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Abstract 

 
Eutrophication, pollution, habitat fragmentation, intense cultivation and global warming are 

increasingly causing deterioration of continental waters, and lentic ecosystems (here, lakes 

and ponds) are especially vulnerable to these changes, resulting in a critical situation that 

threatens their biodiversity in unparalleled rate. Aquatic macrophytes are the dominant 

element of most lentic ecosystems, and therefore, better understanding the patterns and 

mechanisms that structure their distributions would be valuable from basic and applied 

perspectives. Since the assessment of structures emerging from spatial organisation is now 

widely recognised as a cornerstone paradigm to interpret ecological phenomena, research 

has notably steered towards multi–scale perspectives on the assembly of biological diversity. 

This progress has been closely intertwined with recent developments in population genetics, 

metacommunity ecology and macroecology. However, their most recent conceptual 

advances are usually not fully operational because these empirical areas of research are 

usually considered independent of each other.  

The main aim of this thesis was to examine patterns and mechanisms of aquatic 

macrophyte diversity at regional and global scales using distinct organisation levels, from 

genes to species. Specifically, we (i) established a novel combination of robust mathematical 

methods capable of identifying the processes –including biotic interactions– and most 

important spatial scales involved in community assembly; (ii) built several phylogenies 

comprising most aquatic plant lineages and exploited a wide array of functional traits to 

determine whether different diversity facets (i.e. taxonomic, functional and phylogenetic) 

explain idiosyncratic patterns of macrophyte species distributions that would otherwise be 

missed in a traditional analysis of community turnover; (iii) used microsatellite loci to explore 

the spatial genetic variation of the aquatic macrophyte Myriophyllum alterniflorum DC. and 

examine if the results obtained through molecular estimates match modern perspectives of 

metacommunity theory at regional scales; and (iv) retrieved regional data from six continents 

to untangle if macroecological processes have left a footprint in the current patterns of 

compositional variation and community–environment relationships of aquatic macrophytes 

at global scales. 
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The spatial scale at which aquatic macrophytes were studied had an important 

influence on the patterns found. Dispersal limitation (i.e. a metacommunity scenario in which 

species are precluded from occurring at suitable localities because the nearest occupied sites 

are too far away) acted in concert with species sorting (i.e. a metacommunity scenario in 

which species are filtered by environmental factors to occur at environmentally suitable sites) 

to influence community assembly processes at regional scales, although the role of spatial 

processes and niche differences depended on the success of dispersal vectors at overcoming 

geographical distances and habitat isolation. In this vein, effective (i.e. genetic) dispersal 

estimates suggested that gene flow was not sufficient to keep panmictic, spatially extended 

metapopulations throughout the study range, re–emphasising that geographical limits 

interfered with environmental filtering by hindering macrophyte species’ tracking of local 

habitat conditions. On the other hand, our results also seem to support the central role of 

biotic interactions for the species sorting paradigm of metacommunity theory, thereby 

refuting Grinnellian ideas that species are primarily explained in terms of the resistance of 

biotas to prevailing abiotic environmental conditions. Indeed, variation in the composition 

and structure of aquatic macrophytes was strongly related with that of invertebrate 

communities, suggesting that freshwater faunas were bottom–up regulated by plants via 

different functional relationships. Moreover, the combination of different biodiversity facets 

was vital to provide a complete picture of aquatic macrophyte distributions and their 

response to major environmental forces at regional scales, suggesting that species niche 

differences and evolutionary relationships help to explain the continuum spectrum of 

metacommunity dynamics. Specifically, we found that aquatic macrophytes have labile 

functional traits constrained by dispersal processes and some evolutionary trade–offs that 

drive their geographical distributions via species sorting.  

In our studies using data on macrophyte metacommunities from six continents, we 

observed that species and phylogenetic dimensions followed the typical latitudinal trend with 

higher diversity in the tropics, whereas aquatic macrophyte communities were more 

functionally diverse at temperate latitudes. This geographical mismatch was consistent with 

our finding that ecological niches evolved independently of phylogeny in macrophyte 

lineages worldwide. Moreover, we provided empirical evidence that aquatic plant species 

have clumped range boundaries, suggesting that species associations (i.e. groups) show 

similar responses to the environment and that these responses differ among groups. 

Importantly, macroecological correlations –likely due to climate and habitat diversity– along 
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latitudinal and elevational gradients have left a strong footprint in the current diversity 

patterns and community–environment relationships of aquatic macrophytes across the 

globe. Behind such general convergence of large–scale mechanisms, metacommunity 

organisation of macrophytes remained difficult to predict and was riddled with contingency 

so complex that general community–environment relationships among regions were rare. 

However, species, multi–trait and lineage compositions were first and foremost structured by 

climatic gradients at relatively large spatial scales, thereby advancing the notion that current 

trends of global warming are likely to modify the geographical ranges of aquatic floras 

worldwide.  

The results of this thesis stress the need for an integrative approach to population 

genetics, metacommunity ecology and macroecology, combining multiple diversity 

dimensions and organisation levels of the biological hierarchy at different spatial scales. 

Taken together, our results support calls for holistic conservation targets to create a 

functional lakescape that promotes considerable opportunities for aquatic plants in different 

biogeographical realms of the Earth. Overall, we wish that this thesis will instigate more 

ecological research on aquatic macrophytes across different ecosystems, organisation levels 

and spatial scales worldwide, particularly in poorly–studied geographical areas.  

 

 

Keywords: Aquatic plants; Beta diversity; Biogeography; Biotic interactions; Dispersal limitation; 

Diversity dimension; Ecological modelling; Elevational range; Functional traits; Gene flow; Latitude; 

Metacommunity ecology; Phylogeny; Spatial variation; Species sorting 
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Síntesis 

 

La eutrofización, la contaminación, la fragmentación de los hábitats, la intensificación del uso 

agrícola del suelo y el calentamiento global están causando un importante deterioro de los 

ecosistemas de aguas continentales. Los lagos y lagunas se encuentran entre los ecosistemas 

leníticos más vulnerables a estos cambios, lo que ha dado lugar a una situación crítica que 

amenaza la biodiversidad dulceacuícola a un ritmo sin precedentes. Los macrófitos acuáticos 

son el componente biótico dominante de la mayoría de los ecosistemas de aguas estancadas 

y, por lo tanto, resulta imprescindible –desde una perspectiva básica y aplicada– disponer de 

una mayor comprensión de los mecanismos que estructuran sus patrones de distribución 

geográfica a múltiples escalas espaciales. En este sentido, el estudio de los fenómenos 

ecológicos que funcionan a diferentes escalas espaciales se ha encontrado íntimamente 

supeditado a los recientes avances científicos en la genética de poblaciones, la ecología de 

metacomunidades y la macroecología. No obstante, en tanto que estos campos se han 

desarrollado –a nivel teórico y empírico– de forma independiente, los avances conceptuales 

que se han gestado en cada uno de ellos no disponen de la suficiente capacidad inferencial 

como para explicar los múltiples procesos y mecanismos responsables de los patrones de 

distribución espacial de la biodiversidad. 

El principal objetivo de la presente tesis doctoral es examinar los patrones y 

mecanismos responsables de la diversidad de los macrófitos acuáticos utilizando diferentes 

niveles de organización biológica y múltiples escalas espaciales. Para ello, (i) se aplicó una 

robusta combinación de técnicas matemáticas capaces de identificar los procesos ecológicos 

–incluyendo las interacciones bióticas– y las escalas espaciales más importantes que influyen 

sobre organización de las comunidades biológicas; (ii) se compiló información filogenética y 

funcional para la mayoría de linajes de plantas acuáticas con el fin de analizar si las diferentes 

facetas de la diversidad biológica (taxonómica, funcional y filogenética) son capaces de 

explicar los patrones idiosincrásicos en la distribución de las especies de macrófitos; (iii) se 

utilizó una selección de microsatélites para diagnosticar la estructura espacial de la 

variabilidad genética de la especie Myriophyllum alterniflorum DC. y, a su vez, examinar si los 

resultados obtenidos mediante herramientas moleculares son extrapolables a los modelos 

de la teoría de metacomunidades a escala regional; y (iv) se construyó una base de datos de 
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metacomunidades localizadas en seis continentes diferentes para explorar si los procesos 

macroecológicos han dejado una huella perceptible en los patrones globales de la variación 

composicional de los macrófitos acuáticos, así como en las relaciones entre sus comunidades 

y el medioambiente circundante.  

La escala espacial a la que se estudió la organización de la biodiversidad macrofítica 

tuvo un efecto notable sobre los patrones y procesos ecológicos predominantes. La 

estructura de sus comunidades a escala regional estuvo determinada conjuntamente por 

procesos espaciales (paradigma metacomunitario en el que las especies no pueden colonizar 

todos los sitios que reúnen sus condiciones mínimas de habitabilidad, en tanto que la 

distancia entre localidades supera sus capacidades dispersivas) y de clasificación de especies 

(paradigma metacomunitario en el que las especies son filtradas por los factores ecológicos, 

colonizando exclusivamente las localidades que reúnen las condiciones mínimas de 

habitabilidad para cada especie), si bien el papel de estos mecanismos varió en función de la 

capacidad de los vectores dispersivos a la hora de superar las distancias geográficas entre 

parches de hábitat. Así mismo, las herramientas moleculares evidenciaron que el flujo 

genético (migración de genes) no fue suficiente para mantener metapoblaciones panmícticas 

e interconectadas, resaltando la importancia del aislamiento geográfico sobre el 

desplazamiento de propágulos entre poblaciones más o menos cercanas. Por otro lado, 

nuestros resultados demostraron el papel central de las interacciones bióticas sobre la 

dinámica metacomunitaria, refutando las concepciones Grinnellianas, que sugieren que la 

distribución espacial de la biodiversidad viene definida por la resistencia de las especies a las 

condiciones ambientales predominantes en cada localidad. De hecho, cabe señalar que la 

variación espacial en la composición y estructura de las comunidades de invertebrados 

acuáticos estuvo fuertemente regulada por los productores primarios del bentos a través de 

diversas relaciones funcionales asociadas a la cascada trófica. En otro orden de cosas, la 

combinación de las diferentes facetas de la biodiversidad fue vital para comprender la 

distribución de los macrófitos y su respuesta a los factores ambientales a escala regional, 

destacando la importancia de las diferencias funcionales y evolutivas de las especies a la hora 

de explicar el espectro multidimensional que subyace a la dinámica metacomunitaria. En este 

sentido, nuestros hallazgos sugieren que las plantas acuáticas de medios leníticos poseen 

una combinación de rasgos evolutivos y funcionales lábiles que estructuran sus patrones de 

distribución geográfica mediante procesos ligados a la clasificación de especies y a la 

limitación de la dispersión, respectivamente.  
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Cuando utilizamos los datos regionales de seis continentes diferentes, observamos que 

las diversidades taxonómica y filogenética alcanzaron sus valores máximos en los Trópicos, 

mientras que las comunidades macrofíticas fueron funcionalmente más diversas en latitudes 

templadas. En este sentido, que el nicho ecológico de estas especies de plantas acuáticas 

evolucionase con independencia de sus relaciones filogenéticas parece corroborar el 

desajuste geográfico entre las diferentes dimensiones de la diversidad macrofítica. Por otro 

lado, nuestros resultados demostraron que los macrófitos acuáticos poseen límites 

agrupados para diferentes mecanismos de control, sugiriendo la existencia de grupos de 

especies con respuestas similares a los factores ecológicos predominantes, si bien estas 

respuestas no fueron iguales entre grupos distintos. Así mismo, encontramos que los 

mecanismos macroecológicos asociados a los gradientes latitudinales y de elevación han 

dejado una huella perceptible en los patrones globales de la diversidad macrofítica, así como 

en las relaciones entre sus comunidades y el medioambiente circundante. No obstante, la 

organización de las metacomunidades de plantas acuáticas estuvo sujeta a un alto de grado 

de incertidumbre y no nos permitió extraer conclusiones generales acerca de las relaciones 

entre las comunidades biológicas y sus factores de control en regiones localizadas en 

distintas zonas del globo. A pesar de esto, los gradientes climáticos fueron los principales 

predictores de las múltiples dimensiones de la diversidad de la vegetación acuática. Este 

hecho nos permite sugerir que los procesos asociados al cambio climático podrían llegar a 

modificar los rangos de distribución geográfica de estas especies a lo largo y ancho del 

planeta. 

