64.92342 11.52902 
Demmingsvatn 64.93918 11.7732 
Mølledalsvatn 64.91348 11.21475 
Storveavatn 64.84415 11.37553 
Litlvatn (Vikna) 64.91893 11.14423 
Vikestadvatn 64.91698 11.19638 
Lyngsnesvatn 64.96503 11.08058 
Jostakktjørn 64.92027 11.03165 
Kvernengvatn 64.93402 11.08397 
Dalavatn 64.89443 10.90487 
Vestervatn 64.85495 11.35443 
Klavavatn 64.91395 11.03488 
Laugen 64.85 11.3154 
Angeltjørn 64.96037 11.78692 
Eidshaugvatn 64.91577 11.44832 
Nordvatn 64.9313 11.3322 
Osavatn 64.9518 11.68672 
Aunevatn 64.9009 11.2732 

Norway 

Damsgardvatn 64.90213 10.82935 
Alloa 56.01184 -3.78059 
Cockairney W 56.07854 -3.46225 
Coldrain 56.096 -3.49507 
Windyedge 56.27964 -3.52161 
Minkie Moss 56.28364 -3.48623 
Calais Muir Wood 55.97217 -3.39414 

Scotland 

Glenniston Quarry 56.02711 -3.26773 
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Mugdrum 56.25937 -3.25925 
Innerleith 56.19767 -3.17663 
Gartmorn 56.03907 -3.74973 
Kilmux Farm 56.1454 -3.03016 
Gilston House 56.15534 -2.90162 
Harleswynd 56.19069 -2.9508 
Blebo 56.21759 -2.93534 
Newport on Tay 56.34259 -2.93839 
Morton Lochs 56.33413 -2.87348 
Balbuthie 56.11136 -2.8041 
Balmonth Resvr 56.15641 -2.74063 
Innergellie 56.14776 -2.69217 
Sheardale 56.05782 -3.68633 
U Glendevon Res 56.12809 -3.76987 
LGlendevon Res 56.12877 -3.72162 
Thorn 56.20084 -3.67648 
Charlestown E 55.95319 -3.48956 
Lurg Loch 56.06068 -3.46158 
Kettlehill 56.1627 -3.09504 
Loch Leven 56.10588 -3.41505 
Highholm 56.00732 -3.44352 
Glenquey Resvr 56.1118 -3.65653 

 

Loch Gelly 56.02694 -3.28377 
 
 
Table S1.2. List of species. 
Aquatic angiosperms Cladocerans 
Alisma plantago-aquatica Acroperus harpae 
Apium inundatum Alona affinis 
Callitriche hermaphroditica Alona guttata 
Callitriche spp. Alona intermedia 
Callitriche truncata Alona spp. 
Ceratophyllum demersum Alona quadrangularis 
Elodea canadensis Alona rectangula 
Elodea nuttallii Alona rustica 
Hippuris vulgaris Alonella excisa 
Isoetes echinospora Alonella exigua 
Isoetes lacustris Alonella nana 
Juncus bulbosus Alonella spp. 
Lagarosiphon major Alonopsis elongata 
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Lemna minor Anchistropus emarginatus 
Lemna trisulca Anchistropus minor 
Littorella uniflora Bosmina longirostris 
Lobelia dortmanna Bosminidae spp. 
Mentha aquatica Bythotrephes longimanus 
Myriophyllum alterniflorum Camptocercus rectirostris 
Myriophyllum spicatum Ceriodaphnia dubia 
Najas marina Ceriodaphnia laticaudata 
Nelumbo nucifera Ceriodaphnia spp. 
Nuphar lutea Ceriodaphnia pulchella 
Nuphar pumila Ceriodaphnia quadrangula 
Nymphaea alba Ceriodaphnia reticulata 
Nymphoides peltata Chydorus piger 
Polygonum amphibium Chydorus spp. 
Potamogeton alpinus Chydorus sphaericus 
Potamogeton berchtoldii Daphnia ambigua 
Potamogeton crispus Daphnia cristata 
Potamogeton filiformis Daphnia cucullata 
Potamogeton friesii Daphnia galeata 
Potamogeton gramineus Daphnia galeata hybrid 
Potamogeton lucens Daphnia galeata × cucullata 
Potamogeton natans Daphnia hyalina 
Potamogeton nodosus Daphnia hyalina × galeata 
Potamogeton obtusifolius Daphnia hylaina × cucullata 
Potamogeton pectinatus Daphnia longispina 
Potamogeton perfoliatus Daphnia magna 
Potamogeton polygonifolius Daphnia spp. 
Potamogeton pusillus Daphnia pulex  
Potamogeton trichoides Daphnia pulicaria 
Potamogeton × nitens Daphnia rosea 
Potamogeton × sparganiifolius Daphnia similis 
Potamogeton × suecicus Daphnia tenebrosa 
Ranunculus subgen. Batrachium Diaphanosoma brachyurum group 
Ruppia drepanensis Diaphanosoma laticaudata 
Ruppia maritima Diaphanosoma spp. 
Sparganium angustifolium Disparalona rostrata 
Sparganium emersum Dpahnia obtusa 
Sparganium hyperboreum Drepanothrix dentata 
Stratiotes aloides Duhnevedia crassa 
Subularia aquatica Eubosmina coregoni 
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Trapa natans Eubosmina longicornis 
Utricularia intermedia Eubosmina longicornis × coregoni 
Utricularia minor Eubosmina longispina 
Utricularia vulgaris Eubosmina longispina × coregoni 
Vallisneria spiralis Eubosmina longispina × longicornis 
Zannichellia palustris/pedunculata/major Eubosmina spp. 
Zannichellia peltata/obtusifolia Eurycercus lamellatus 
 Eurycercus lamellatus/glacialis 
 Graptoleberis testudinaria 
 Holopedium gibberum 
 Ilyocryptus sordidus 
 Latona setifera 
 Leptodora kindti 
 Leydigia acanthocercoides 
 Leydigia leydigi 
 Leydigia spp. 
 Macrothricidae spp. 
 Moina affinis 
 Moina brachiata 
 Moina micrura 
 Moina spp. 
 Monospilus dispar 
 Ophryoxus gracilis 
 Oxyurella tenuicaudis 
 Pleopis polyphemoides 
 Pleuroxus aduncus 
 Pleuroxus denticulatus 
 Pleuroxus spp. 
 Pleuroxus spp. (not truncatus) 
 Pleuroxus striatus 
 Pleuroxus trigonellus 
 Pleuroxus truncatus 
 Pleuroxus uncinatus 
 Pleuroxus varidentatus 
 Polyphemoidae (family) 
 Polyphemus pediculus 
 Pseudochydorus globosus 
 Rynchotalona falcata 
 Scapholeberis mucronata 
 Sida crystallina 
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 Sididae (family) 
 Simocephalus expinosus 
 Simocephalus spp. 
 Simocephalus serrulatus 
 Simocephalus vetulus 
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Appendix S2. Sampling of cladocerans.  
 
Cladocerans were sampled with 90 µm mesh plankton nets (30 cm diameter) and 
preserved in ethanol. To obtain a fully representative sample of both littoral and 
pelagic cladocerans covering the recent history of the lake, we also took samples of 
sediments at the deepest part of each lake. Sediments accumulate remains from all 
microhabitats over seasons and years, therefore providing an overview of all 
species present in the lake in recent years. Sediment samples were taken using 
corers or small van Veen grabs; in both cases, only the top (i.e. recent) sediments 
were collected. Samples obtained with plankton nets were screened under a 
dissecting microscope, and species were identified largely following Flössner 
(2000), except for bosminids, which were identified according to Flössner (1972) 
and Lieder (1996). Putative hybrids within the Daphnia longispina complex and 
those resulting from Bosmina (Eubosmina) species were identified after Wolf & Mort 
(1986) and Lieder (1983, 1996) respectively. Cladoceran remains were analysed 
according to Frey (1986). Wet sediment was deflocculated in 100 ml of 10% KOH at 
100ºC for 20 minutes and passed through a 40 micron sieve. The residue was then 
transferred into 5% formalin. Up to 200 cladoceran remains per sample were 
identified and counted (headshields, shells, postabdomens, postabdominal claws, 
mandibles, and others) using the determination keys of Frey (1960) and a standard 
microscope at 100 to 200× magnification. Bosmina was divided into subgenera 
(Eubosmina and Bosmina) based on the location of the lateral head pores (Goulden & 
Frey, 1963; Hofmann, 1984). When a full species diagnosis was not possible, the 
individual(s) were ascribed to lowest identifiable taxonomic level and included in 
measures of species richness. 
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Appendix S3. Supplementary tables and figures 
 
Table S3.1. Statistical information for the global and unique fractions of all components 
considered in the variation partitioning analysis using the complete-cases dataset (i.e., only 
sites without missing data, N=67). Global fractions: E, environmental component; B, biotic 
component; R, regional component (variation among regions); C, connectivity component 
(within regions). Unique fractions are denoted as E/(B+C+R), B/(E+C+R), C/(E+B+R) and 
R/(E+B+C). 