Los resultados de esta tesis doctoral recalcan la imperiosa necesidad de adoptar 

perspectivas integrales en la investigación ecológica, conectando la genética de poblaciones, 

la ecología de metacomunidades y la macroecología, y combinando las múltiples 

dimensiones de la diversidad y los distintos niveles de organización biológica a diferentes 

escalas espaciales. Así mismo, nuestros hallazgos proveen de nueva información para 

optimizar el diseño, establecimiento y ejecución de estrategias de gestión ambiental –con un 

carácter predominantemente holístico– que promuevan la conservación de la flora acuática 

en los diferentes reinos biogeográficos de la Tierra. En conjunto, esperamos que esta tesis 

doctoral ayude a estimular la investigación ecológica de los macrófitos acuáticos en 

diferentes ecosistemas, niveles de organización y escalas espaciales a lo largo y ancho del 

planeta, especialmente en aquellas áreas geográficas menos estudiadas hasta la fecha.  
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1 Introduction 

 

Biodiversity, ecosystem functioning and integrity are under serious threat as a result of 

human activities on a global scale (Barnosky et al. 2011, Zari 2014). Freshwater ecosystems 

harbour more biodiversity than terrestrial systems when compared by surface area (Dudgeon 

et al. 2006) and sustain numerous ecosystem services vital to human existence (Millennium 

Ecosystem Assessment 2005). However, as these aquatic environments are mainly situated in 

anthropogenic landscapes, they are adversely impacted by processes such as habitat 

degradation, loss of connectivity, invasion by alien species, pollution and eutrophication 

(Vörösmarty et al. 2010, Vilmi et al. 2017). At the same time, climate change is threatening 

freshwaters more severely than other natural ecosystems in the Anthropocene (Reid et al. 

2019). This calls for the advancement of both theoretical and applied ecology to help 

conserve threatened freshwater biodiversity across regions (Vilmi et al. 2017).  

The aquatic vegetation of lakes and ponds is a widely distributed group which contains 

many rare species (Cook 1999) and also plays an important functional role in lentic 

ecosystems (Carpenter and Lodge 1986, Chambers et al. 2008). As aquatic macrophytes are 

taxonomically and ecologically well understood and occur in almost all freshwater 

ecosystems globally, better understanding the patterns and forces that structure macrophyte 

distributions at global, continental and regional scales would be valuable from basic and 

applied perspectives (Heino et al. 2013, Alahuhta 2015, Law et al. 2019). Modern statistical 

modelling and improved comparable data sets across regions have enabled the recognition 

of the fundamental influence of spatial scale on species diversity, as ecological phenomena 

vary across space and time in response to biologically–important gradients (Levin 1992).  

Since the pioneering intuition of Lawton (1999) that the single largest barrier for the progress 

and success of community ecology was “… its overwhelming emphasis on localness” (authors’ 

emphasis), modern ecological research has notably steered towards multi–scale perspectives 

on the assembly of local communities (reviewed in Brown et al. 2017). It is thus not surprising 

that tests of the importance of spatial scale on regional biotas have received increasing 

interest from aquatic ecologists (e.g. Cottenie 2005, Shurin et al. 2009, Alahuhta et al. 2018). 

This progress has been closely intertwined with recent developments in the theory of 

metacommunity organisation (Leibold et al. 2004, Logue et al. 2011; Thompson et al. 2020). 
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Metacommunity ecology is a relatively recent subdiscipline of ecology, where abiotic 

factors, biotic interactions, priority effects (i.e. competitive dominance given by early 

colonisation) and dispersal processes are considered key to understanding community 

assembly (Chase and Leibold 2003, Logue et al. 2011). Lakes and ponds in freshwater 

ecosystems have played a major role in the development of metacommunity theory, as they 

often present high geomorphological heterogeneity, strong environmental gradients, 

different degrees of connectivity and well–defined boundaries, all of which make them ideal 

natural model systems for studying various ecological phenomena (De Meester et al. 2005, 

Heino et al. 2015), including dispersal (Heino et al. 2017a). It is therefore not surprising that 

lentic systems were also considered in the 1980s in studies addressing the theory of island 

biogeography (Browne 1981).  

Metacommunity research relies heavily on proxies for dispersal, which has been 

quantified by eigenfunction spatial analyses (Peres–Neto and Legendre 2010) in the vast 

majority of empirical studies (reviewed in Heino et al. 2015). In the past decades, however, 

genetic approaches to answering questions about gene flow and metapopulation variation 

at the level of DNA sequences have become more efficient, powerful and flexible, and thus 

more widespread (Selkoe and Toonen 2006). Freshwater ecologists have used genetic 

markers for more than 40 years (Pauls et al. 2014) but the recent advances in these techniques 

have the potential to more closely integrate molecular and metacommunity research 

(Andrew et al. 2013, Heino et al. 2015). Unfortunately, the study of genes and metacommunity 

organisation has been carried out separately, despite several conceptual and methodological 

similarities (Hu et al. 2006). For example, by applying new molecular tools to metacommunity 

science, we could delineate the geographical limits of a regional metacommunity with a 

greater spatial resolution. Consequently, progress in the synergistic potential of population 

genetics and metacommunity ecology may provide a wider view of the importance of 

environmental and spatial factors on current diversity patterns (Bonada et al. 2009, Baselga 

et al. 2013). 

At spatial scales large enough, metacommunity ecology merges with macroecology 

(Heino 2011, Bonada et al. 2012, Heino et al. 2017b). These two scientific fields combine 

dispersal, evolutionary, historical and climatic influences as determinants of regional biotas 

(Hawkins and Porter 2003). However, a better understanding of the mechanistic basis of 

species diversity patterns might benefit from a closer conceptual unification of these 

disciplines (Ricklefs and Jenkins 2011). Towards this aim, and following the pioneering 
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research of Alfred Russel Wallace in the late 19th century, multidimensional approaches to 

characterising biodiversity within metacommunities have begun to be used with increasing 

frequency and effectiveness (Devictor et al. 2010, Pool et al. 2014, Gianuca et al. 2018). This 

is probably because the environment selects a pool of species that can inhabit a particular 

local community on the basis of their functional traits or evolutionary relationships (Peres–

Neto et al. 2012), which in turn may affect ecosystem functioning (Lavorel et al. 2011). In 

particular, when it comes to studies at large spatial extents (i.e. > 1,000 km2), aquatic 

macrophytes have been examined less rigorously than their terrestrial counterparts, although 

considerable advances have been seen in recent years (Alahuhta et al. 2017a, 2017b, 2018, 

Murphy et al. 2019, 2020). This is unfortunate because many ecological hypotheses and 

theories lack clear evidence for aquatic macrophytes or show incongruent patterns compared 

with terrestrial plants. For example, macrophyte species richness peaks at subtropical 

latitudes (Crow 1993, Murphy et al. 2019), whereas terrestrial plants follow the latitudinal 

diversity gradient hypothesis (Kerkhoff et al. 2014). Such an approach should not only be of 

interest for macroecologists and biogeographers, but also for decision makers seeking to 

understand the main consequences of human–driven impacts on inland waters across large 

scales. By doing so, we should be able to forge an exciting new frontier in macrophyte 

research that may allow us to step forward from the shadows of terrestrial domain. 

This thesis examines the patterns and determinants of aquatic macrophyte diversity 

(here, from genes to species) at different spatial scales (here, from regional to global scales) 

and assesses whether this information is relevant to the current debate about conservation 

of freshwater biodiversity. In addition, we provide a roadmap for future studies, highlighting 

gaps of knowledge and suggesting some fruitful avenues for further research. 
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2 Study background 

 

2.1 Why is the study of lakes and ponds important while navigating the 

Anthropocene? 
 
Although lakes and ponds are of global importance, these continental waters are generally 

ignored as being insignificant or are thought of only as reservoirs where materials, nutrients 

and waters are held for a short time before delivery to streams, rivers and the oceans. 

Recently, however, ecologists and conservationists have discovered that these lentic 

ecosystems are much more plentiful in the biosphere than had been believed (Céréghino et 

al. 2014), covering about 4.2 million km2 of the Earth’s non–oceanic surface (Downing et al. 

2006). Worldwide, lakes and ponds of both natural or human origin occur in all 

biogeographical regions, from deserts to tundra pools in the Arctic Circle (Downing 2010). 

Further, recent inventories based on modern geographical and mathematical modelling have 

shown that lakes and ponds occupy almost twice as much area as was previously thought 

(Downing et al. 2006), correcting a century–long misconception that led us to think of lentic 

ecosystems as plumbing that transports water with little processing (Tranvik et al. 2009). For 

example, emerging studies now show that lakes and ponds are more active in nearly every 

ecosystem process than forests, grasslands and world’s oceans (Downing 2009), meaning that 

they might be among the most important ecosystems in our planet.  

In the context of our changing world, lakes and ponds are not only important to the 

maintenance of biodiversity hotspots and ecosystem stability, but also play a significant role 

in the provision of ecosystem services (EPCN 2008), offering sustainable solutions to some 

key issues of environmental policies, water management and climate change (Millennium 

Ecosystem Assessment 2005). In terms of services, these systems can remove diffuse 

pollutants from surface waters, including nitrogen, phosphorus and sediment (Steidl et al. 

2008). Moreover, strategically located lake and pond networks have the potential to recharge 

aquifers, reduce water loss (Quinn et al. 2007) and sequester as much carbon as the oceans 

(Downing et al. 2008). Recently, lentic ecosystems appeared as vital in the provision of new 

climate space for many mammal, amphibian and invertebrate species in the context of global 

change (Rosset and Oertli 2011). This is probably because spatial and temporal scales of 
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physical phenomena taking place in continental waters are in close interaction. However, 

these aquatic environments and their biodiversity remain poorly understood and are 

threatened by multiple human pressures in the form of pollution, habitat fragmentation, 

introduction of alien species, urban development and intensive cultivation (Scheffer et al. 

2006, Moraes et al. 2014). As a consequence, lakes and ponds undergo a critical situation that 

threatens their species and habitat diversity in unparalleled rate (Downing 2010). Since 

continental waters are globally distributed and are sensitive to climate and land–use change 

(Jeppesen et al. 2014), addressing the patterns and determinants of their biodiversity at 

different geographical scales has important, widespread ecological implications. 

 

2.2 The role of aquatic macrophytes in lakes and ponds 
 
Aquatic plants (macrophytes), encompassing a variety of macroscopic forms of aquatic 

photosynthetic organisms growing permanently or seasonally in aquatic environments 

(Sculthorpe 1967), are a fundamental component of lakes and ponds. Specifically, aquatic 

macrophytes include ca. 3,000 species from near 100 different families of freshwater 

macroalgae, mosses, liverworts, ferns and angiosperms submerged below, floating on or 

growing up through the water surface (Chambers et al. 2008). Only 1–2% of all vascular plants 

living on Earth are considered macrophytes, and only a few groups of higher plants are fully 

aquatic, such as Alismatales, Ceratophyllales and Nymphaeales (Cook 1999, Chambers et al. 

2008). Further, there are roughly equal number of monocots and dicots at the level of 

superorder, but relatively more macrophytes are monocots than dicots when it comes to 

family–level resolution (Cook 1999). Macrophytes are often classified into eight different 

growth form categories, i.e. helophytes, nymphaeids, isoetids, elodeids, ceratophyllids, 

lemnids, bryids and charids (Sculthorpe 1967). Emergent macrophytes (incl. helophytes) 

photosynthesize above the water surface and have aerial reproductive structures, whereas 

submerged macrophytes (incl. isoetids, elodeids, bryids and charids) grow primarily under 

water and are attached to the substrate. Floating–leaved macrophytes (incl. nymphaeids) are 

attached to a substrate, but have leaves floating on the water surface and pleustophytes (incl. 

ceratophyllids and lemnids) are species that float freely at the water surface (Cirujano et al. 