Taxon Source adjR2 
d.f. 

model 
d.f. 

residuals 
F p 

E 0.435 9 57 4.774 0.001 
B 0.287 2 64 11.192 0.001 
C 0.144 4 62 3.046 0.001 
R 0.344 3 63 9.615 0.001 
E/(B+C+R) 0.145 9 48 1.967 0.001 
B/(E+C+R) 0.047 2 48 2.347 0.001 
C/(E+B+R) 0.049 4 48 1.541 0.012 

Plants 

R/(E+B+C) 0.055 3 48 1.979 0.001 
E 0.492 9 57 5.645 0.001 
B 0.446 3 63 13.740 0.001 
C 0.094 4 62 2.215 0.002 
R 0.399 3 63 11.719 0.001 
E/(B+C+R) 0.138 9 47 1.921 0.001 
B/(E+C+R) 0.075 3 47 2.516 0.001 
C/(E+B+R) 0.011 4 47 0.796 0.892 

Cladocerans 

R/(E+B+C) 0.016 3 47 0.993 0.493 
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Figure S3.1. Biplots representing the RDA results for plants (left panels) and cladocerans 
(right panels). The effect of all environmental, biotic and connectivity variables (arrows), as 
well as the sites (upper panels; in grey; scaling 2) and species (lower panels; in grey; scaling 
1), are shown. 
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Figure S3.2. Cross-validatory fits of the co-correspondence analysis (CoCA) for plants (A; 
effect of cladoceran species composition) and cladocerans (B; effect of plant species 
composition). 
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Figure S3.3. Mantel correlograms for aquatic plants and cladocerans in each surveyed region. 
Species data was linearly detrended. Filled and empty circles denote significant and non-
significant correlations respectively. 
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Abstract 
The assembly and structure of many biological communities is constrained by the 
resistance exerted by resident species to immigration (biotic resistance). In 
particular, priority effects and diversity resistance are frequent mechanisms of 
biotic resistance, ultimately determining diversity patterns. In inland aquatic 
ecosystems, biotic resistance is primarily supported by experimental studies 
(microcosm experiments) lacking the complexity of natural communities and/or by 
observational studies (field surveys) that do not disentangle the role of dispersal 
limitation and biotic resistance. We used a mesocosm experiment with naturally 
assembled communities of aquatic macrophytes and zooplankton to test whether 
two mechanisms of biotic resistance, diversity resistance (mediated by the diversity 
of the resident community) and/or priority effects (mediated by the time of 
immigrants’ arrival along the growing season), affect the establishment of 
immigrant species from the regional species pool. For macrophytes, more diverse 
resident communities and those colonised later were less invasible (i.e. they 
allowed for the establishment of less immigrant species). Significant levels of 
species segregation suggest that this effect arose from a higher probability of 
containing invasion-resistant species in more diverse communities. For 
zooplankton communities, in contrast, neither the diversity of resident 
communities nor the time of arrival affected the establishment of immigrant 
species. Instead, we observed a disproportionate low number of colonisations 
compared to the amount of immigrant species. This pattern could be explained by a 
strong monopolization exerted by the pioneer zooplankton community, i.e. a 
priority effect exerted over the whole growth season. Furthermore, macrophyte 
assemblages extended the priority effects in zooplankton communities by 
influencing their fate after immigration. Our results suggest that different 
mechanisms of biotic resistance to immigration determine the assembly of different 
functional groups in aquatic ecosystems. The stochastic arrival order of early 
colonisers, followed by priority effects and diversity resistance during community 
assembly, probably underlies the high beta-diversity commonly found in 
macrophyte and zooplankton communities, even over short spatial scales. 
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Introduction 
Biological communities are assembled with dispersing organisms of different 
species that colonise vacant habitat patches. However, not all species arriving to a 
given habitat patch are able to successfully colonise it (i.e. to establish themselves 
and reproduce in it). Even if immigrants are adapted to the local environment, 
successful colonisation becomes increasingly difficult at later stages of the 
community-assembly process, owing to pre-emption of available resources by 
already-established populations/species and consequent competitive exclusion 
(priority effects sensu Drake, 1991; De Meester et al., 2002).  

Priority effects refers to a suite of mechanisms of community assembly that 
may have a crucial importance in driving local diversity (alpha-diversity) and 
biodiversity distribution (e.g. beta-diversity) for many taxa, such as terrestrial 
plants (e.g. Martin & Wilsey, 2012; Kardol et al., 2013), protists (Jiang et al., 2011a), 
zooplankton (e.g. Louette et al., 2008), insects and fungi (Weslien et al., 2011), 
ectomycorrhizal fungi (Kennedy et al., 2009), benthic marine species (Munguia et 
al., 2010), and fouling organisms (Cifuentes et al., 2010). The dominance of early 
colonisers, which outcompete subsequent immigrants due to demographic effects, 
might constrain a more deterministic community assembly driven by niche 
processes (e.g. environmental filtering). If the competitive advantages of later 
immigrants are useless against well-established founders, priority effects prevail 
over niche requisites (e.g. Berlow, 1997). In such cases, the stochastic nature of 
colonisation by early-arriving species (founders) is reinforced by priority effects, so 
that the history of colonisation determines community structure at each habitat 
patch (Allen et al., 2011). This may result in high levels of beta-diversity, 
particularly if alternative stable states can be produced (Shurin et al., 2004; Jiang et 
al., 2011a).  

The magnitude of the priority effect may be expected to depend on the 
number of founder or resident species, because more diverse communities exert 
greater biotic resistance (diversity resistance; Elton, 1958) through (i) occupying 
more niche space potentially suited to later immigrants (niche complementarity), 
and (ii) an increased likelihood to include invasion-resistant species (Fargione & 
Tilman, 2005). Therefore, community invasibility by both native and exotic species 
can be expected to decrease with increasing resident-species diversity (Levine & 
D'Antonio, 1999; Davis, 2005). In communities subjected to strong seasonal 
dynamics, diversity resistance should also increase along the growing season, 
owing to the build-up on larger populations of resident species and/or more 
diverse resident communities (due to developmental lags across resident species). 

Aquatic organisms often show two contradictory patterns: on the one hand, 
high levels of species turnover and genetic differentiation over small spatial scales 
(De Meester et al., 2002; Cottenie et al., 2003; Alahuhta & Heino, 2013); on the other, 
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high dispersal abilities (e.g. dispersal of aquatic plants and zooplankton by wind 
and waterbirds; Cáceres & Soluk, 2002; Figuerola & Green, 2002a; Brochet et al., 
2009b; Van Leeuwen et al., 2012b), high colonisation rates (Santamaría, 2002; 
Louette & De Meester, 2005), and thus low dispersal limitation (Chapter 4 and 5). 
The apparent contradiction between the high spatial structure and the low 
dispersal limitation of aquatic organisms could be explained by priority effects. The 
monopolization hypothesis (De Meester et al., 2002) suggests that priority effects 
acting at the intraspecific level explain the high genetic differentiation (reduced 
gene flow) among zooplankton populations at small spatial scales, despite their 
high dispersal ability. This theory has been expanded to explain community 
assembly and metacomunity dynamics through rapid local adaptation of early 
colonisers (Urban & De Meester, 2009). 

A few studies have investigated the strength of priority effects in aquatic 
communities by experimentally varying the sequences of colonisation of single 
species of zooplankton (e.g. Louette & De Meester, 2007). Others have studied the 
effect of the diversity of native communities on their resistance to invasion by alien 
species (Dzialowski et al., 2007). However, the role of priority effects and diversity 
resistance on the assembly and diversity of aquatic communities remains poorly 
studied, particularly for keystone elements such as macrophytes (see Shurin, 2000, 
for an example with zooplankton). Seasonal aquatic environments provide 
excellent model systems for this purpose, since community assembly starts every 
year from the propagule bank present in the sediment (where propagules might 
also arrive along the whole year), which forms the resident community, and then 
starts to receive immigrant species from the regional pool  – a process easy to 
reproduce under mesocosm conditions. We used a mesocosm experiment to 
investigate whether aquatic communities of macrophytes and zooplankton show 
priority effects and diversity resistance that reduce the establishment of immigrant 
species. For this purpose, we manipulated (i) the diversity of the resident 
community, and (ii) the timing of the colonisation attempts (different inoculation 
times along the growing season), to assess their independent and joint effects on 
community assembly and diversity.  
 
Methods 
 
Experimental approach 
This experiment builds on the opportunities provided by a restoration project that, 
based on an adaptive approach, recreated in 2005 an experimental array of ponds 
of identical size and shape in an area of marshland reclaimed for agriculture in the 
late 1960’s (Santamaría et al., 2005). Following engineering works in the area to 
remove drainage channels, and re-create the 96 ponds’ vases and the former river 
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branch that fed the floodplain in which they are placed, the area was first flooded 
by natural rainfall in the winter of 2005-2006. Natural colonisation took place over 
the following years, during which the ponds showed a seasonal regime (winter-to-
spring hydroperiods with summer droughts) dependent on direct rainfall (the 
restored river branch remains disconnected from the main river inflow).  

In October 2007, we selected 7 ponds (out of 24 monitored in the previous 
years) of varying macrophyte species richness (from 0 to 7 species, spanning the 
whole range of species richness at the 24 ponds after two years of colonisation) and 
removed the upper layer of sediment (8 samples of 5 cm depth and 1 m2 surface) at 
the pond’s centre (4 samples) and edges (4 samples, respectively placed at the tip of 
the two major and two minor radii, at 10 m from the shoreline) to build our 
“resident” mesocosm communities. For each pond, all sediment samples were 
thoroughly mixed, subdivided in four fractions and used as sediment (and 
propagule source) in 4 different mesocosms, making up a total of 28 tanks (4 
mesocosms × 7 ponds). Mesocosms were set in 680 dm3 tanks (110×95×65 cm) filled 
up with freshwater (approx. 550 L) and covered with a mesh screen (1×1.5 mm 
mesh size) to reduce colonisation by wind or bird-transported propagules. An 
additional set of four tanks was set using commercial potting clay, to estimate 
invasion rates under fully-vacant conditions and control for undesired 
colonisations (e.g. transported by wind) in the treatment without subsequent 
inocula (“noSnoI”, see below). Each of the four tanks set for each type of sediments 
(seven different ponds plus potting-clay control) was assigned to a different 
treatment, corresponding to the timing of a single inoculation event (three 
treatments): inoculation at the moment of tank filling, “I0”, two months later, “I2”, 
and four months later, “I4”, plus a control (no inoculation, “noI”). The inoculum 
aimed at representing the set of potential colonisers from neighbouring natural 
wetlands (i.e. the “regional diversity”) and was created by sampling and 
thoroughly mixing sediment samples from three neighbouring, mature wetlands of 
broadly different ecological conditions, known to host different macrophyte and 
zooplankton species. Equal-volume aliquots were prepared at the moment of the 
initial inoculation, and preserved dry until the moment of inoculation.  

At the time of each inoculation, we measured the vegetation cover (using a 
grid of 48 points equally spaced to cover the complete surface of the mesocosm) 
and collected samples of zooplankton (by filtering, through a 90 µm mesh, 6 L of 
water collected across the whole water column). A final assessment of the 
macrophyte and zooplankton communities took place two months later (in April 
2008, six months after setting the experiment), using the same procedures. In 
addition we measured the aboveground biomass of each macrophyte species and 
identified the different charophyte species (based on laboratory inspection of 
sampled specimens, which was not possible in previous surveys) over the whole 
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surface of the mesocosms. Zooplankton and charophyte samples were preserved in 
ethanol until their identification under a stereoscope.  
 
Data analysis 
 
Effect of inoculation time on community diversity 
The diversity of macrophytes and zooplankton at the end of the experiment 
(estimated as either the species richness or the Shannon-Wiener index) was fitted to 
linear mixed models (LMM) with treatment as a fixed effect and pond (origin of the 
sediment, which determines the species richness of the resident community) as a 
random effect. For these analyses, we used the data from the last survey, and based 
the SW index (which requires estimates of abundance per species) on the 
aboveground biomass for macrophytes and the number of individuals for 
zooplankton. 
 
Effect of resident-community richness and inoculation time on the colonisation success of 
immigrants 
To determine the effects of resident-community species richness and treatment 
(time of inoculation) on the number of immigrant species that became established, 
we fitted generalised linear models (GLM) with Poisson error distributions and log 
link- functions. The GLMs included the number of immigrant species established 
as dependent variable, and the number of resident-species present at the time of 
inoculation, treatment (time of inoculation) and their interaction as independent 
variables. We were only able to perform this analysis for the I2 and I4 treatments, 
since at the time of inoculation of the I0 treatment (the onset of the experiment) no 
species from the resident community was established yet. 

The number of immigrant species established (dependent variable) was 
assessed differently for macrophytes and zooplankton. For macrophytes, we used 
the last survey  (at the end of the experiment) because these organisms do not show 
short-term temporal dynamics (i.e. large fluctuations in abundance) but rather a 
continuous build-up in abundance along the growth season, so that the effects of 
potential biotic interactions between immigrants and residents probably take place 
throughout the entire season. Moreover, using the last survey allowed us to 
distinguish among charophyte species, increasing the resolution of our analysis. 
For zooplankton, we used the survey immediately after the inoculum (i.e. two 
months later) because these organisms show marked temporal dynamics along the 
growing season and thus, by using the last survey (end of the experiment), we 
would have risked to include confounding effects caused by other factors (e.g. local 
extinctions due to environmental filtering).  
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Immigrant species established at each mesocosm were identified as those 
found in the post-inoculum surveys (as above) that were absent from the resident-
species surveys throughout the entire season (i.e. from the noI control tanks in all 
surveys, and from the I0, I2 or I4 tanks before their inoculation). The total number 
of species present in the inocula (i.e. the number of potential immigrants) was 
calculated as the number of immigrant species established in the experimental 
communities (all mesocosms pooled) along the whole growing season, i.e. the total 
number of species recorded in at least one tank and survey that were absent from 
the resident community (defined as above).  

A few zooplankton species appeared in the noSnoI tank (i.e. propagule-free 
sediment and no subsequent inoculum), probably as “accidental immigrants” 
transported by wind (all but one were copepods and rotifers; see Appendix S1, 
Table S1). We excluded these species from all analyses, to make sure that we truly 
dealt with resident and inoculated zooplankton species. However, because the 
analysis outlined in this section for zooplankton defined as resident communities 
those actually present at the moment of inoculation, we considered already-
established “accidental immigrants” as part of the resident community. 
 
Effect of inoculation time on community composition  
We used ordination methods to investigate whether higher "invasibility" arising 
from earlier inoculation times resulted in more similar communities in terms of 
species composition, as can be expected if the probability of colonisation by the 
same species increases. Because differences in community composition may also 
arise from differences in the abiotic and biotic conditions, we first checked whether 
the environmental variation present in our tanks affected community composition 
using redundancy analysis (RDA). If so, we then partialled out the effect of both 
abiotic (water turbidity, conductivity, pH, dissolved oxygen concentration and 
chlorophyll a concentration) and biotic (the community composition of the other 
functional group, either macrophytes or zooplankton) variables by means of partial 
principal component analysis (partial PCA; also termed partial residual analysis; 
Dray et al., 2012). The biotic effect was modelled by co-correspondence analysis 
(CoCA; ter Braak & Schaffers, 2004) using the approach described in Chapter 5. The 
explanatory (environmental) matrix was reduced by means of a forward selection, 
using the adjusted coefficient of determination (R2) as the stopping criterion 
(according to Blanchet et al., 2008), to only include significant variables. Both the 
RDA and the partial PCA were applied on Euclidean dissimilarity matrices 
calculated from Hellinger-transformed presence-absence matrices (species by sites) 
obtained from the last survey. This transformation alleviates the horseshoe effect 
detected in species ordinations when using PCA (Legendre & Gallagher, 2001). 
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Species segregation 
To evaluate whether species segregation is observed, i.e. whether the occurrence of 
priority effects is due to the presence of invasion-resistant resident species, we 
calculated C-score statistics (Stone & Roberts, 1990) for the macrophyte and 
zooplankton communities. The C-score measures the average number of 
"checkerboard units" (or 2x2 sub-matrices where both species occur once but on 
different sites) between all possible pairs of species. The significance of the values 
obtained is evaluated against C-score values generated by simulated null models 
(fixed-fixed null models; Gotelli & Ellison, 2002). A C-score higher than expected 
by chance indicates species segregation. The test was applied to presence-absence 
data matrices either separated by treatment (segregation calculated for tanks 
corresponding to each inoculation time) or including all treatments (test for 
"global" segregation) obtained from the last survey.   
  
Results 
 
Effect of inoculation time on community diversity 
Treatment (inoculation time) affected macrophyte species richness (SR; Table 1). As 
the season progressed, inoculation resulted in smaller increases in total species 
richness, i.e. fewer immigrants became established (SR: I0>I2>I4=noI; statistical 
significance given by pairwise t tests with Holm's sequential Bonferroni correction; 
Figure 1A). The same pattern is observed for the Shannon-Wiener diversity index 
(SW; Figure 1B), but the overall effect of treatment was not significant (Table 1). It 
is important to note that charophytes, which represented a considerable portion of 
the biomass, were only separated to species level in the SR estimates, i.e. the 
abundance of individual species was not quantified. Hence, lack of taxonomic 
resolution amongst charophytes in the SW indices could account for this 
discrepancy.  

For zooplankton, inoculation tended to result in an increase in the species 
richness (Figure 1C; Table 1) but inoculation time had no significant effects on the 
diversity of zooplankton (Figure 1C, D), thus resulting in non-significant factor 
effects for both species richness and SW diversity (Table 1). 
 
Effect of resident-species richness and inoculation time on the colonisation 
success of immigrants 
For macrophytes, we found a significant interaction between the inoculation time 
(treatment) and the number of resident species recorded in the tanks (Figure 2A, 
Table 2), indicating that the effect of resident-species richness on colonisation 
success became stronger (i.e. the slope of their relationship became significantly 
steeper; Table 2) for late (I4) as compared to early (I2) inoculations (Figure 2A). 
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Fitted regression lines for I2 and I4 cross at intermediate resident species richness, 
indicating that (i) delayed immigration time hampered the colonisation of species-
rich resident communities, consistent with priority effects; and (ii) delayed 
immigration enhanced the colonisation of species-poor and vacant resident 
communities, a result not predicted by priority effects but consistent with 
facilitation among early colonisers (see Discussion). A comparison between the 
number of immigrant macrophyte species actually established in the tanks and the 
number of potential immigrants (mean = 2.3±0.37 vs. 3.3±0.35, p<0.01 in a paired 
non-parametric permutation test; red dots in Figure 2) indicates that resident 
communities are rarely invaded by all potential immigrants. More importantly, 
most potential immigrant species became established in species-poor resident 
communities, while less than half of the potential immigrants became established 
at species-rich resident communities. 
 
Table 1. Results of linear mixed models testing the effect of inoculation time (treatment) on 
the species richness and diversity of macrophyte and zooplankton communities (last 
sampling, April 2008). Treatment "noI" corresponds to the model intercept (reference level). 