2014). Interestingly, the different life forms of macrophytes preferably occur at different 

depths, often constituting zones from littoral areas and out to deeper water (Fig. 1).  
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Figure 1. A cross–section of a lake showing a typical zonation of aquatic macrophytes. Helophytes, such as (a) Eleocharis 
palustris (L.) R. Br. and (h) Typha L., grow closest to the shore. Further out, (c) nymphaeids, (d) charids and (b, e) elodeids 
become dominant, here represented by Potamogeton natans L., Ranunculus trichophyllus Chaix, Myriophyllum 
alterniflorum DC. and Chara fragilis Desv. Also represented are (f) ceratophyllids (Ceratophyllum demersum L.), (g) lemnids 
(Lemna L.), (i) isoetids (Isoetes L.) and (j) bryids (Brachythecium Schimp). Camino Fernández Aláez�. 
 

Aquatic macrophytes are the dominant element of most lentic ecosystems, 

contributing much to total ecosystem biomass (Wetzel 1992). It is through this dominance 

that aquatic plants influence, directly or indirectly, on the abiotic and biotic environment of 

lakes and ponds. For example, together with microalgae, macrophytes are responsible for the 

primary production of continental waters (Krause–Jensen and Sand–Jensen 1998) and are an 

important food source for a wide variety of other organisms (Carpenter and Lodge 1986). 

However, the importance of aquatic macrophytes goes far beyond its trophic role: they act 

as ecosystem engineers by providing habitats, shelter and nutrition for grazers (incl. 

macroinvertebrates and zooplankton) and increase the diversity in the structure of freshwater 

environments (Choi et al. 2014). Similarly, macrophyte stands are used for reproduction and 

prey areas for fish and amphibians (Schriver et al. 1995) and provide colonizable substratum 

to microalgae (Goldsborough and Robinson 1996), whereas waterfowl are dependent on 

aquatic plants for nutrition and habitat (Schmidt et al. 2005). They also compete for light with 

the periphyton and littoral plankton (Lampert and Sommer 2007) and serve as both sources 
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and sinks for nutrients and allelochemicals (Goldsborough and Robinson 1996). Aquatic 

macrophytes also diminish littoral erosion, reduce the speed of water currents, prevent 

nutrients flowing from terrestrial land to open water, and modify the microclimate (Peters 

and Lodge 2009) and the quality and quantity of sediments (Wetzel 1990, Kissoon et al. 2013). 

They are also integral to nutrient and carbon cycles (Carpenter and Lodge 1986) and may 

enhance nitrogen retention and denitrification by creating variation in oxygen gradients in 

the sediment (Bowden et al. 2017). In addition to these roles, aquatic plants are widely used 

as one of the key metrics to measure the ecological status of inland waters under the Water 

Framework Directive of the European Union (European Commission 2000). This is because 

macrophytes are mainly species–specific in preferring different environmental conditions, 

including nutrients, anoxia, water level fluctuations, flooding, freezing and ice erosion (Arts 

2002, Lacoul and Freedman 2006, Fernández–Aláez et al. 2018, 2020). Overall, maintaining 

healthy macrophyte communities is essential for freshwater ecosystem functioning.  

 

2.3 Making sense of macrophyte metacommunities: unravelling the role 

of species sorting and dispersal with emphasis on scale 
 
The field of community ecology has broadened considerably with the recognition that both 

regional and local dynamics influence the composition of communities that are linked by 

dispersal. The theory of metacommunity organisation (Leibold et al. 2004, Logue et al. 2011; 

Thompson et al. 2020) has attracted much interest over the last two decades, being a 

relatively new but rapidly expanding discipline. This is partly because metacommunity 

ecology integrates dispersal in the context of spatial processes, which depending on their life 

history and geographical barriers allows species to track environmental variation (Heino and 

Mendoza 2016). Four classical models of community dynamics and structure are strongly 

associated with metacommunity theory: neutral, patch dynamics, species sorting and mass 

effects (Leibold et al. 2004, Chase 2005). Each of the Big 4 metacommunity paradigms is 

distinguished by the amount of emphasis they place on a combination of regional processes, 

local environmental filtering, disturbance and the degree to which species are equivalent in 

their functional traits, providing a heuristic framework to link empirical data to 

metacommunity types. On the other hand, the three elements of metacommunity structure 

–coherence, species range turnover and range boundary clumping– can also be evaluated 

with regard to which idealised metacommunity pattern they fit best (Leibold and Mikkelson 
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2002). Indeed, these ideas already intrigued plant ecologists in the first half of the 20th 

century, when Clements (1916) and Gleason (1926) debated the discrete vs. continuous 

nature of community boundaries along underlying environmental gradients. In this approach, 

random distributions of species are contrasted with four main idealised models: nested 

subsets (Patterson and Atmar 1986), evenly spaced gradients (Tilman 1982), Clementsian 

gradients (Clements 1916) and Gleasonian gradients (Gleason 1926). These main 

metacommunity types are broad idealisations of nature and, hence, multiple subtypes (i.e. 

quasi–structures) can also be distinguished (Presley et al. 2010). Although it has been 

suggested that the organisation of most metacommunities has imprints of all these 

mechanisms and idealised models (see Heino et al. 2015 for a review), these above–

mentioned approaches have been criticised recently by Lindström and Langenheder (2012) 

and Winegardner et al. (2012), who suggested that the focus in metacommunity studies 

should be on the relative roles of species sorting and dispersal, which are the fundamental 

processes structuring regional metacommunities worldwide (see Table 1 for a glossary).    

Regional variation in the environment may influence community composition when 

dispersal rates allow species to sort themselves along environmental gradients, resulting in 

communities controlled by species sorting and niche differentiation (Capers et al. 2010). With 

low dispersal rates, spatial processes may hinder species from tracking environmental 

variation, constraining species to fewer localities and producing a close relationship between 

geographical distance and variation in community composition (Heino et al. 2015). However, 

the relative roles of ecological mechanisms structuring community assembly are 

fundamentally scale–dependent (Levin 1992). Indeed, the assessment of structures emerging 

from spatial organisation is now widely recognised as a cornerstone paradigm to interpret 

ecological phenomena (Cottenie 2005, Guénard and Legendre 2018). This is because 

assemblages can be understood to comprise either local communities or regional biotas, 

depending on the spatial extent and resolution under investigation (Heino et al. 2017). Also, 

a single mechanistic ecological process cannot explain metacommunity organisation at all 

scales, not least because different spatially structured processes are probably relevant at 

different scales, resulting in hierarchical structures of abiotic and biotic phenomena (Chase 

and Leibold 2003, Alahuhta and Heino 2013). Specifically, niche patterns often decrease in 

importance at large extents (Grönroos et al. 2013), and one might expect dispersal limitation 

to increase with increasing spatial extent of the region studied (Cottenie 2005, Heino 2011). 
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Term Definition 
Dispersal limitation Some species are precluded from occurring at suitable localities (here, lakes and ponds) because the nearest occupied sites are too far away. Dispersal 

limitation prevents perfect species sorting from occurring because species cannot reach all environmentally suitable localities1 
Environmental variation Environmental differences among two or more localities. In this thesis, we define environmental variation as variability in abiotic conditions among localities 

within a region2 
Spatial scale Spatial scale has two components. Spatial grain refers to the size of the sampling unit used in a study3. In freshwater research, spatial grain typically refers to 

the local arena, such as a pond or a lake. Spatial extent refers to the size of the region encompassing all localities in a study3. Spatial extent can be measured 
as a convex polygon encompassing all localities in a region1 

The Big 4 The four major paradigms of metacommunity theory, i.e. mass effects, neutral perspective, patch dynamics and species sorting 

Mass effects High dispersal rates homogenise community structure at adjacent localities irrespective of their environmental conditions and, hence, obscure species sorting4 
Neutral paradigm In the neutral perspective, random speciation, extinction, migration and immigration determine the community structure5 
Patch dynamics In patch dynamics, there is a colonisation–competition trade–off, with better colonisers dominating in isolated or recently disturbed communities, while 

better competitors drive them to extinction in less–isolated or mature communities6 
Species sorting Species are filtered by environmental factors to occur at environmentally suitable sites. Adequate dispersal rates are necessary so that species can track 

variation in environmental conditions among localities4 
Elements of metacommunity 
structure 

A framework originally suggested by Leibold and Mikkelson7 to identify idealised metacommunity patterns by rearranging a site–by–species incidence matrix 
followed by a series of tests of coherence, species range turnover and range boundary clumping 

Coherence A measure of the degree to which a distributional pattern can be collapsed into a single ordination axis7 
Species range turnover A measure that reflects the tendency for species to replace each other from site to site along an ordination axis7 
Range boundary clumping A measure of the degree to which the boundaries of different species´ ranges are clustered together along an ordination axis7 
Nested subsets A metacommunity structure where species poor–sites form proper subsets of species from progressively richer communities8 
Evenly spaced gradients A metacommunity structure where gradients result in no discrete communities, but species ranges are arranged more evenly than expected by random 

chance9 
Clementsian gradients A metacommunity structure where species respond to environmental gradients as groups, resulting in discrete communities10 

Gleasonian gradients A metacommunity structure where species respond individualistically to underlying environmental gradients11 

Metacommunity subtypes Quasi–structures are intermediate metacommunity types. Quasi–nested metacommunities (i.e. quasi–hyperdispersed species loss, quasi–random species loss 
and quasi–clumped species loss) is the name for cases of significant positive coherence and non–significant (negative) range turnover. By contrast, quasi–
evenly spaced, quasi–Gleasonian and quasi–Clementsian structures are the names for cases with positive coherence and non–significant (positive) range 
turnover. They can be distinguished based on range boundary clumping7 

- 4
4 

-  

TABLE 1    Definitions of common terms used in modern metacommunity ecology 
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The evidence in some cases has been conflicting, and findings on freshwater 

metacommunities have recently shown context dependency, meaning that different 

ecological gradients dominate at various regions and scales (Heino et al. 2012, Tonkin et al. 

2016). In this vein, recent theoretical and empirical research (Brown et al. 2017) recognises 

that the mechanisms represented by metacommunity theory must go beyond the historically 

predominant thinking of considering species sorting and dispersal as two alternative and 

mutually exclusive scenarios of community assembly (Meynard et al. 2013). Rather, Leibold 

et al. (2004) and Cottenie (2005) emphasised that metacommunity theory embraces a 

multidimensional continuum of community assembly dynamics spanning from scenarios 

dominated by dispersal to scenarios influenced primarily by niche differences.  

Spatial processes are particularly important in freshwater ecosystems, not least because 

adaptation to living in water leads to the formation of geographically well–delimited 

populations surrounded by an inhospitable terrestrial matrix (Hortal et al. 2014). In this 

regard, a relatively recent meta–analysis suggested that the importance of species sorting is 

the lowest in lentic ecosystems when compared to other terrestrial and more connected 

aquatic system types (Soininen 2014). However, aquatic plants have traditionally been 

thought to be limited very little by dispersal, based on the assumption that macrophyte 

species show mostly world distributional ranges (Cook 1999, Santamaría 2002, Les et al. 

2003). With this in mind, it is perhaps not surprising that community composition of aquatic 

flora is often predominantly structured by niche processes, namely climatic factors, 

hydroperiod length, water quality, habitat size and structural heterogeneity (Capers et al. 

2010, Alahuhta and Heino 2013, Alahuhta et al. 2015, 2018, Fernández–Aláez et al. 2020), 

although opposite patterns have been found in some regional metacommunities (Hájek et 

al. 2011, Padial et al. 2014). These context–dependent patterns further stress that macrophyte 

metacommunity dynamics remain difficult to predict, with various processes operating 

fleetingly and acting differently on different study regions.  

A related issue is how to best assess the common assumption that the species making 

up the assemblages are equivalent in their dispersal biology (Heino et al. 2015). In this vein, 

an increasingly promising deconstructive approach is to divide species based on dispersal 

mode groups (Cottenie 2005, Heino 2013). Furthermore, it is still unclear which part of the 

species sorting signal corresponds to species filtered by abiotic–mediated vs. biotic–

mediated constraints (Leibold et al. 2004). Thus, it is not surprising that ecologists are still 

struggling to disentangle whether biotic interactions (incl. competition, predation and 



Study background 
 

 - 46 - 

facilitation) actually affect the geographical distributions of species (Wisz et al. 2013), 

resulting in fundamental gaps in our understanding of the assembly mechanisms structuring 

metacommunities of interacting organismal groups (Gravel et al. 2019), particularly for taxa 

other than terrestrial plants (Pringle et al. 2016). Progress in these areas of research may help 

in elucidating distributional patterns that would otherwise be missed in the traditional 

analyses of community composition (Heino 2011). It is therefore currently difficult to draw 

comprehensive conclusions about the role of species sorting and dispersal in explaining 

macrophyte distributions, partially due to the omission of the effects of species–specific 

dispersal biology and biotic interactions on metacommunity arrangements and the above–

mentioned inconsistencies among the few available studies.  