Group Response Treatment Estimate 
Random 
variance 

χ2 d.f. p 

noI 2.857 
I0 3.143 
I2 3.000 

SR 

I4 1.429 

0.151 
 

25.938 
 

3 
 

0.000 
 

noI 0.303 
I0 0.275 
I2 0.214 

Macrophytes 

SW 

I4 0.136 

0.046 
 

5.1494 
 

3 
 

0.161 
 

noI 7.143 
I0 1.714 
I2 1.571 

SR 

I4 1.143 

4.020 
 

4.8433 
 

3 
 

0.184 
 

noI 1.143 
I0 -0.040 
I2 -0.046 

Zooplankton 

SW 

I4 -0.155 

0.050 1.2824 3 0.733 

 
 

For zooplankton, resident-species richness did not affect the establishment 
of immigrant species (Figure 2B; the result was the same when all species, 
including the eleven “accidental immigrants” found in the noSnoI control tank, 
were kept in the analysis). Colonisation rates were low at all mesocosms: the 
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number of established immigrant species was always lower than the number of 
potential immigrants (mean = 0.4±0.15 vs. 2.6±0.31, maximum = 2 vs. 5; p<0.01 in a 
paired non-parametric permutation test).  
 

 
Figure 1. Boxplots of macrophyte (A, B) and zooplankton (C, D) species richness (A, C) and 
Shannon-Wiener diversity indices (B, D) measured in the last survey (April 2008) for each 
treatment (I0, I2, I4, noI). Note that, within macrophytes, charophytes were only determined 
at species level in a qualitative survey (presence-absence data); hence, the Shannon-Wiener 
index is based on a subsample of taxa (all charophytes pooled in a single group). 
 
 
Effect of inoculation time on community composition 
The composition of macrophyte communities was affected by two environmental 
variables: conductivity and, to some extent (one CoCA axis), zooplankton 
composition (R2=0.32). However, the composition patterns caused by the time of 
inoculation (treatments) remained similar after accounting for the environmental 
variation (i.e. patterns in the RDA biplot resemble patterns in the partial PCA plot; 
Figure 3A, B). Community similarity increased with (earlier) immigration, i.e. the 
composition of macrophyte communities was increasingly similar (less spread in 
the PCA plot) in early-inoculation (I0 and I2) than in late-inoculation (I4) 
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treatments, and the no-inoculation (noI) treatment showed the highest divergence 
(Figure 3B; note that both the resident species and the pool of potential immigrants 
were the same for all treatments per pond).  
 
Table 2. Results of generalised linear models (GLM) testing the effect of resident- species 
richness (number of resident species) and inoculation time (I2 and I4) on the colonisation 
success of immigrants (number of immigrant species). 
Group Predictor d.f. χ2 p 

resident SR 2 9.463 0.009 
Treatment 2 6.241 0.044 Vegetation 
Interaction 1 5.848 0.016 
resident SR 2 0.488 0.783 
Treatment 2 0.525 0.769 Zooplankton 
Interaction 1 0.466 0.495 

 
 

For zooplankton, the environmental variation that affected community 
composition was reduced to the effect of the macrophyte assemblage (R2=0.25). As 
for macrophytes, the RDA biplots indicate that zooplankton community similarity 
increased with (earlier) immigration, i.e. communities were increasingly similar in 
early-inoculation (I0 and I2) than in late-inoculation (I4) treatments, and the no-
inoculation (noI) treatment showed the highest divergence. However, the effect of 
the macrophyte assemblage influenced the composition patterns generated by the 
time of inoculation: the composition of communities that did not receive 
immigration (control, "noI" treatment) showed a stronger correlation with the 
macrophyte’s first RDA axis (“macrophytes_a1”, Figure 3C), while the correlation 
with the macrophyte’s second RDA axis increased with earlier inoculation times 
(particularly, for I0). The overall result is an increase in community convergence in 
inoculated mesocosms driven by the macrophyte assemblage, as shown by the 
comparison between the RDA and PCA plots (the latter correcting for the effect of 
macrophytes; Figure 3C, D). 
 
Species segregation 
Macrophyte communities showed evidence of species segregation (when all 
treatments were pooled: p<0.01). However, when the test was separated per 
treatment, significant species segregation was observed only after early 
inoculations (I0; Figure 4), i.e. in the communities with higher diversity of 
established immigrants. Zooplankton communities did not show species 
segregation (Figure 4).  
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Discussion 
In seasonal habitats, communities are assembled (and reassembled) from 
dispersing individuals (of different species) that colonise habitat patches when 

environmental conditions become 
favourable (e.g. when habitat patches are  
flooded in temporary water bodies). 
However, many aquatic organisms, as 
well as annual terrestrial plants, produce 
propagule (seed and egg) banks from 
which the community starts to be 
assembled. Although the assembly of 
these communities are contingent upon 
the historical legacy left out by the 
propagule bank, it is reasonable to expect 
that colonising organisms from the 
regional species pool have frequent 
chances to establish. Indeed, our results 
show that immigrant macrophytes and 
zooplankton successfully colonised (i.e. 
established in) resident communities.  

However, during the assembly of 
macrophyte communities, we observed 
significant priority effects (reduced 
establishment by later immigrants) and 
diversity resistance (reduced 
establishment in more diverse resident 
communities), which eventually 
conditioned the species richness of fully-
grown communities: earlier colonisations 
led to higher species richness. These two 
effects were not independent. Instead, 
priority effects increased the strength of 
diversity resistance, i.e. they decreased 
disproportionally the establishment of 
immigrants in more diverse resident 
communities. Diversity resistance at the 

high resident-diversity extreme, where the presence of more resident species 
prevented immigrants from establishing, was reinforced by facilitation processes at 
the low resident-diversity extreme, where late colonisers (I4) were favoured by the 
presence of a few resident species (in virtually all cases, a single species which was 

 
Figure 2. Effects of community diversity 
(number of resident species) and 
inoculation time (I2 and I4) on the 
colonisation success of immigrants 
(number of immigrant species). (A) 
macrophytes, (B) zooplankton. Regression 
lines were fitted separately for each 
treatment (I2 and I4). 
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not established yet two months earlier), probably owing to the reduction in 
sediment resuspension and the concomitant increase in water transparency (i.e. in 
the facilitation of a clear-water state; e.g. Santamaría et al., 1996). 
 

 
Figure 3. RDA biplots (A, C) and (partial-) PCA plots (B, D) depicting community 
dissimilarity (presence-absence) of macrophytes and zooplankton sampled in the last survey 
(April 2008). Polygons represent convex hulls encircling the score data points for each 
treatment (I0, I2, I4, noI). Arrows represent the significant environmental constraints. 
 

 
Our results therefore suggest that macrophyte community assembly is 

determined by priority effects mediated by a trade-off between biotic facilitation 
and diversity resistance: early immigrants benefit from empty niches (i.e. a less 
diverse community) but might be constrained by poor environmental conditions 
(e.g. more turbid water), whereas late immigrants may encounter favourable 
environmental conditions (e.g. clear water) but must face a diverse and abundant 
resident community.  

In contrast, neither the inoculation time nor the species richness of resident 
communities affected the invasibility of zooplankton communities. This does not 
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mean, however, that we can conclude the absence of priority effects in our 
experimental communities. The small proportion of the immigrant species present 
in our inocula that succeeded to establish suggests that the resident species 
composition may severely constrain community invasibility. Community and/or 
habitat saturation are unlikely to explain the low number of invasions for two 
reasons. First, experimental communities tended to show low species richness and 
diversity: for example, the maximum number of species registered (14 zooplankton 
species in one of the I2 tanks; Figure1C) was rarely approached in all other tanks. 
Second, the total abundance of zooplankton (summed abundance of all species) at 
the time of inoculation was significantly related neither to the final number of 
species (linear regression: F1,12=0.047, p=0.83) nor to the number of established 
immigrants (GLM: χ2=0.173, d.f.=1, p=0.68) in the experimental communities. One 
possible interpretation is, instead, that priority effects are strong enough for a few 
(4 to 11) species present in the resident communities to be able to prevent the 
establishment of most immigrant species – and, owing to the large variation in the 
composition of resident communities, the identity of the few immigrants that 
establish may be largely stochastic. Although the composition of macrophyte 
communities might also constrain the identity of immigrant species, it is more 
likely that macrophytes strongly constrain the pionneer community (as Figure 3C 
and D suggest: the effect of the macrophyte assemblage was higher in mesocosms 
that were not inoculated along the season, i.e. in the noI and I0 tanks), which might 
in turn constrain successful immigration (through priority effects; see also below). 
This interpretation is consistent with the low number of invasions (Figure2B), the 
divergence of invaded communities (after removing the effect of macrophyte 
composition; Figure3D) and the lack of species segregation (Figure 4) in our 
zooplankton communities, and might be explained by resource monopolization by 
the resident community.  

Shurin (2000) showed evidence for resource monopolization by resident 
zooplankton species using a comparable experimental design (in situ, 800-L 
exclosures in seven shallow ponds). Although he found a significant, negative 
relationship between resident-species diversity and invasibility (the proportion of 
immigrant species that succeeded to establish), the overall proportion of successful 
invasions was also low (>91% of the species introduced as live animals 
immediately became extinct) and inoculated species remained rare in all ponds and 
replicates. Furthermore, a second experiment in which the abundance of resident 
species was reduced increased greatly the number and abundance of established 
immigrants (Shurin, 2000) – suggesting that extant abundances of resident species 
sufficed to halt further colonisations. Although several authors suggested that 
resource monopolization should only be important when potential immigrants are 
functionally similar to residents (i.e. when there is enough functional redundancy), 
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it was also reported in zooplankton communities colonising newly created natural 
ponds, where early-arriving species dominated the communities, and late-arriving 
ones showed low colonisation success (Louette et al., 2008). These observations and 
experiments, particularly those providing high dispersal rates through 
experimental manipulation (Shurin, 2000; our data) suggest that priority effects are 

a key determinant of zooplankton 
community assembly.  