 

2.4 Population genetics meets metacommunity ecology: incorporating 

biological realism when predicting macrophyte dispersal rates 
 
Molecular ecological research in freshwaters has a strong foundation, based on more than 

40 years of using genetic tools to study systematics and taxonomy (reviewed in Pauls et al. 

2014). More recently, the range of studies of this discipline has broadened to include trophic 

ecology and adaptation (Andrew et al. 2013). However, the application of the nascent 

metacommunity approach in population genetics has only just begun and some areas remain 

largely or wholly underdeveloped (but see Bonada et al. 2009). This is unfortunate because 

the operational units for population genetics and metacommunity ecology are analogous 

(i.e. alleles in populations and species in communities) and they share a common goal of 

understanding how the spatial patterns of diversity are formed and maintained over several 

orders of magnitude in scale (Hu et al. 2006, Heino et al. 2015). Specifically, extinction, 

colonisation, dispersal and vicariance mark both molecular patterns of populations and 

variation in local species composition (Hubbell 2001, Hu et al. 2006). Thus, it is reasonable to 

assume that the distributional patterns of biodiversity should be interpreted at distinct 

organisational levels (e.g. from genes to species), suggesting that population genetics and 

metacommunity ecology should probably not continue as independent lines of inquiry (Pauls 

et al. 2014). Given the relatively recent advances in microsatellite analysis (Selkoe and Toonen 

2006) and the newly developed Bayesian and likelihood–based routines (Kivelä et al. 2015), 

we strongly believe that now is a good time to pursue this.  
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Population genetics and metacommunity ecology posit that it is not only the local 

environment that dictates patterns of species distributions, but these patterns also depend 

on processes such as the movement of organisms at the regional scale (Leibold et al. 2004, 

Sexton et al. 2014). Each has generated an impressive body of theoretical and empirical 

research over the past two decades, yet dispersal processes operating in aquatic organisms 

remain little explored (Soomers et al. 2013). This deficit is a major hindrance to our 

understanding of dispersal as a force structuring regional patterns of biodiversity (Chust et 

al. 2016), and is also the main reason why ecologists usually need to rely on proxies for 

dispersal (Peres–Neto and Legendre 2010). In this regard, recent simulation studies have 

shown that the typical coarse interpretation of spatial processes, which is primarily derived 

from the use of orthogonal spatial eigenvectors (Borcard and Legendre 2002), is to some 

degree flawed, resulting in greatly inflated estimates of the role of species sorting (Clappe et 

al. 2018). Consequently, much of modern freshwater ecology is founded on the principle of 

environmental determinism (e.g. Alahuhta et al. 2018) and its findings are still subject to 

revision. Since gene flow estimations are certainly superior to coarse proxies of dispersal 

(Heino et al. 2015), we postulate that a wider view of the geographical patterns in species 

distributions can be attained by using both population–level and community–level studies. 

The result should be a far better understanding of ecological patterns and processes than 

would be possible by any approach alone.  

The extensive geographical ranges of many aquatic macrophyte species have been 

widely embraced since Darwin’s time (Darwin 1859, Sculthorpe 1967, Cook 1999). This 

apparent widespread distribution of aquatic plants has been traditionally related to a well–

developed facility for long–distance dispersal of seeds and vegetative propagules over 

inhospitable territories (Capers 2003, Santamaría 2002, Viana et al. 2014). However, a recent 

study showed that, contrary to previous understanding, only 1% of all aquatic plants have 

global range sizes and most species occur only in certain continents and ecozones (Murphy 

et al. 2019). In this vein, the few existing molecular analyses of aquatic macrophytes have 

found evidence for drift acting within populations more quickly than it is mitigated by gene 

flow among populations (Chen et al. 2007, Wu et al. 2015, 2016, Cao et al. 2017). These 

empirical inconsistencies urge ecologists to develop effective ways for understanding 

whether dispersal may hinder aquatic macrophytes from tracking environmental variation 

simultaneously at the level of genes and species.  
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2.5 Macrophyte diversity and distributions at the interface between 

metacommunity ecology and macroecology 
 
Despite their different foci and research approaches, macroecology and metacommunity 

ecology are two disciplines that share interests in investigating how history (e.g. glaciations), 

dispersal and environmental constraints structure species distributions at various spatial and 

temporal scales (Brown and Lomolino 1998, Heino et al. 2017). A major aim of macroecology 

is to associate evolutionary, biogeographical, historical and climatic influences on 

biodiversity, but these influences are typically strongly related to regional–scale diversity 

patterns (Hortal et al. 2011). Therefore, a better understanding of the determinants of species 

distributions might benefit from a closer unification of these disciplines (Ricklefs and Jenkins 

2011). For example, new insights into large–scale ecological patterns can be attained by 

applying analytical routines that have been more typically used in the analysis of biological 

communities (Heino and Alahuhta 2015). In this vein, the imprints of macroecology on 

modern ecological science is so large that it led to Ricklefs’ (2008) proposal of disintegrating 

the concept of localness and favouring instead a more integrative perspective on the large–

scale effects of colonisation, dispersal, coexistence and adaptation. One means to pursue this 

is to compare the effects of regional, spatial and environmental influences on biological 

communities over large spatial scales.  

Explanations for large–scale processes and patterns when the focus is on biological 

communities are still elusive, due in part to the lack of comparable regional survey data over 

large geographical areas. This is unfortunate because better knowledge of large–scale 

diversity patterns is intimately related to, for example, niche and range size conservatism 

(Alahuhta et al. 2017a, Li et al. 2018) and ecosystem functioning and resilience (Pessarrodona 

et al. 2019), and their basis is also critical for predicting the effects of global change on species 

distributions and delineating regions for sustainable management and conservation (Bailey 

2010, Vilmi et al. 2017). A macroecological approach to the problem of patterns and 

processes in freshwaters should thus be meaningful. However, many freshwater ecologists 

and limnologists are concerned with describing assemblage–environment relationships at 

local scales or are ecosystem–oriented (reviewed in Heino 2011), thereby hindering attempts 

to further explore the mechanistic basis of large–scale freshwater ecology (but see Hortal et 

al. 2014).  
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In addition to explaining variation in ecological communities, a major aim of both 

macroecology and metacommunity ecology is to quantify the degree of variation (i.e. beta 

diversity, Whittaker 1960) or to detect predominant ecological patterns (i.e. elements of 

metacommunity structure, Leibold and Mikkelson 2002) in regional survey data. Specifically, 

beta diversity indicates the geographical variation of species composition among 

communities across space (Anderson et al. 2006), and it has been consistently reported to 

decrease with latitude and increase with elevation and area (e.g. Soininen et al. 2007, Kraft et 

al. 2011, Alahuhta et al. 2017b). Explanations for these patterns stem from climatic variability, 

human disturbance, water–energy dynamics, energy availability and habitat heterogeneity 

(Gaston 2000, Socolar et al. 2016). However, evaluating solely the change in species identities 

across communities is not necessarily the best measure of biological diversity. Instead, the 

macroecological processes that interact with regional–scale environmental drivers over 

evolutionary timescales to organise species distributions are best assessed with phylogenetic 

measures of diversity (Sokol et al. 2011, Mouquet et al. 2012). Meanwhile, deterministic 

recruitment models of community turnover rely on ecological features and niche differences 

that restrict the distribution of biotas to functionally uniform subsets of species from the 

available regional source pool (Thuiller et al. 2006, Chalmandrier et al. 2015). These subsets 

have a morphological, physiological and phenological trait set that deems them fit for sites 

with specific environmental constraints (Poff 1997). In that perspective, the joint analysis of 

functional and phylogenetic diversity should provide an evaluation of the effects of 

phenotypic traits and past evolutionary history on present–day macroecological patterns 

beyond inferences that can be drawn from more traditional species–centred approaches 

(Devictor et al. 2010, Gianuca et al. 2018, Jones et al. 2019). However, when it comes to the 

diverse group of aquatic macrophytes, such research program is still in its infancy.  

Ecological generalities evidenced using terrestrial plants can rarely be used to explain 

macroecological patterns and their underlying mechanisms in aquatic macrophytes (see 

Table 2 for a review). For example, although the latitudinal diversity gradient (i.e. the decrease 

in species richness and diversity from the Equator to the Poles) has been found for woody 

angiosperms (Kerkhoff et al. 2014), macrophyte diversity peaks at subtropical latitudes 

(Murphy et al. 2019). At regional extents, macrophyte diversity shows conflicting patterns in 

space, following a clear decreasing latitudinal gradient in the Fennoscandia (Alahuhta et al. 

2013), yet a reversed latitudinal gradient in Midwestern US (Alahuhta 2015). While these 

patterns may be partly attributed to differences in taxonomic knowledge among geographic 
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Categories Empirical patterns Terrestrial plants Aquatic macrophytes 
Range size 
distributions 
 

Distance decay of 
similarity 

Assemblage similarity decreases significantly with geographical 
distance as a result of climatic gradients, dispersal barriers and niche 
width differences among taxa1 

The few existing studies show conflicting results, with evidence for 
both significant distance decay patterns2 and little dispersal 
limitation3 

Geographical range size 
trends (Rapoport´s rule) 

The tropics have the largest–ranged species, whereas more xeric, 
subtropical latitudes have smaller average species range sizes4 

The available empirical evidence5,6 suggests that mean range size 
trends are variable among spatial scales 

Phytogeographical 
regionalisation 

There is consensus on three proposed kingdoms: Holoarctic, 
Holotropical and Austral7 

No studies are found on the phytogeographical regionalisation of 
freshwater plants at global scales 
 

Species richness 
relationships 

Elevational diversity 
gradient 

Most terrestrial plant groups reach their maximum diversities below 
the middle of the elevational gradient, with higher mean elevation of 
diversity peak for herbs8 

Species diversity decreases with altitude when a clear elevational 
gradient exists9 
 

Endemic species richness–
latitude relationship 

Endemic species richness is highest in the subtropics10 Most endemic species are found in the subtropics, with the emphasis 
on South America11 

Geographical patterns in 
species turnover 

Dimensions of vascular plant beta diversity reflect biogeographical 
legacies, with turnover being more influential in species–rich biomes 
and nestedness being predominant in species–poor biomes12 

Species turnover overrides nestedness worldwide, with highest 
among–site species richness differences in lotic systems and in 
subtropical realm13, 14 

 Global determinants of 
species diversity 

The combined multi–predictor model of annual energy input, water 
supply and topographic complexity accounts for global patterns of 
terrestrial vascular plant diversity15 

Local environmental heterogeneity prevails as the main structuring 
force shaping global variation in lake plant diversity13, 16 

Latitudinal diversity 
gradient 

Species richness decreases from the Equator to the Poles17 Species richness peaks at subtropical latitudes11 

Species richness–area 
relationship 

The logarithmic functional form is most common18 Species richness usually increases linearly with increasing surface 
area, although other patterns have been evidenced19,20 
 

Occupancy–
abundance 
models 

Occupancy–abundance 
relationship 

The few existing regional studies suggest a generally positive 
relationship21 but global–scale analyses are mostly lacking 

A positive relationship was found for river plants22 but no studies 
exist for lentic plants and global analyses are also missing 

Species abundance 
distribution 

Woody plant communities show hyperbolic shapes with many rare 
species and just a few shared species among assemblages23 
 

A lognormal model described lake plants, with few species having 
very low or high abundances and a large number of moderately 
abundant species24, but no wider consensus exists for the pattern 

TABLE 2    Examples of how terrestrial and aquatic plants decouple in their macroecological patterns and mechanisms  
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regions, they also suggest that aquatic macrophytes may diverge from patterns and processes 

detected for many major terrestrial plant groups (Alahuhta et al. 2020).  

Our knowledge on fundamental ecological phenomena is not only limited for species 

diversity patterns, but even more so for functional and phylogenetic dimensions of aquatic 

macrophytes. Ideally, ecologists would require a complete phylogeny comprising most macrophyte 

lineages and detailed information regarding the functional ecology of all inland plant species. Sadly, 

such an idealised data set does not yet exist for macrophytes. For example, high–quality trait data 

for these plants species are, at best, patched and often restricted to certain geographical areas and 

lineages (Cook 1999), emphasising the pressing need for efforts to extract well–curated functional 

data sets of inland plants in different catchments, biomes and continents. In the absence of species–

specific multi–trait information, ecologists tried to test the validity of predicting traits from 

congeners or confamilials, as has been recently done at continental scales (Alahuhta et al. 2017a, 

Vieira et al. unpubl.). These evaluations are based on assessing the phylogenetic niche conservatism 

(Blomberg et al. 2003) of the traits under study, allowing the description of whether the similarity 

in the ecological features of species is influenced by niche evolution, species diversification and 

ancestor–descendant relationships (Roquet et al. 2013). For the moment, their outcomes have been 

somewhat contradictory, finding evidence of either some level of species niche conservatism 

(Alahuhta et al. 2017a) and low phylogenetic signal in traits (Vieira et al. unpubl.). However, these 

findings are still subject to revision, not least because evolutionary pathways are known only for a 

few aquatic plant lineages, such as Alismataceae (Ross et al. 2016), Hydrocharitaceae (Chen et al. 

2012) and Potamogetonaceae (Lindqvist et al. 2006). 

Climatic factors along latitudinal and altitudinal gradients, dispersal, bedrock and land cover 

have played an important role for macrophyte diversity and distributions between lake catchments 

(O’Hare et al. 2012, Fernández–Aláez et al. 2018, Alahuhta et al. 2018, 2020), whereas lake 

morphology, stochasticity and water quality have influenced macrophytes at the local scale (Del 

Pozo et al. 2011, Gallego et al. 2014, Viana et al. 2014, Alahuhta et al. 2015). However, it is still 

difficult to draw comprehensive conclusions about the role of these ecological gradients in 

explaining the multiple diversity facets of aquatic macrophytes due to inconsistencies among the 

available studies (i.e. differences in spatial scales, statistical routines and explanatory variables, but 

see Alahuhta et al. 2017b, 2018). Thus, explaining and testing hypotheses related to large–scale 

patterns in macrophyte diversity demands comparative analyses of multiple data sets, especially in 

the light of changing environmental conditions in an increasingly human–dominated world.  
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3 Main study aims 

 
The main study aim of this research was to investigate patterns and mechanisms of 

geographical variation in the diversity of aquatic macrophytes at regional and global scales 

using different levels of the biological hierarchy, from genes to species.  

 

This main aim was divided into the following specific objectives:  

 

1. To identify the assembly mechanisms structuring aquatic macrophyte 

metacommunities at regional scales. More specifically, we aimed:  

⎯ To evaluate the role of dispersal limitation, species sorting and shared effects in the 

assembly of aquatic macrophytes and identify which traits, environmental variables and 

spatial scales are involved in metacommunity organisation. Article I.    

⎯ To map the imprints of biotic interactions on the species sorting paradigm of 

metacommunity theory, with special attention to the role of aquatic macrophytes and their 

potential to operate as foundation species and ecosystem engineers via cascading effects on 

animal communities. Article II.  

⎯ To determine whether different diversity facets provide redundant or 

complementary information on macrophyte distributional patterns and their responses to 

major environmental gradients. Article III.  

⎯ To assess if accounting for functional traits and phylogeny helps to explain 

idiosyncratic patterns of plant species distributions that would otherwise be missed in a 

traditional analysis of community turnover. Article IV.  

 

2. To explore the geographical patterns of population genetic structure in aquatic 

macrophyte species (here, the widely distributed alternateflower watermilfoil, Myriophyllum 

alterniflorum DC.) at regional scales. More specifically, we sought: 

⎯ To study the degree to which dispersal limitation interferes with the local 

environment in determining gene flow patterns of aquatic macrophytes. Article V. 

⎯ To disentangle if results obtained through population genetic methods match 

conceptual and empirical advances of metacommunity theory. Article V. 
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3. To examine large–scale patterns and processes in macrophyte diversity by using 

analytical routines that have been more typically applied in the context of metacommunity 

ecology. Specifically, we aimed:  

⎯ To quantify the degree of latitudinal variation in multiple diversity facets and 

untangle if macroecological processes have left a footprint in the current geographical 

distributions of aquatic macrophytes. Article VI. 

⎯ To infer the best fit pattern of compositional variation and community–environment 

relationships in aquatic plants at a global scale. Article VII.  

 

4. To provide guidelines and recommendations for the multi–scale conservation of 

aquatic macrophyte biodiversity in the context of global change. Articles I–VII.  
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4 Thesis outline 

 

 

Figure 2. Thesis outline. 
For details on population genetic scenarios, see Sexton et al. (2014).  
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5 Study sites and spatial scales 

 

Study sites (here, lakes and ponds) were located in 16 different regions covering six 

continents across the Earth (Fig. 3a). Exact geographical location, number of study sites and 

spatial scales varied in different studies. More specifically, the study extents ranged from 

regional (articles I–V) to global (articles VI–VII), following definitions of Willis and Whittaker 

(2002). An overview of the case studies and spatial scales is provided in Table 3. Specifically, 

the first five studies were based on biological surveys performed in the Duero drainage basin 

(2q�5q W, 40q�43q N) between 2004–2005 and 2018 to evaluate the assembly mechanisms 

structuring aquatic macrophyte metacommunities (surveys done between 2004 and 2005, 

articles I–IV), and explore the geographical patterns of population genetic structure in 

macrophyte species at a regional scale (surveys done in 2018, article V). The predominant 

land uses in the study area are arable and pasture, and the climate is Mediterranean dry 

moderate, since winters are typically cold and wet (average winter temperature of 3.2qC and 

mean winter precipitation of 173 mm) and summers are primarily hot and dry (average 

summer temperature of 18qC and mean summer precipitation of 84.5 mm; 1976–2015, data 

provided by the Spanish Met Agency, AEMET). In articles I–IV, we selected 25 to 57 

permanent ponds that covered a spatially extensive area of approximately 94,000 km2, 

whereas in article V, the 11 study ponds were located in the northwesternmost part of the 

Duero drainage basin, covering an area of ca. 200 km2 (Fig. 3b). Importantly, all study ponds 

displayed considerable variability in environmental conditions, including morphometry, 

nutrient content (ranging from oligotrophic to eutrophic) and mineralisation. Further 

information on study areas are given in articles I–V.  

 

 

Article Study grain size Study extent Number of study sites Study aims 
I Pond/lake Regional 51 Objectives 1 and 4 
II Pond/lake Regional 25 Objectives 1 and 4 
III Pond/lake Regional 57 Objectives 1 and 4 
IV Pond/lake Regional 51 Objectives 1 and 4 
V Pond/lake Regional 11 Objectives 2 and 4 
VI Regional metacommunity Global 480 Objectives 3 and 4 
VII Regional metacommunity Global 480 Objectives 3 and 4 

 

TABLE 3    Study frameworks of the individual articles 
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Figure 3. (a) Our study system comprised 16 regions (coloured triangles) across the world. (b) Study area for the first five 
articles conducted at the regional scale. It shows the location of the study ponds inside Castilla y León borders (Spain). 
The black circle represents the study catchment for article V.  
Image credits: photographs taken (from top to bottom and left to right) by Laura Louise Sass, Håkan Sansten, Pixabay©, 
Jun Xu, Roger Paulo Mormul, Sarian Kosten, Mark V. Hoyer, Laila Rhazi and Jorge García Girón.  
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The other two case studies were based on compiled lake macrophyte data for 16 

regions with variables sizes from around the world (Fig. 3a, Table 4), covering all major 

continents inhabitable for aquatic plants (see Chambers et al. 2008). The regions either closely 

but not entirely followed a country’s political border (e.g. Finland and New Zealand), or were 

delineated based on natural features (the Yangtze River basin in China and a small area in 

the Nord–Trøndelag county of Norway). The selected lakes ranged from glacial–origin 

relatively stable lakes situated in temperate and boreal zones (e.g. Sweden and US states of 

Minnesota and Wisconsin) to semi–arid shallow Mediterranean lakes (e.g. Morocco and 

Spain), but all were influenced by anthropogenic pressures to varying degrees (i.e. water–

level fluctuations, alien species, nutrient enrichment and decreased connectivity). 

Importantly, we had strict quality control for selecting each data set: (I) each study region 

had to include ca. 30 lakes with similar geographical distributions from the pool of candidate 

lakes; (II) all lakes had to be mostly natural lentic systems (i.e. reservoirs were excluded); and 

(III) all macrophyte communities within each data set had to have been empirically surveyed 

using similar methods to maintain data comparability. The inclusion of different types of lakes 

was considered an important factor increasing the range of environmental features. A more 

detailed description of study regions and lakes can be found in articles VI–VII.  

 

 

Study regions Description 
Brazil, coastal lakes The study lakes are the Brazilian subset of a larger South American data set sampled within 

the Salga project. The lakes were situated along the coast of Brazil and were small, shallow 
(mean depth < 4.5m) and varied greatly in the degree in which they were impacted by 
anthropogenic pressures (i.e. agriculture and urban development) 

Brazil, Paraná River  The sampled lakes in the Upper Paraná River floodplain are characterised as shallow 
floodplain lakes, which may be permanently connected with the main river channel or may 
be isolated with a temporary connection with the main river. These lakes vary in pH, water 
transparency and nutrient concentration (from oligotrophic to eutrophic) 

China The Yangtze River floodplain is among the most species–rich environments in China because 
of its fluvial dynamics creating an intricated mosaic of habitats and gradients of hydrological 
connectivity. We used data from a vast extension (15,770 km2) of the middle and lower 
Yangtze River floodplain that is covered by numerous lakes characterized by their shallow, 
flat and large basins 

Denmark Most of the Danish lakes included are located in central Jutland. Most lakes were 
mesotrophic to eutrophic, alkaline systems with average depth ranging from 0.5 to 16 m. A 
few humic and low alkaline (i.e. neutral pH or acid) lakes were also included  

Estonia The selected lakes are part of a larger database of Estonian small lakes. Most of the selected 
lakes are located in the southeastern and southern parts, and few lakes are located to the 
north and west of Estonia 

Finland A large data set of 150 lakes across Finland have been gathered and maintained by the 
Finnish Environment Institute. The majority of the studied lakes were shallow, small humic 
lakes, and many of them were impacted by anthropogenic pressures (i.e. agriculture and 
urban development) 

TABLE 4    Description of the study regions for macroecological analyses 
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Study regions Description 
Florida (US) The 29 randomly selected water bodies were part of the state–wide database of lakes 

situated in Florida. The study lakes ranged from oligotrophic to hypereutrophic with average 
chlorophylls ranging from < 1.0 µg l–1 to over 150 µg l–1 

Hungary We randomly chose 30 lakes from a lake pool of ca. 50 lakes. All the study lakes are small, 
shallow lakes being located in an agricultural landscape 

Minnesota (US) The used 30 study lakes were part of the large database of 1,500 lakes surveyed between 
1992 and 2003 by the Minnesota Department of Natural Resources (Section of Fisheries). 
Aquatic macrophyte data from the ecoregion of Laurentian Mixed Forest Province were used 
in our studies 

Morocco Most of the 29 studied lakes were shallow and were located in the mountains (Middle and 
High Atlas) or Atlantic plains. These lakes are used by local people for cattle grazing, 
recreation, water supply and medicinal plants 

New Zealand This data set was part of a larger lake data set maintained by the National Institute of Water 
and Atmospheric Research Limited. For our studies, we randomly chose 30 lakes situated in 
both the North and South Islands. The lakes included mostly those of volcanic origin, glacial 
formation and dune–formed lakes. Lake surveys were biased towards larger waterbodies 
located in accessible and populated areas. Consequently, lakes included those influenced by 
anthropogenic nutrient enrichment or by the introduction of alien plants and fish 

Norway The studied 29 high–alkalinity lakes are small in surface area, varying from oligotrophic to 
eutrophic status, and are subjected to agricultural land–use pressure. These lakes situate in 
Nord–Trøndelag county in the middle of Norway 

Poland Lakes were randomly chosen from a national lake pool located in the lowlands, with high–
alkalinity and clear waters but different morphometry and trophic status 

Spain We sampled a number of permanent shallow lakes located within a heterogeneous and 
lowland area in northwestern Spain. The majority of the shallow lakes studied are fed mostly 
by groundwater and rainfall and experience a strong reduction in water volume during the 
summer 

Sweden The studied 30 lakes varied in their environmental conditions and subjectivity to 
anthropogenic pressures. The randomly chosen lakes were part of a national database 
covering the whole country 

Wisconsin (US) The data set was chosen from 53 originally surveyed lakes of glacial origin. The study lakes 
generally followed increasing tropic levels, linearly related to both decreasing latitude and 
increasing anthropogenic pressures 

 

TABLE 4    Description of the study regions for macroecological analyses 
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6.1   Article I 
 
 

Processes structuring macrophyte metacommunities in 
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Abstract

Aim: Metacommunity ecology is a vibrant area of research that has received

increased attention in recent years, since it provides a framework to assess the

underlying dispersal‐ and niche‐based processes that create non‐random and

ecologically meaningful patterns in species assemblages across the landscape. Here

we set out to test for the role of dispersal limitation, species sorting and shared

effects in the assembly of pond macrophyte metacommunities across an extensive

area within the Iberian Plateau, and to identify which traits, environmental variables

and spatial scales are driving local community structure.