In shallow ponds, however, the 
community assembly process is unlikely 
to only involve single taxonomic or 
functional groups – as exemplified in our 
study. Instead, most dispersal vectors 
(such as wind or waterfowl) are likely to 
mediate the joint dispersal of the different 
taxa composing aquatic communities. 
Our experiment shows for the first time 
(to our knowledge) that the influence of 
macrophyte assemblages extends from 
the composition of resident zooplankton 
communities to their subsequent fate 
following the arrival of immigrants. The 
combination of RDA and PCA analyses 
shows that the increased similarity of 
zooplankton communities following 
(early) inoculations was largely 
associated to the effect of macrophytes – 
so that, after accounting for these effects, 
inoculated communities were actually 
less similar (Figure 3C, D). Therefore, the 
convergence of zooplankton communities 

was probably mediated by the decrease in habitat diversity associated to 
increasingly similar (Figure 3A, B) macrophyte communities. Whether this effect is 
mediated by preferential utilisation of the niches offered by macrophytes to some 
resident species or by the disadvantages faced by immigrant species unable to 
exploit such niches remains unknown, and offers a promising avenue for future 
work. 

In summary, our results suggest that priority effects and diversity resistance 
determine the community composition of macrophyte communities – and, through 
cascading effects, these communities may also modulate strong priority effects 
operating in zooplankton communities. These processes may contribute to explain 

 
Figure 4. Results of the species segregation 
(C-score) analysis. The test was applied to 
presence-absence data matrices obtained 
from the last survey (April 2008) of 
macrophytes (solid lines and circles) and 
zooplankton (dashed lines and triangles). 
To facilitate the comparison among 
different community subsets, the vertical 
axis represents the standardized (z) C-
score. Horizontal lines indicate the z (C-
score) for all treatments and ponds (all 
mesocosms pooled). Empty and filled 
circles indicate non-significant and 
significant (p<0.01) species segregation, 
respectively. 
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the high levels of beta-diversity (in particular, the high species turnover) found in 
natural communities of macrophytes and zooplankton across Europe (Chapter 5). 
Community differentiation caused by early, stochastic colonisation events may be 
maintained by priority effects in both taxonomic groups. These coupled 
mechanisms may ultimately result in alternative stable states in community 
composition (Drake, 1991; Chase, 2003) or, under the influence of recurrent 
disturbances (e.g. inter-annual variation in flooding regimes of temporary aquatic 
habitats), in alternative transient states (sensu Fukami & Nakajima, 2011) where 
immigrant species use transient windows of opportunity to colonise resident 
communities.  
  
Acknowledgements 
This research was funded ESF-EURODIVERSITY project BIOPOOL, through the Spanish 
Ministry of Science project CGL2006-02247/BOS. DSV was supported by Fundação para a 
Ciência e Tecnologia SFRH/BD/48091/2008, co-financed by the European Social Fund (ESF). 



Biotic resistance in aquatic communities 
!

! 187!

Appendix S1. Excluded zooplankton species from analyses 
 
Table S1. Excluded zooplankton species from analyses due to undesired invasions 
(see text). 

Excluded species 
Functional 
group 

Phyllum Class Subclass 

Acanthocyclops robustus Zooplankton Artropoda Crustacea Copepoda 
Brachionus quadridentatus Zooplankton Rotifera Rotatoria Eurotatoria 
Cletocampus retrogressus Zooplankton Artropoda Crustacea Copepoda 
Cyrtonia tuba Zooplankton Rotifera Rotatoria Eurotatoria 
Euchlanis dilatata Zooplankton Rotifera Rotatoria Eurotatoria 
Hexarthra fennica Zooplankton Rotifera Rotatoria Eurotatoria 
Keratella quadrata Zooplankton Rotifera Rotatoria Eurotatoria 
Lecane luna Zooplankton Rotifera Rotatoria Eurotatoria 
Moina salina Zooplankton Artropoda Crustacea Branchiopoda 
Neolovenula allaudii Zooplankton Artropoda Crustacea Copepoda 
Epiphanes macrorus Zooplankton Rotifera Rotatoria Eurotatoria 
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General discussion and synthesis 
 
Long distance propagule dispersal by migratory birds 
Already in Darwin’s (1859) Origin of Species, migratory birds were proposed to be 
efficient vectors for long distance dispersal of a wide range of organisms – 
especially those that produce dormant stages such as seeds and eggs (Cruden, 1966; 
Carlquist, 1981; Figuerola & Green, 2002a; and references therein). Most studies to 
date focused on providing observational or experimental estimates of the 
frequency of dispersal and its potential effects on the fate of dispersed propagules, 
with limited reference to the dispersal distances at which such propagules are 
deposited. Using waterbirds as a study system, I investigated the mechanisms 
underlying LDD of propagules by migratory birds. For this purpose, I integrated 
bird migratory behaviour in models of propagule dispersal and introduced simple 
allometric relationships between bird size and two key parameters of such models 
(bird migratory behaviour and gut retention time). The results of these models, 
presented in Chapter 1 and 2, suggested that waterbirds can disperse propagules 
over hundreds of kilometres at frequencies up to 3.5% (median=0.1%). I also 
addressed one of the most widespread criticisms to this kind of models – namely, 
that long-distance dispersal by migratory birds is not likely to take place because 
long-distance migrants fly with empty (or, in the case of waders, atrophied) guts 
(e.g. Karasov & Pinshow, 1998; Piersma & Gill, 1998; McWilliams & Karasov, 2004). 
The empirical evidence reported in Chapter 3 confirmed that birds actually 
transport propagules while in migratory flight and supported, for different taxa 
(mostly passerine birds, instead of waterbirds), that LDD occurred at frequencies 
(1.2%) congruent with those estimated by the dispersal models (i.e. lower than the 
maximum but higher than the median distances obtained as model outputs).  
 
Waterbirds as vectors of long-distance dispersal 
A wide range of waterbird species belonging to different functional groups – 
Anatidae (ducks, geese and swans) and Rallidae (coots, rails, gallinules and crakes; 
see a review in Van Leeuwen et al., 2012b), as well as waders (Sánchez et al., 2006) – 
has been shown to disperse aquatic organisms, both internally and externally. 
Vectored aquatic organisms include a diverse set of invertebrates – bryozoans, 
molluscs, arthropods and nematodes – and macrophytes – angiosperms 
(Monocotyledoneae, Eudicotyledoneae, Nymphales, Marchantiophyta) and 
charophytes (see Van Leeuwen et al., 2012b, for a review). Despite the large body of 
evidence for the effectiveness and importance of waterbirds as vectors of long-
distance propagule dispersal, dispersal patterns have received limited attention to 
date (see above). The modelling framework presented in Chapter 1 and 2 provided 
a tool to estimate and characterize propagule dispersal curves that allows the 
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inclusion of different types of migratory movement data, such as ringing and 
satellite data. For waterbird-mediated dispersal, these models allowed us to 
estimate more realistic dispersal distances and frequencies of aquatic organisms. 
Furthermore, the analyses in Chapter 2 showed that the potential of bird vectors to 
disperse propagules over long distances (i.e. during migratory flights) might be 
inferred through their body size. The result (for waterbirds) was a shift in the 
efficiency of dispersal from moderate to large distances (i.e. an increased potential 
for LDD) as bird size decreases. This simple allometric rule provides a tool that will 
aid in the study and prediction of vector effectiveness, i.e. the quantity and quality 
of their dispersal services. Importantly, once the guild of vectors of a given aquatic 
organism is identified, the incorporation of bird size in dispersal models will 
facilitate the estimation of total (or multi-vector) dispersal kernels, given that they 
provide complementary dispersal, i.e. dispersal of the same vectored species at 
different distances (Spiegel & Nathan, 2007). In fact, different migratory strategies 
(showed by different vector species) may generate complementary dispersal 
services, as shown in Chapter 1. 

The ecological significance of this dispersal services depends on their 
effectiveness, i.e. not only whether propagules are transported and deposited, but 
also whether dispersal results in the successful establishment of new individuals. 
Dispersal effectiveness can be measured by the product of the number of 
propagules dispersed by a vector and the probability that the dispersed propagule 
produces a new reproductive adult – i.e. by multiplying the quantity and quality 
components of dispersal (Schupp et al., 2010). Although further studies are needed, 
especially for animal propagules, there are strong indications that waterbird-
mediated dispersal effectiveness may be high. Field studies report high prevalences 
of propagules in waterbird droppings (45.4% for macrophytes and 32.3% for 
invertebrates, on average), a high proportion of whose (35.8% and 30.3%, 
respectively) are able to germinate or hatch (Van Leeuwen et al., 2012b). These 
proportions must be placed in perspective to understand the potential of 
waterbird-mediated dispersal: once the millions of waterbirds (e.g. only the 
mallard population estimates worldwide surpasses 19 millions birds; BirdLife-
International, 2014a) that migrate each spring and autumn is taken into account, 
the number of viable propagules that are dispersed every year must, probably, be 
considerable. It is also worth noting that the quantity and quality components of 
dispersal have been shown to be positively correlated across waterbird species 
(Figuerola et al., 2002).  