Location: North‐western Spain (Iberian Plateau).

Taxon: Pond macrophytes.

Methods: We established a novel combination of robust methods capable of identi-

fying the processes and most important landscape scales involved in the assembly

of communities. We used metacommunity assembly modelling and multivariate mul-

ti‐scale codependence analysis (mMCA) to first estimate the relative importance of

spatial and environmental effects on community structure, and then to identify sig-

nificant trait–environment relationships and spatial scales.

Results: Analyses showed that the greatest effects were seen for the spatial and

mixed spatial and niche‐based scenarios, particularly among wind‐dispersed species.

Thus, dispersal limitation interfered with species sorting in determining assemblage

structure by hindering species’ tracking of local environmental conditions. After

accounting for this, the metacommunity assembly model revealed that species’ traits

were involved in determining abundance structure. mMCA identified the main trait–
environment relationships (and spatial scales) as fruit size‐nutrient status (~300 km)

and growth form‐mean pond depth (~250 km).

Main conclusions: Our study suggests that dispersal limitation acted in concert

with species sorting to influence the community assembly processes underlying

selection for particular traits in functional niche space. Accordingly, we emphasize

the need to go beyond the traditional taxonomic‐based analyses of community

composition and the predominant thinking of considering spatial and environmen-

tal processes as two alternative and mutually exclusive scenarios of community

assembly.
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1 | INTRODUCTION

Metacommunity ecology provides a framework to assess the under-

lying processes that create non‐random and ecologically meaningful

patterns in species distribution across the landscape (Capers, Selsky,

& Bugbee, 2010; Heino, Nokela, et al., 2015). The metacommunity

concept (i.e. a set of sites connected through dispersal) has attracted

much interest over the last two decades (e.g. Leibold et al., 2004;

Logue, Mouquet, Peter, & Hillebrand, 2011) since it integrates the

interplay between spatial processes and local niche‐based forces as

drivers of community assembly (Holyoak, Leibold, & Holt, 2005).

Regional variation in the environment may influence community

assembly when dispersal rates allow species to reach suitable habitat

patches, resulting in communities controlled by species sorting and

niche differentiation (Capers et al., 2010). Conversely, spatial pro-

cesses may hinder species from tracking environmental variation

when dispersal rates are low, constraining species to fewer habitat

patches and producing a close relationship between geographic isola-

tion and community structure (Alahuhta, 2015). However, recent

theoretical and empirical research (reviewed in Brown, Sokol, Skel-

ton, & Tornwall, 2017) recognizes that the mechanisms represented

by metacommunity theory must go beyond the historically predomi-

nant thinking of considering dispersal limitation and environmental

filtering as two alternative and mutually exclusive scenarios of com-

munity assembly (Meynard et al., 2013). Rather, Leibold et al. (2004)

and Cottenie (2005) emphasized that metacommunity theory

embraces a multidimensional continuum of community assembly

dynamics spanning from scenarios dominated by spatial processes to

scenarios influenced primarily by species sorting.

In the freshwater realm, studies focusing on a variety of biological

groups, from protists to vertebrate metazoans (e.g. Heino & Tolonen,

2017; Landeiro, Bini, Melo, Pes, & Magnusson, 2012), suggest that

metacommunities are often structured by a combination of dispersal

limitation and species sorting, yet their relative importance varies

among different organisms, regions and spatial scales (Heino, Melo, et

al., 2015). However, the role of niche‐ and dispersal‐based dynamics

on aquatic macrophytes of lentic waterbodies is still largely unknown

(see Alahuhta & Heino, 2013; Alahuhta, Johnson, Olker, & Heino,

2014; Capers et al., 2010), and most available data come from temper-

ate and boreal deep lakes (e.g. Alahuhta & Heino, 2013; Alahuhta,

Hellsten, Kuoppala, & Riihimäki, 2018; Alahuhta et al., 2014). To our

knowledge, most previous studies in Mediterranean pond environ-

ments have addressed compositional variation in macrophyte assem-

blages from a local perspective (e.g. Fernández‐Aláez, Fernández‐
Aláez, García‐Criado, & García‐Girón, 2018; García‐Girón, Fernández‐
Aláez, Fernández‐Aláez, & Nistal‐García, 2018), thus overlooking the

role of dispersal limitation and species sorting in metacommunity

dynamics at regional scales. Consequently, there is clearly a need to

identify community assembly processes underlying macrophyte biodi-

versity patterns in Mediterranean landscapes, where habitat fragmen-

tation may modify the dominance of niche‐ and dispersal‐based
mechanisms in explaining species distribution (Gallego et al., 2014).

Since extensive Mediterranean environments are found in several

locations worldwide and are relatively sensitive to climate and land‐use
change (Peña‐Ortiz, Barriopedro, & García‐Herrera, 2015), addressing

this knowledge gap has important, widespread implications.

An exciting challenge for metacommunity ecology is to refine sta-

tistical tools to identify if community structure along environmental

and spatial gradients is consistently associated with selection for par-

ticular traits in functional niche space (e.g. Brown et al., 2018; De Bie

et al., 2012). A related issue is how best to assess the common

assumption that the species making up the assemblage are equivalent

in their dispersal biology (Heino, Melo, et al., 2015). In this vein, an

increasingly promising deconstructive approach is to divide species

based on dispersal mode groups (e.g. Cottenie, 2005; Heino, 2013).

Although the mechanisms of mobility in aquatic plants (i.e. anemo-

chory, hydrochory, zoochory and autochory) are not clearly defined

(Soomers et al., 2013), the premise is that spatial effects are likely to

be of major concern for those species that strongly rely on hydrologi-

cal connections between habitat patches (De Bie et al., 2012). Pro-

gress in this area of research may help in elucidating patterns of

species diversity that would otherwise be missed in the traditional

taxonomic‐based analyses of community composition (Heino, 2011).

The standard strategy to investigating metacommunity processes

is to perform community variation partitioning using constrained ordi-

nation to evaluate the unique and shared effects of spatial and envi-

ronmental sets of variables (Borcard, Legendre, & Drapeau, 1992).

Such an approach is highly correlative and was recently shown to

result in greatly inflated estimates of the role of species sorting in

common cases where the environment and species distributions are

spatially structured (Clappe, Dray, & Peres‐Neto, 2018). An alterna-

tive technique, which models the process of trait‐based community

selection from probabilistic species pools, represents a more mecha-

nistic approach. The recent application of such an approach to stream

macroinvertebrates has been promising (Brown et al., 2018). This

metacommunity assembly model (MAM) is built upon on the well‐
established theory that sees local community composition as the

result of filters acting on species’ traits (Poff, 1997), requiring no

assumptions about which environmental variables to include. MAM

produces information on the influence of dispersal limitation, species

sorting and both in combination, as compared to a null model that

excludes deterministic processes (Brown et al., 2018).

A further issue with variation partitioning is that, while informa-

tion on the shared effects of spatial and environmental variables is

produced, the outputs give no explicit information about the scales

at which niche‐based processes are likely to act, and which species
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or traits are involved. Recent advances in multivariate multi‐scale
codependence analysis (mMCA) now allow for the detection of the

scales at which environmental drivers influence multi‐species com-

munities (Guénard & Legendre, 2018), i.e. the scales associated with

environmental filters (sensu Poff, 1997). Such information would be

highly complementary to MAM by providing explanations for any

combined effects of space and the environment.

Using this novel combination of techniques (MAM and mMCA),

we aimed to evaluate the role of dispersal limitation, species sorting

and combined effects in the assembly of pond macrophyte commu-

nities in a vast area (94,226 km2) from the northern part of the Ibe-

rian Plateau. We stratified the analyses by dispersal group (i.e.

anemochory, hydrochory, zoochory and autochory) to test whether

certain dispersal modes were more likely to confer dispersal limita-

tion. We hypothesized that: (a) species sorting would be interrupted

due to the isolation of ponds within the landscape; (b) hydrochorous

and autochorous taxa would be the most limited by dispersal since

both mechanisms strongly rely on hydrological connections; and (c)

environmental drivers of community structure would act at relatively

large spatial scales as a result of habitat fragmentation in Mediter-

ranean environments.

2 | MATERIALS AND METHODS

2.1 | Study area

A total of 51 permanent ponds were selected for study within a

heterogeneous and lowland (700–1,100 m above sea level) area of

approximately 94,000 km2 in the Duero drainage basin in north‐wes-

tern Spain (Figure 1). This region has a Mediterranean climate with a

wide seasonal variation in temperature and precipitation, since win-

ters are typically cold and wet (average winter temperature of 3.2°C

and mean winter precipitation of 173 mm) and summers are

primarily hot and dry (average summer temperature of 18°C and

mean summer precipitation of 84.5 mm; 1976–2015, data provided

by the Spanish Met Agency; AEMET – http://www.aemet.es). The

predominant land uses in the study area are arable (46.3%), pasture

(28.8%) and woodland (20.5%), as well as pine plantations and scrub-

land (4.4%; García‐Girón, Fernández‐Aláez, Fernández‐Aláez, & Luis,

2018). The majority of ponds studied are fed mostly by groundwater

and rainfall and experience a strong reduction in water volume dur-

ing the summer, ranging between 0.1 and 23 ha in aerial extent and

0.2 and 6.3 m in depth. The study ponds display considerable vari-

ability in environmental conditions, including morphometry, nutrient

content and mineralization (Table 1).

2.2 | Field data collection

Each pond was exhaustively surveyed for aquatic macrophytes

(emergent, floating‐leaved and submerged forms) using profiles in

June and July of either 2004 or 2005; hence each pond was sam-

pled once. A profile is defined as a line from one shore to the oppo-

site shore at a right angle to the shoreline with the longest length.

The number of profiles for each pond was determined according to

the pond area and shoreline complexity (Jensén, 1977), although

some corrections were implemented in situ in order to account for

the spatial heterogeneity of macrophyte assemblages and the acces-

sibility to the sampling point. Quadrats (0.5 m × 0.5 m) were placed

at varying intervals of 0–5 m depending on the homogeneity of the

aquatic flora. The total number of profiles and quadrats for each

pond was increased regularly with pond area, ranging between 1

and 3 and 5 and 83, respectively (mean density of quadrats per hec-

tare = 5). Percentage coverage of each macrophyte species was esti-

mated in each quadrat as the visual projection of each species in

the water column onto the pond surface. Finally, mean coverage of

each taxa in a pond was determined as the sum of percent

F IGURE 1 Map of the study area
showing the location of the 51 study
ponds [Colour figure can be viewed at
wileyonlinelibrary.com]
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coverages of that species in all quadrats divided by the number of

quadrats used in the pond. Nomenclature followed Flora Ibérica

(Castroviejo, 1986-2012), Fernández‐Aláez, Fernández‐Aláez, Santi-

ago, Núñez, and Aboal (2012) and Cirujano, Meco, García‐Murillo,

and Chirino (2014).

Pond area (ha) was measured on images available in SIGPAC (the

Spanish Geographical Information System for Agricultural Parcels –
http://www.sigpac.jcyl.es/visor/), whereas mean depth (m) was

determined by measuring depth with calibrated sticks at several sites

along profiles within each pond. Several water samples were ran-

domly collected at different depths along a shore‐centre transect

using a cylindrical corer (diameter = 60 mm, length = 1 m). The num-

ber of samples ranged between 3 and 15 depending on the pond

area. All samples from each pond were subsequently combined and

mixed to form a single composite water sample. A range of environ-

mental variables including pH, conductivity (μS/cm) and turbidity

(FTU) were measured in situ from the composite sample using WTW

field probes (Model LF 323) and a portable turbidimeter (Model

HACH 2100P). The integrated water samples were preserved at 4°C

and then analysed in laboratory to determine total nitrogen (TN; mg/

L), nitrate (NO3
−‐N; mg/L), ammonium (NH4+‐N; mg/L), total phos-

phorous (TP; μg/L), orthophosphate (PO4
3−‐P; μg/L) and chlorophyll a

(Chla; mg/L). Nutrient samples were previously fixed with mercuric

chloride (HgCl2) and all analyses followed standard methods (APHA,

1989).

2.3 | Data analysis

Using information available in Willby, Abernethy, and Demars (2000),

functional traits were selected to provide information on attributes

for each macrophyte species that could potentially come under selec-

tion by environmental filters. We included fuzzy scores (0 = absence

of an attribute, 1 = weak affinity and 2 = strong affinity) for a total of

31 trait modalities subdivided into seven trait categories (Table 2).

When no information was available in Willby et al. (2000) (e.g. Eleo-

charis palustris (L.) Roem. & Schult., Eleocharis multicaulis (Sm.) Desv.

and Juncus articulatus L.), traits were inferred from Castroviejo (1986–
2012) and Cirujano et al. (2014). We transformed fuzzy scores

according to the established method of Chevenet, Dolédec, and Ches-

sel (1994), whereby trait modalities are expressed as proportions

within categories (e.g. growth form) and centred to ensure that the

species × trait matrix had equal row and column weights.

To analyse the processes structuring pond macrophyte communi-

ties, we applied the MAM approach of Brown et al. (2018). In brief,

MAM mimics the selection of organisms from the species pool

through four alternative components. First, the null component

selects taxa from the species pool at random and assigns each taxon

its mean abundance across the whole landscape (metacommunity

abundance). Second, the dispersal component selects species based

on a vector of probability weightings unique to each site, again

assigning selected taxa their mean metacommunity abundance. The

probability weightings are given by a distance decay function

describing the proximity of each species to the site of interest. Third,

the trait selection component involves the calculation of community

weighted means (CWMs) of sites on the first two axes from a princi-

pal coordinate analysis (Laliberté & Legendre, 2010). Taxa are

selected from the species pool and assigned abundances iteratively

until the CWM of the synthetic community matches that of the

observed community within a threshold (±2.5% in our case); another

pick of taxa is then taken from the species pool and the process

repeated. Finally, the mixed component combines occurrence proba-

bilities from the dispersal component with abundances from the trait

selection component. In all cases, the number of taxa selected from

the species pool is fixed at the observed species richness for each

site. The process is repeated a number of times (k = 500 in our case)

and the performance of each component reported as the mean and

standard deviation of the Bray–Curtis similarity. Using these metrics,

we calculated the standardized effect size (SES) as:

TABLE 1 Summary of the environmental conditions of the 51
study ponds. Pond area (ha), mean depth (m), pH, conductivity
(μS/cm), turbidity (NTU), total nitrogen (TN; mg/L), nitrate (NO3

−‐N;
mg/L), ammonium (NH4

+‐N; mg/L), total phosphorous (TP; μg/L),
soluble reactive phosphorous (PO4

3−‐P; μg/L) and chlorophyll a (Chla;
mg/L)

Minimum Maximum Median Mean

Pond area 0.1 23 2.6 4.3

Mean depth 0.2 6.3 0.7 0.9

pH 6.6 10.3 8.3 8.4

Conductivity 12 1068 215 293

Turbidity 1.4 83.3 9.2 15.7

TN 0.13 5.21 1.49 1.7

NO3
−‐N 0 0.25 0.05 0.06

NH4
+‐N 0 0.15 0.01 0.01

TP 19.6 7089.6 118.6 578.8

PO4
3−‐P 0.9 6633.8 18.8 578.8

Chla 0.7 362.7 13.9 38.8

TABLE 2 Choice of traits and their subdivisions into attributes
according to Willby et al. (2000)

Traits Attributes

Growth forms Free floating (surface and submerged) and
anchored (floating leaved, submerged
leaved and emergent leaved)

Mode of reproduction Rhizomes, fragmentation, budding,
turions, stolons, tubers and seeds

Number of reproductive
organs per year and
individual

Low (<10), medium (10–100), high (100–
1,000) and very high (>1,000)

Perennation Annual, biennial and perennial

Dispersal vector Wind, water and animals

Period of production of
reproductive organ

Early (March–May), mid (June–July), late
(August–September) and very late (post‐
September)

Fruit size Small (<1 mm), medium (1–3 mm), large
(>3 mm)
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SES ¼ ðμmod # μnullÞ=σnull

where μmod is the mean Bray–Curtis similarity from the alternative

model components (dispersal, trait selection, mixed), and μnull and

σnull the mean and SD of the Bray–Curtis similarity from the null

component respectively. See Brown et al. (2018) for full details of

the method. For the purposes of fitting the trait selection compo-

nent, prior to the analysis we combined functionally identical spe-

cies. We also stratified the model by dispersal group (i.e.

anemochory, hydrochory, zoochory and autochory) to test whether

the relative role of habitat isolation and trait filtering in structuring

local communities differed by dispersal vector. A species was consid-

ered a member of a dispersal group if its fuzzy trait score corre-

sponding to that dispersal group was non‐zero.
Finally, we performed mMCA on community (relative abundance)

weighted means of transformed trait scores (Guénard & Legendre,

2018). This statistical method estimates spatial structures generated

by the joint variation in environment and community composition

that are described by an orthonormal set of spatial variables (spatial

eigenvectors, also known as Moran's eigenvector maps, MEMs; Dray,

Legendre, & Peres‐Neto, 2006). We calculated the spatial variables

from the irregularly spaced pond locations using the eigenmap func-

tion from the CODEP package in R (Guénard, Legendre, & Pages,

2018). The significance of spatial codependence between macro-

phyte communities and environmental variables was assessed

through a permutation test using the permute.cdp function of the

same package. A principal component analysis (PCA) was performed

to visualize the relationships between sites, traits and environmental

descriptors in niche space. All environmental variables were centred

and standardized to unit variance prior to conducting the PCA.

All analyses were performed in R version 3.4.4 (R Core Team,

2018).

3 | RESULTS

We identified a total of 58 macrophyte species from 22 different

families. A complete list of species and families is provided in

Appendix S1. Eleocharis palustris (L.) Roem. & Schult. was the most

frequent macrophyte species, occurring in 35 ponds (68%). The sec-

ond and third most frequent species were Schoenoplectus lacustris

(L.) Palla and Potamogeton trichoides Cham. & Schltdl., occurring in

32 (63%) and 25 (49%) ponds respectively. Species richness among

pond communities range from one to 17 (7 ± 4 species per pond).

The trait‐based analysis showed that the majority of plant species in

the study ponds produced a medium (63.8%) to high (70.7%) number

of reproductive organs from mid to late summer (~100%), were sub-

merged leaved, perennial and anemochorous (87.9%, 91.4% and

70.1% respectively), and had medium (62%) to large (29.3%) propag-

ule size (see Table 3).

Under the community assembly model, combining predictions of

species′ occurrences and abundances from the dispersal and trait

selection components (mixed scenario) improved predictions relative

to the pure trait and pure spatial scenarios. The greatest effects

were seen for the mixed and pure spatial scenarios when all species

were considered together, closely followed by anemochorous, auto-

chorous and zoochorous species (Figure 2). With the exception of

water‐dispersing macrophytes, the lowest SES values were seen for

the pure trait selection model. Hence, weighting each pick from the

species pool on the basis of the geographic distance between sites

where each species occurred made predicted and observed commu-

nities more similar than under the trait selection scenario, in which

the composition of artificial communities was constrained by

observed CWMs on the first two synthetic trait axes.

We obtained 48 spatial eigenvectors ranging from the largest

potential spatial structures (MEM1) to the smallest (MEM48;

Appendix S2). The mMCA application revealed two significant com-

ponents of the spatial codependence between macrophyte trait

structure and environmental variables (Table 4). The strongest com-

ponent associated total phosphorous with macrophyte trait structure

at the scale of the third spatial eigenvector (MEM3). The next stron-

gest component revealed the association of mean depth with trait

structure at the scale of MEM11. MEM3 and MEM11 were associ-

ated with spatial extents of approximately 300 and 250 km respec-

tively (Appendix S2). The first principal component (PCA1) of the

macrophyte trait structure (Figure 3) was related to fruit size and

total phosphorous. Communities with positive PCA1 loadings tended

to be found in P‐poor ponds and were dominated by taxa with small

and medium fruit sizes and a medium number of reproductive organs

per year, whereas negative PCA1 loadings were associated with lar-

ger fruit and higher total phosphorous concentrations (Figure 3).

PCA2 was related to growth forms and mean depth. Taxa with sub-

merged growth forms had negative loadings and were generally

found in shallower ponds, whereas emergent types had positive

loadings associated with deeper ponds. The mMCA results indicated

a pattern varying radially from a central‐south location (MEM3)

which linked total phosphorous with trait variation. A more complex

pattern was detected linking mean depth with trait structure

(MEM11), which separated north‐east and south‐west zones from a

central band (Figure 4). Importantly, the scales identified by mMCA

suggest that artefacts arising from the clustered distribution of sam-

pling sites were absent or minimal.

4 | DISCUSSION

Assessing the relative importance of environmental and spatial pro-

cesses on community assembly is one of the key approaches for

enhancing our basic understanding of metacommunity dynamics

(Heino, 2011; Tonkin, Stoll, Jähnig, & Haase, 2016). Importantly, a

major appeal of the theory of metacommunity organisation is that

it potentially offers a predictive framework with which to disentan-

gle systematic relationships between different community assembly

scenarios and species′ traits (De Bie et al., 2012; Meynard et al.,

2013). Using a combination of data on species′ traits and a robust,

probabilistic approach (MAM and mMCA), we assessed the role of
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dispersal limitation, species sorting and shared effects in the

assembly of pond macrophyte metacommunities across an exten-

sive area within the Iberian Plateau, and identified which traits,

environmental variables and spatial scales were driving local com-

munity structure. We found that the mixed scenario had the great-

est standardized effect size, suggesting that dispersal limitation

acted in concert with species sorting to influence the structure of

local communities. Similarly, our results revealed that nutrient sta-

tus (total phosphorous) selected for fruit size at the largest extents

(~300 km) and mean pond depth selected predominantly for

growth forms (submerged and emergent) at a slightly smaller extent

(~250 km).

4.1 | Drivers of metacommunity structure

Consistent with our first hypothesis and in agreement with a growing

number of studies (e.g. Akasaka & Takamura, 2012; Capers et al.,

2010; Cottenie & De Meester, 2004; De Bie et al., 2012; Padial et al.,

2014), we found that dispersal limitation interfered with species sort-

ing in determining macrophyte community assembly patterns. How-

ever, caution should be exercised when comparing the influence of

species sorting and dispersal constraints on freshwater macrophytes

from one study to another (Shurin, Cottenie, & Hillebrand, 2009).