Another line of evidence for the effectiveness of long distance dispersal is 
provided by the distribution of the vectored species and populations. Most aquatic 
plants (Santamaría, 2002), as well as many aquatic invertebrates (e.g. Adamowicz et 
al., 2009), are broadly distributed. The ability of many of these taxa, such as the 
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aquatic plant Potamogeton pectinatus (Pilon, 2002; Santamaría et al., 2003), to grow 
and reproduce at distant latitudes (i.e. under broadly variable environmental 
conditions) suggests that their high dispersal abilities are matched also by high 
colonization abilities. This possibility was subjected to test in Chapter 4 and 5 of 
this thesis, which confirmed that the communities of macrophytes and zooplankton 
are not limited by dispersal over fairly large spatial scales (up to 300 km; local 
processes were more important than spatial structure in explaining diversity 
patterns) and that the majority of species were distributed over more than one 
(“continental”) region.  

Several studies have also suggested that vectored aquatic organisms occur 
throughout the migratory range of waterbirds (Brochet et al., 2009b), which was 
often taken as evidence to assert that their distribution and connectivity is 
determined or conditioned by waterbird migratory flyways. This hypothesis has 
received support from genetic studies showing correlations between waterbird 
migratory flyways and the genetic structure of species of macrophytes (King et al., 
2002) and zooplankton (De Gelas & De Meester, 2005; Figuerola et al., 2005; Muñoz 
et al., 2013). Disjunct distribution patterns have also been associated to waterbird 
migration. For instance, the submerged angiosperm Ruppia megacarpa, considered 
until then an Australian endemism, was recently reported in two Chinese wetlands 
that represent major stopovers for waterbirds migrating from Australia (Yu et al., 
2014), suggesting that directed dispersal services may operate at transoceanic scale.  
   
Empirical evidence 
In Chapter 3 we provided, for the first time, direct and compelling evidence 
supporting the existence of this LDD mechanism. This observational study showed 
that migratory birds (other than waterbirds, but also known to undertake long 
migrations in massive numbers) with distinct functional ecology (passerines and 
quails) are able to transport propagules during active migration. Some, such as 
quails, can even transport considerable amounts of propagules in a single 
migratory movement (up to 45 in this study). Although the fate of the propagules 
(seeds in this case) recovered from the gut of birds captured on the sea, while in 
their migratory flight, by Eleonore falcons could not be determined reliably, the 
considerable number of seeds with intact coats suggests that the presence of viable 
seeds is not unlikely.  

As estimated by our dispersal models in Chapter 1 and 2 and confirmed in 
Chapter 3, the frequency of LDD (defined here as dispersal events generated by 
migratory flights) is low. In fact, "only" one out of every 80 birds inspected in 
Chapter 3 carried seeds. However, this quantity is sufficiently high to allow for the 
empirical study of this phenomenon in the field. Field and genetic work aiming at 
quantifying the frequency and spatial scale of LDD by migratory birds could be 
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used to validate computational models, providing a test of their underlying 
hypothesis. This, in turn, would contribute to resolve many ecological and 
biogeographical questions, such as Reid's paradox (Clark et al., 1998), island 
biogeography (Chapter 3, Gillespie et al., 2012) and disjunct distribution patterns 
(e.g. Popp et al., 2011), including those produced by transcontinental dispersal (e.g. 
Coleman et al., 2003; Blattner, 2006).  
 
Refining the conceptual framework  
According to the mechanistic framework presented in the General introduction, 
propagule dispersal comprises three consecutive phases: initiation (propagule 
uptake by the vector), transport (propagule movement along with the vector) and 
deposition (propagule deposition, through defecation of ingested propagules or 
detachment of attached ones, in a place determined by the vector’s movement; 
Nathan et al., 2008a). This mechanism can be understood in the light of the 
movement ecology framework proposed by Nathan et al. (2008b; see also 
Damschen et al., 2008; Tsoar et al., 2011), which comprises four basic components: 
internal state, motion capacity, navigation capacity and external factors. Below I 
develop on this framework to provide a more deep mechanistic understanding of 
endozoochorous propagule movement mediated by migratory birds (see the 
conceptual model in Figure 1). 
 

 
Figure 1. Movement ecology framework for propagules dispersed by migratory birds. 
 
 

During migration birds rest and replenish energy, according to their internal 
state, in stopover sites before resuming migration (make another migratory, long-
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distance flight). Energy is obtained by ingesting food, which leads to the initiation 
(propagule uptake) of the propagule dispersal process. Two prerequisites are 
needed for propagule ingestion. The first is propagule production, either 
immediately before the arrival of migrant birds or before it (for propagules 
ingested from propagule banks). For this, the internal state of vectored organisms is 
(genetically) programmed to “anticipate” the arrival of bird vectors. The second is 
vector attraction by means of food rewards (either nutrient-rich parts or the entire 
propagule) or by their mere presence in resting or feeding substrates. Changes in 
propagule or mother-plant traits that influence ingestion or attachment 
probabilities can be understood to represent the propagule’s navigation capacity 
(i.e. to determine how to attract the vector and engage in a migratory flight). Thus, 
the initiation phase is driven by: (i) the feeding requirements (fuel loading) of 
vector birds at stopover sites, which are largely determined by its size (that is 
related to the reserves stored previously to migration and the energy demands of 
the migratory flights; Hedenström & Alerstam, 1997) and may determine other 
aspects of dispersal, such as the quantity of ingested propagules; (ii) the propagule 
characteristics (e.g. its attractiveness and placement, as described above). In 
addition, external factors also affect the initiation phase, as for example climatic 
conditions may influence propagule production and consequent attractiveness to 
the vector.  

Then the bird departs, resuming migration, and transports the ingested 
propagules (if still retained in the digestive organs). The time and distance flown 
by the bird depends on its navigational and motion capacities. In particular, flight 
duration and distance are known to depend on a trade-off between energy 
consumption and total migration time (from the breeding site to the wintering site 
or vice-versa). This trade-off forms the basis of the "optimal migration" theory 
(Alerstam & Lindström, 1990; Farmer & Wiens, 1999; Alerstam, 2011; Hedenström, 
2012) and is largely determined by the mass of the bird (a surrogate of bird size). 
Different bird species show different trade-offs between these two variables, and 
thus show different migratory strategies (which can determine propagule dispersal 
patterns, as shown in Chapter 1). The motion capacity of the vectored organism 
depends on the resistance of ingested propagules to the aggression encountered at 
the bird’s gut during vector movement, i.e. on their "ability" to survive gut passage 
– which is determined, for example, by its size (Figuerola et al., 2010). External 
factors, such as the spatial configuration of the landscape and weather conditions, 
affect vector (and propagule) movement by shaping its movement path (Miller et 
al., 2005; Liechti, 2006), as well as the timing and duration of migratory flights and 
stopovers (Hedenström & Alerstam, 1997). 

Finally, when the vector bird stops, ingested propagules are defecated. 
Stopping over depends on the navigational capacity of the bird, i.e. on its ability to 
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find shelter and food en route, and its internal state (willingness to stop), whereas 
defecation of viable propagules depends on their gut passage time (i.e. whether 
propagules are retained long enough and not defecated while in transit) and their 
resistance to gut passage. As in the initiation and transport phases, bird size 
(Chapter 2) and propagule characteristics (e.g. size) affect propagule gut retention 
time, viability and germination/hatching (Figuerola et al., 2002; Mueller & van der 
Valk, 2002; Traveset et al., 2007; Wongsriphuek et al., 2008; Figuerola et al., 2010). 
External factors such as weather conditions encountered en route might, for 
example, affect the timing and duration of both migratory flights and stopovers 
(Åkesson & Hedenström, 2000; Shamoun-Baranes et al., 2010) and influence 
dispersal distances. Similarly, food and/or grit availability prior to and during 
migration may affect passage and survival rates of ingested propagules (Figuerola 
& Green, 2005), thus influencing effective dispersal rates. 

This global framework for understanding the movement ecology of 
propagules dispersed by migratory birds integrates the "optimal migration theory", 
which uses allometric rules for the estimation of movement patterns (e.g. migratory 
flight distance and time, and stopover duration based on bird mass; Alerstam & 
Lindström, 1990; Alerstam, 2011; Hedenström, 2012). The modelling work in 
Chapter 2 indicated that the same features that determine optimal migration 
strategies (mainly bird mass) also influence propagule transit times. This chapter 
represented, to our knowledge, the first effort to integrate allometric rules in the 
estimation of passive LDD by migratory birds. The proposed framework (Figure 1) 
can also be used as a tool for deriving and testing hypotheses about the effects of 
LDD on (i) colonization success and connectivity, which might help to generating 
biogeographic predictions (Gillespie et al., 2012), and (ii) pathogen dispersal 
(disease spread) and invasion spread. 
 
Biodiversity patterns of passively dispersed aquatic organisms 
Many macrophyte and zooplankton species have high dispersal rates (Santamaría, 
2002; Louette & De Meester, 2005), including the potential to disperse over tens of 
kilometres on a regular basis and more occasionally over hundreds of kilometres 
(Chapter 1 and 2). However, species richness and composition of their local 
communities varied significantly, even over short spatial scales (Chapter 4 and 5). 
This variation, which reflected changes in species turnover rather than gradual 
species loss (i.e. nested compositional patterns), was caused by strong local 
selection acting through niche processes that included both abiotic and biotic 
effects (Chapter 4 and 5). The high species turnover observed at spatial scales at 
which waterbodies are probably connected by waterbird-mediated dispersal (tens 
of kilometres) may be explained by local biotic resistance to immigration resulting 
from the combined action of diversity resistance and priority effects (Chapter 6). 
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Taken together, these results suggest that: (1) the stochastic array of first colonisers, 
which arrive through dispersal to newly-created water bodies and emerge from the 
propagule bank in subsequent growth seasons, are subjected to a fairly coarse 
selection by abiotic and biotic forces (which are expected to be fairly deterministic) 
and to stochastic demography (due to low sizes of initial populations); (2) the 
newly-formed resident community exert strong biotic resistance to immigration, 
reinforced, in the case of macrophytes, by increased diversity resistance along the 
growth season; and (3) the few late-immigrant species that are able to establish are 
sorted again by local abiotic and biotic conditions. Therefore, stochastic effects 
modulated by species sorting determine the composition of pioneer communities, 
which in turn determines community dynamics through biotic resistance. 

Species sorting in local communities was largely driven by the abiotic 
environment. In particular, total phosphorus, which drives productivity in many 
aquatic ecosystems (Dodson et al., 2000; Jeppesen et al., 2000; Chase & Leibold, 
2002), showed strong, nonlinear effects on the species richness of both aquatic 
plants and cladocerans (Chapter 4). Phosphorus has an essential role in regulating 
the growth of primary producers, which results in indirect, cascading effects on the 
abundance and diversity of other functional groups. The most striking example is 
the alternation between a clear and a turbid, eutrophic state mediated by 
phytoplankton growth (Scheffer et al., 1993). An increased phosphorus load caused 
by natural or anthropogenic eutrophication leads to increased phytoplankton 
growth, which causes increased water turbidity and a consequent reduction of 
macrophytes, and, through cascading effects (on, e.g., piscivorous and 
planktivorous fish), a reduction in zooplankton populations (Scheffer et al., 1993; 
Jeppesen et al., 1997; Jeppesen et al., 1999). Therefore, the effect of phosphorus 
concentration might be mediated by its direct effects on overall productivity and its 
cascading effects on a whole suite of biotic interactions, which may explain the 
non-linear effects found, i.e. the maximum diversity of both taxa (aquatic plants 
and cladocerans) at intermediate phosphorus concentrations. This is also in 
agreement with the strong effect of biotic interactions on the species composition of 
both aquatic plants and cladocerans (Chapter 5), particularly the strong effect of 
macrophyte assemblages on the composition and dynamics of the zooplankton 
community (which, for the limited range of environmental variation found in the 
local communities monitored in Chapter 6, outweighed the importance of abiotic 
effects).  

High dispersal rates also contribute to local species sorting (Logue et al., 
2011), as species may efficiently track local environmental conditions. Indeed, niche 
processes, rather than dispersal limitation, accounted for most of the variation in 
the community composition (β-diversity) of aquatic plants and cladocerans across 
five European regions (Chapter 5). Pinel-Alloul et al. (1995) also found limited 
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spatial effects in a study of zooplankton-species compositional variation across a 
broad geographic area (236,000 km2). The study suggested that zooplankton 
propagules could be dispersed regularly over distances on the order of one 
hundred kilometres, supporting our findings on both the dispersal potential 
(Chapter 1 and 2) and diversity patterns (Chapter 4 and 5) of vectored zooplankton. 
Species sorting was also found to occur in macrophyte metacommunities (Alahuhta 
& Heino, 2013), despite evidence for significant spatial control (dispersal limitation) 
reported in other studies (Capers et al., 2010; O’Hare et al., 2012).  

The fact that communities might be connected by dispersal over broad 
regional scales and that their diversity is highly controlled by niche processes 
conforms to a broad-scale metacommunity system in which species sorting 
predominates. My results are comparable with those obtained from studies in 
zooplankton metacommunities differing in the degree of connectivity, since species 
sorting was the dominating mechanism both in communities (ponds and lakes) not 
directly connected by water (such as our study system) and in communities 
(ponds) connected by water over a small area (Cottenie & De Meester, 2005). A 
meta-analysis conducted in 158 studies using both terrestrial and aquatic taxa, in 
which the variation in community composition was decomposed into spatial and 
environmental fractions (similarly to Chapter 5), showed that 22% of the variation 
was explained by pure environmental fractions, 16% by pure spatial fractions and 
10% by spatially structured environmental fractions, and that the majority (46%) of 
local communities were primarily shaped by species sorting (Cottenie, 2005). 
Although the main driver of community composition found in this thesis for 
macrophytes and zooplankton, species sorting, coincides with most commonly 
published analyses of aquatic metacommunities, it should be highlighted that 
spatial processes were less important in our study system (as connectivity and 
spatial structure within regions showed, respectively, weak and non-significant 
effects on species richness and composition) than in previously published work, 
probably owing to the high dispersal abilities of the specific taxa surveyed 
(macrophytes and cladocerans). 

Variation in community composition was particularly large among regions, 
owing mostly to regionally structured abiotic (mainly climatic) and biotic variables 
(Chapter 5). These variables, together with the "pure" effect of region, for which 
dispersal limitation at continental scale might contribute, determined the 
biogeographic patterns of aquatic plants and cladocerans (Chapter 4 and 5). These 
biogeographic patterns are reflected in the extremely high levels of global species 
turnover (0.96 for both plants and cladocerans). Species turnover remained also 
notoriously high within regions (mean=0.82 and 0.81 for plants and cladocerans, 
respectively; Chapter 5), reflecting "mosaic" (i.e. extremely irregular, rather than 
gradual) distribution patterns across different spatial scales. Therefore, on one 
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hand vectored aquatic species show scale-independent, high species turnover 
concordant with mosaic distributions, and on the other many of them are broadly 
distributed (e.g. Santamaría, 2002; Adamowicz et al., 2009; note also that the 
majority of species were distributed over more than one region in Chapter 4 and 5). 
Species sorting (through niche processes) can not entirely explain these patterns, as 
indicated by the mismatch between the relatively homogeneous environment 
(environmental variables were spatially correlated; Chapter 4) and the 
(heterogeneous) species compositions (i.e. high species turnover) over small spatial 
scales (Chapter 5), as well as by the amount of unexplained variation (up to 50%; 
Chapter 4 and 5; unless the unexplained variation was entirely attributed to 
unmeasured, important environmental variables, which is unlikely). Instead, 
mosaic vs. broad distributions might be explained by a combination of two 
processes: long distance propagule dispersal and priority effects. The generation of 
gradual distributions is due to a progressive transition in species composition 
driven by limited dispersal (i.e. increased dispersal limitation with increasing 
geographical distance). However, long distance dispersal events from a distant 
patch or region into a local habitat patch (for example, mediated by a migratory 
waterbird) followed by colonisation and priority effects (rapid growth and 
adaptation and consequent resource monopolisation; De Meester et al., 2002; Urban 
& De Meester, 2009), may prevent immigrants from the regional pool of species 
from colonising the local patch and lead to the creation of an alternative stable state 
(Fukami & Nakajima, 2011), for example through the formation of novel biotic 
interactions (e.g. those produced by an exotic invasion like a predator; Strecker & 
Arnott, 2010). Interestingly, long distance dispersal followed by priority effects was 
also used to explain mosaic and “enclave” patterns in the genetic structure of 
microbes (discontinuous distributions of haplotypes, including those of many 
zooplankton taxa; De Meester, 2011). This scenario is, however, contingent on one 
or a combination of the following scenarios: (i) long distance dispersal occurs at 
low rates, and (ii) most long distance dispersers cannot establish in the arriving 
patch. Otherwise, LDD should generate gradual distributions (if LDD becomes less 
probable with increasing distance, as supported in Chapter 1 and 2) or broad-scale 
homogenization. While both niche processes and priority effects may constrain the 
establishment of immigrants, opportunities for effective LDD might be promoted 
by environmental oscillations and disturbances (Fukami & Nakajima, 2011) – 
particularly in ecosystems with seasonal dynamics such as temporary waterbodies, 
where yearly recolonisation from propagule banks and full or partial extinction 
events associated to droughts or floods open windows of opportunity for the 
establishment of immigrants (e.g. Symons & Arnott, 2014). The formation of 
multiple stable states (of community composition) promoted by priority effects, 
which may depend on the rates of dispersal, adaptation and environmental change 
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(Loeuille & Leibold, 2008), might lead to the observed high species turnover and 
consequent high β-diversity at local, regional and continental scales.  

The ability to engage in long distance dispersal is apparently higher in small 
organisms and in those producing small resistant stages (i.e. propagules) because, 
being more abundant and more easily collected (by ingestion or accidental 
attachment), they can be transported by a broader variety of vectors (Nathan et al., 
2008a). Therefore, these organisms can more easily overcome dispersal barriers and 
have broad distribution ranges. Overall, the results reported in this thesis suggest 
that species dispersed by migratory birds can show broad but discontinuous 
(mosaic) distributions, possibly owing to long distance propagule dispersal and 
priority effects.  
 
Implications for conservation 
Freshwater ecosystems represent only 0.8% of the earth’s surface, but hold 6% of all 
extant species (Dudgeon et al., 2006). Nonetheless, inland waters are among the 
most threatened habitats due to habitat destruction and fragmentation, land use 
changes (leading to alteration of nutrient cycles), pollution, biological invasions, 
over-exploitation of water resources and climate change, all of which are causing 
an accelerating rate of biodiversity loss (Dudgeon et al., 2006). Therefore, 
conservation measures are urgently needed, especially integrative measures 
targeting aquatic biodiversity as a whole. 

Long distance dispersal has an important role in biodiversity conservation, 
as it can promote biotic connectivity (species and gene flow) over large scales 
(Trakhtenbrot et al., 2005), especially in fragmented habitats such as inland waters. 
Although the large-scale connectivity provided by waterbird-mediated dispersal 
has been singled out repeatedly as a key process for the conservation of aquatic 
biodiversity, conservation policies currently in place (e.g. Ramsar Convention, 
Water Framework Directive and EU Biodiversity Action Plans) fall short from the 
recognition and incorporation of the functional importance of waterbirds as long-
distance biotic connectors (Amezaga et al., 2002; Santamaría & Méndez, 2012). 
Management decisions should aim at defining protected areas that favour 
waterbird movement, including migration, as dispersal services for aquatic species, 
mainly at the level of migratory flyways (Amezaga et al., 2002, proposes specific 
measures to be introduced in conservation plans).  

The effective planning of large-scale conservation networks based on biotic 
connectivity generated by migratory waterbirds could be greatly supported by 
spatially-explicit dispersal models. The modelling framework presented in Chapter 
1 and 2 might be an appropriate starting point for developing such models. Large-
scale networks, e.g. waterbird stopover networks that serve as source locations for 
subsequent species dispersal within regions, could be integrated with sets of 
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regional, smaller networks (e.g. a regional network can constitute a nature reserve) 
spread across the territory, where rarer and endemic species might persist 
(remember that we observed high species turnover at the within-region scale). 
Although surrogacy in conservation planning should be used cautiously 
(Rodrigues & Brooks, 2007), waterbirds might serve as surrogates of cross-taxon 
species diversity (at least as surrogates of a wide range of vectored aquatic species. 
Moreover, waterbirds provide important ecosystem services that benefit human 
populations, in that they contribute to maintain the diversity of other aquatic taxa, 
serve as dispersal vectors for several aquatic organisms, may serve as bioindicators 
of water condition and sentinels for emergent diseases, contribute to pest control 
(e.g. by consuming insect larvae and invasive species), and provide provisioning 
(e.g. hunting) and cultural services (e.g. birdwatching; Green & Elmberg, 2014). 

However, dispersal by waterbirds may also have undesired effects, notably 
by facilitating the spread of biological invasions, or even mediating new range 
expansions through intercontinental dispersal (e.g. Havel & Medley, 2006). For 
example, large quantities of eggs (cysts) of the invasive crustacean Artemia 
franciscana were found in wader faeces collected across the Iberian Peninsula 
(Green et al., 2005b). Moreover, estimated dispersal curves for the cycsts of Artemia 
franciscana transported internally by two different waterfowl species resulted in 
dispersal distances up to 230 km in a single dispersal event (Chapter 1), which 
suggests a high dispersal potential for this species in exotic distributional ranges. 
Although preventive measures are difficult to adopt, maintaining healthy aquatic 
ecosystems, for example by controlling anthropogenic nutrient inputs and thus 
preventing water turbidity, might favour diversity resistance to invasion through 
increased resident species richness (as shown for macrophytes in Chapter 6). Key 
stopovers for migratory waterbirds may, on the other hand, represent priority 
areas for invasion control – since any invader established there will be likely to 
invade nearby and distant locations through zoochorous dispersal. 
 
Caveats and future directions 
 
Propagule dispersal by migratory birds 
Although this thesis is, hopefully, an important contribution to the estimation of 
the dispersal potential and patterns of vectored aquatic organisms, some 
assumptions had to be made in order to model dispersal. The most important 
assumption was that both the physiological state of the bird (e.g. generated by pre-
migratory fasting or restlessness) prior to migration and the flying activity did not 
affect propagule retention time. Although such potential effects have never been 
studied, other types of physical activity (e.g. swimming; Van Leeuwen et al., 2012a) 
has been shown to affect propagule retention time in waterbird guts. Because gut 
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retention time was an important model parameter for all the assessed dispersal 
patterns, it will be important to estimate and include this effect in future models. 
Pre-migratory behaviour and other factors, such as weather conditions (e.g. wind 
direction and intensity), might also affect departure time – and, particularly 
important, its relation to pre-departure feeding. Although time lags between 
feeding and takeoff will reduce the effective propagule retention time (since birds 
do not fly while retaining the propagule; Chapter 2), few data are available on this 
kind of behaviour. Satellite and accelerometer data could help to obtain a 
mechanistic understanding of this phenomenon. Another important assumption 
was that birds flew at an average speed equal to point measurements of 
(instantaneous) flight speed (e.g. using radar measurements). If, for example, 
migratory bouts are accompanied by head or tail winds (Åkesson & Hedenström, 
2000), flight duration might be shorter or longer, respectively. Thus, the 
incorporation of meteorological data in dispersal models, as also predicted by the 
optimal migration theory (e.g. Liechti & Bruderer, 1998), should produce more 
accurate results – perhaps unnecessary for general models, but needed to improve 
spatially-explicit predictions at regional or local scales. 
 
Diversity patterns 
It is generally believed that species producing dormant stages have high dispersal 
abilities, and in fact most conclusions in Chapter 4 and 5 were based on this 
premise. Nevertheless, it is important to acknowledge that dispersal ability may 
vary considerably among vectored species. For example, small seeds show longer 
retention times that should result in longer dispersal distances (Soons et al., 2008); 
animal propagules show much shorter retention times, as compared to seeds, 
which should result in shorter dispersal distances (Charalambidou, 2012; Chapter 1 
and 2); and propagules with hatching sutures are less resistant to gut passage, 
which should decrease both the frequency and the scale of dispersal 
(Charalambidou et al., 2003c). Rarer species may also suffer from higher dispersal 
limitation due to pure stochasticity, since the probabilities of being encountered 
and ingested by animal vectors will be necessarily smaller. Identifying propagule 
characteristics (and other species traits) that may provide reasonable proxies for the 
effect of different dispersal abilities on community assembly and diversity should 
be a priority for future work. Another way of looking into differential dispersal 
ability is to estimate rates of gene flow among populations, although priority 
effects might hamper the establishment of genotypes coming from other 
populations (De Meester et al., 2002). The use of different genetic makers with 
varying temporal resolution could help disentangling historical and contemporary 
effects, and could provide highly relevant information concerning the capacity of 
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aquatic species for readjusting their distributional ranges in response to 
anthropogenic drivers such as climate change. 

Besides biotic resistance mechanisms, community dynamics and drift might 
also exacerbate spatial variation in species richness (α-diversity) and community 
composition (β-diversity; e.g. Jiang et al., 2011b). The sampling procedures outlined 
in Chapters 4 and 5 dealt to some extent with population dynamics, but only in 
preventing biases caused by changes within one or a few growth seasons. An 
explicit inclusion of temporal species turnover  (i.e. include the time dimension) in 
diversity analyses would have been a desirable help in understanding species 
turnover at small to intermediate spatial scales. A "community genetics" approach 
might also aid in understanding species diversity, as the genetic composition of 
resident populations affect community assembly and invasibility (e.g. De Meester 
et al., 2007; Pantel et al., 2011). 

Overall, the combination of macroecological and metacommunity 
approaches applied in this thesis (and also proposed by Heino, 2011), with a 
particular focus on long distance dispersal and priority effects (as also proposed by 
De Meester, 2011), allows for the study of mechanisms underpinning species 
diversity and helps to elucidate patterns of aquatic biodiversity across broad, 
regional and local scales. In my view, this is a most promising avenue for future 
work. 
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Conclusions 
 
1. Mechanistic dispersal models and empirical evidence indicate that migratory 
birds can mediate long distance propagule dispersal. Waterbirds, in particular, 
have the potential to disperse propagules regularly over tens of kilometres and 
occasionally (up to 3.5% of the dispersal events) over hundreds of kilometres. 
 
2. The migratory strategy of waterbirds affects propagule dispersal curves, in 
particular the distance and frequency of long distance dispersal. 
 
3. Bird size scales to key features of waterbird migratory movement and propagule 
retention time, which in turn determine propagule dispersal patterns. The 
incorporation of body size thus constitutes a powerful tool to incorporate different 
vectors into available dispersal models and estimate their contribution and 
effectiveness. 
 
4.  Empirical evidence shows that migratory birds (mostly passerines) migrating 
between Europe and Africa transport seeds internally at an average frequency of 
1.2%. Hence, one migratory bird out of every eighty can disperse seeds over 
distances of at least one hundred kilometres.  
 
5. Passively dispersed (i.e. vectored) aquatic organisms are not generally limited by 
dispersal, as concluded from species diversity analyses. However, connectivity 
(related, for example, to the amount of nearby habitat) might affect species 
diversity in some regions. 
 
6. Niche rather than spatial processes determine the α- and β-diversity of vectored 
aquatic organisms through abiotic and biotic filtering. Communities of both aquatic 
plants and cladocerans form large-scale metacommunities linked by dispersal over 
distances of up to at least 300 km and are characterized by high species turnover 
generated by species sorting (and priority effects). 
 
7. Biogeographic processes enhanced by dispersal limitation and environmental 
variation at continental scale structure species diversity patterns of macrophytes 
and zooplankton at broad spatial scales.  
 
8. Biotic resistance to immigration drives community assembly and the fate of 
macrophyte and zooplankton communities due to strong priority effects. This 
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effect is reinforced by increased resident diversity along the growing season in 
macrophyte assemblages, and is generated and maintained by founder species 
among zooplankton.  
 
9. Priority effects might explain the high species turnover observed in aquatic 
communities at short spatial scales. In combination with long distance propagule 
dispersal, it might also explain their "mosaic" distributional patterns.  
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