This is because the degree to which dispersal limitation interacts with

environmental filtering is likely to vary among different spatial

extents of observation (e.g. regional versus continental – Alahuhta,

Rääpysjärvi, Hellsten, Kuoppala, & Aroviita, 2015 versus Viana et al.,

2014) and geographical regions (e.g. Temperate versus Mediterranean

– Alahuhta, 2015 versus this study), with generally stronger dispersal

limitation at long rather than short distances (Heino, 2011).

Our results are broadly in line with several studies encompassing

a wide variety of organisms (i.e. benthic diatoms, rotifers, cladocer-

ans, macroinvertebrates, molluscs, fish and amphibians), study sys-

tems (i.e. wetlands, lakes and streams) and spatial scales (i.e. regional

TABLE 3 Relative frequencies (%) of the morphological and life‐history traits for the 58 macrophyte species studied. Short names are used
in Figure 3

Traits Attributes Short names Frequency (%)

Growth forms Free floating FreeFloatingSurface 10.3

Floating leaved (anchored) AnchoredFloatingLeaves 27.6

Submerged leaved (anchored) AnchoredSubmergedLeaves 87.9

Emergent leaved (anchored) AnchoredEmergentLeaves 63.7

Mode of reproduction Rhizomes Rhizome 50

Fragmentation Fragmentation 48.3

Budding Budding 13.8

Turions Turions 15.5

Stolons Stolons 46.6

Tubers Tubers 3.4

Seeds Seeds 100

Number of reproductive organs per
year and individual

Low (<10) LowRepro 10.3

Medium (10–100) MediumRepro 63.8

High (100–1,000) HighRepro 70.7

Very high (>1,000) VHighRepro 18.9

Perennation Annual Annual 25.9

Biennial or short‐lived perennial BiennialShortPeren 17.2

Perennial Perennial 91.4

Dispersal vector Wind Anemochory 70.1

Water Hydrochory 29.3

Animals Zoochory 39.7

Self Autochory 64

Period of production of reproductive organ Early (March–May) EarlyRepro 32.8

Mid (June–July) MidRepro 100

Late (August–September) LateRepro 96.6

Very late (post‐September) VLateRepro 17.2

Fruit size Small (<1 mm) SmallFruit 19

Medium (1–3 mm) MediumFruit 62

Large (>3 mm) LargeFruit 29.3
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to continental), suggesting that these communities are jointly struc-

tured by dispersal limitation and species niche differences (e.g. Pinel‐
Alloul, Niyonsenga, & Legendre, 1995; Shurin et al., 2009; Soininen,

Lennon, & Hillebrand, 2007). Furthermore, our findings agree with

Capers et al. (2010), O′Hare, Gunn, Chapman, Dudley, and Purse

(2012) and Grimaldo et al. (2016), who recently found that spatial

structuring and environmental control together accounted for much

of the variation in aquatic plant communities across Connecticut

(north‐eastern US), Scotland and Zambia. In contrast, our results

deviate slightly from those found by Alahuhta and Heino (2013) and

Alahuhta et al. (2015) in the US state of Minnesota and southern

Finland, respectively, suggesting that the relative influence of disper-

sal‐ and niche‐based processes on macrophyte community assembly

is likely to vary rather unpredictably at continental scales.

Our study is the first to illustrate the interaction between spatial

and environmental gradients in determining the functional structure of

pond macrophytes in Mediterranean landscapes. These findings sug-

gest that there is no strong dichotomy between community assembly

scenarios – dispersal limitation and species sorting are extremes along

a spectrum of processes underlying observed biodiversity patterns

(Heino, Melo, et al., 2015). Our results re‐emphasize the need to go

beyond the traditional view of understanding spatial and environmen-

tal processes as two alternative and mutually exclusive scenarios of

community assembly and embrace the full power of metacommunity

theory (Brown et al., 2017; Leibold et al., 2004; Logue et al., 2011).

4.2 | Comparison between dispersal mode groups

Freshwater organisms exhibit a range of dispersal modes and capaci-

ties that should be considered when developing a predictive frame-

work for metacommunity dynamics (Heino, 2011). Modern molecular

and biogeographical studies (e.g. Cao, Mei, & Wang, 2017; Capers et

al., 2010; Wu, Yu, Wang, Li, & Xu, 2015) suggest that some aquatic

plants may disperse more or less uniformly at distances up to

~200 km, beyond which habitat isolation usually becomes limiting.

Our study ponds were largely isolated from each other within a ter-

restrial matrix (maximum pairwise distance ~400 km), so the further

apart ponds were, the less likely they were to share a similar species

composition. In these kinds of fragmented Mediterranean environ-

ments, wind usually plays the primary role for passive dispersers

(Coughlan, Kelly, & Jansen, 2017), transporting propagules to other

ponds over the landscape. However, contrary to expectations, our

results suggest that hydrochorous taxa were the least limited by

geographical distances between ponds. This finding is likely to be

linked to the existence of intermittent corridors between ponds via

drainage ditches (Junta de Castilla y León, 2001), and agrees with

the observation of Soomers et al. (2013), who found that dispersal

distances of propagules in fragmented landscapes were many times

longer due to hydrochorous dispersal compared to wind dispersal.

Since dispersal distances by water are likely to surpass those by

wind alone even for typical wind‐dispersing macrophyte species

(Soomers et al., 2013), anemochorous dispersal might further hinder

aquatic plants from reaching new habitat patches when little or no

physical connection via flowing water exists between ponds (Boe-

deltje, Bakker, Ten Brinke, van Groenendael, & Soesbergen, 2004).

Given that the majority of plant species in our study ponds were

SES
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F IGURE 2 Standardized effect size (SES) for each component of
the community assembly model for all species and for species
grouped by dispersal mode. The greater the SES values, the better
each model component (dispersal, trait selection and mixed)
performed compared to the uniform model. Boxplot bold
lines = median; box = interquartile range (IQR); whiskers = maximum
and minimum up to 1.5 × IQR

TABLE 4 Components of the spatial codependence between
macrophyte community weighted mean traits and environmental
variables assessed by permutation tests. Note that the permutation
test adds components until adding further variables does not result
in a significant improvement in model fit. Significant components are
presented in bold

Scale Environmental variable Φv1,v2 v1 v2 p

MEM3 TP 61.53 32 47 0.005

MEM11 Mean depth 43.49 32 46 0.015

MEM7 NH4
+‐N 17.62 32 45 0.3
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anemochorous and autochorous (see Table 3), it seems reasonable to

suppose that macrophyte dispersal may be dependent on dispersal

traits, such as propagule size, and the success of dispersal vectors,

particularly wind, at overcoming geographic distances and habitat

isolation. However, we cannot rule out the degree to which net-

works of stepping‐stone ponds may function as habitat connectivity

providers and their implications for species movement among other-

wise isolated habitat patches (Saura, Bodin, & Fortin, 2013).
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significant trait–environment relationships
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aid interpretation, only those traits with
the highest loadings are shown (top 10 on
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values along each principal component as
represented in Figure 4 [Colour figure can
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4.3 | Species′ traits, environmental drivers and
spatial scales

We found evidence for relationships between species′ traits and the

spatial scales at which environmental drivers influence community

assembly. On the basis of the mMCA results, we were able to confirm

our expectations that macrophyte community trait structure (i.e. fruit

size and growth forms) can be affected by environmental variation

(i.e. total phosphorous and mean pond depth) via different processes

that operate at relatively large spatial scales. Specifically, the role of

phosphorous may be interpreted as a relationship between energy‐
allocation strategies and the availability of a limiting resource (Daoust

& Childers, 2004), so that adaptation to increased nutrient levels gen-

erally leads to the development of larger vegetative and reproductive

structures, particularly fruit size, and a decrease in the biomass of

resource‐acquiring structures (Li, Werger, de Kroon, During, & Zhong,

2000). The spatial codependence between fruit size and phosphorous

at the largest extent is likely to be related to the well‐known impact

of intensive agriculture on water quality at regional spatial extents

(Declerck et al., 2006). Similarly, the relationships between macro-

phyte growth forms and pond depth in shallow lakes and ponds has

already been discussed elsewhere (e.g. Scheffer, 1998), suggesting

that this effect is largely due to the attenuation of light at increasing

depths which is unfavourable for macrophytes with submerged

leaves. Conversely, the potential for phenotypic plasticity in morpho-

logical traits (e.g. elongation of stems and increased above‐ground
biomass) may facilitate the survival of emergent vegetation in deeper,

turbid ponds (Coops, van den Brink, & van der Velde, 1996).

4.4 | Implications for further studies

Recent recognition of the limitations affecting the traditional approach

to assessing community assembly processes called for the develop-

ment of more sophisticated methods. Specifically, an analysis of real

and simulated community data by Clappe et al. (2018) highlighted the

risk of obtaining inflated estimates of species sorting effects from

application of the classic variation partitioning framework. They pro-

posed a method whereby estimates of the shared contribution of envi-

ronmental and spatial effects are adjusted to account for spatial

autocorrelation. While this is clearly an advance over the standard

variation partitioning approach, we have chosen to apply a combina-

tion of methods that are less reliant on correlations between environ-

mental variables and the community matrix. Our approach instead

relies on well‐established ecological theory (Poff, 1997) that sees local

community structure as the result of trait‐based filtering of species (i.e.

MAM) at different spatial scales (i.e. mMCA). A particular advantage of

our approach for future studies in metacommunity ecology is that it

simultaneously provides estimates of the relative contributions of spa-

tial and niche‐based processes while explicitly identifying the traits,

environmental variables and spatial scales involved. Such a mechanis-

tic approach may help in elucidating patterns of community assembly

that would otherwise be missed, or even misrepresented, under the

standard variation partitioning framework.

5 | CONCLUSIONS

Our results suggest that dispersal limitation acted in concert with spe-

cies sorting to influence the community assembly processes underly-

ing observed macrophyte biodiversity patterns. The novel combination

of recently developed statistical models, MAM and mMCA, revealed

that species’ traits were involved in determining abundance structure

via two major trait–environment relationships (fruit size‐nutrient status
and growth form‐mean pond depth) that operated over relatively large

spatial extents (250–300 km). These results emphasize the need to go

beyond the traditional taxonomic‐based analyses of community com-

position and the predominant thinking of considering spatial and envi-

ronmental processes as two alternative and mutually exclusive

scenarios of community assembly. Accordingly, the combination of

data on species′ traits and community structure underlies the most

promising predictive framework to embrace the full scope of meta-

community theory. Our results support calls for conservation and envi-

ronmental management to assess community assembly patterns and

processes operating at multiple scales across the landscape.
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Biotic interactions are fundamental drivers governing biodiversity locally, yet their 
effects on geographical variation in community composition (i.e. incidence-based) 
and community structure (i.e. abundance-based) at regional scales remain contro-
versial. Ecologists have only recently started to integrate different types of biotic 
interactions into community assembly in a spatial context, a theme that merits 
further empirical quantification. Here, we applied partial correlation networks to 
infer the strength of spatial dependencies between pairs of organismal groups and 
mapped the imprints of biotic interactions on the assembly of pond metacommu-
nities. To do this, we used a comprehensive empirical dataset from Mediterranean 
landscapes and adopted the perspective that community assembly is best repre-
sented as a network of interacting organismal groups. Our results revealed that the 
co-variation among the beta diversities of multiple organismal groups is primarily 
driven by biotic interactions and, to a lesser extent, by the abiotic environment. 
These results suggest that ignoring biotic interactions may undermine our under-
standing of assembly mechanisms in spatially extensive areas and decrease the 
accuracy and performance of predictive models. We further found strong spatial 
dependencies in our analyses which can be interpreted as functional relationships 
among several pairs of organismal groups (e.g. macrophytes–macroinvertebrates, 
fish–zooplankton). Perhaps more importantly, our results support the notion that 
biotic interactions make crucial contributions to the species sorting paradigm of 
metacommunity theory and raise the question of whether these biologically-driven 
signals have been equally underappreciated in other aquatic and terrestrial ecosys-
tems. Although more research is still required to empirically capture the impor-
tance of biotic interactions across ecosystems and at different spatial resolutions 
and extents, our findings may allow decision makers to better foresee the main 
consequences of human-driven impacts on inland waters, particularly those associ-
ated with the addition or removal of key species.
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Introduction

A long-standing and overarching question in ecology is what 
governs the geographical variation of biodiversity on Earth 
(Logue et al. 2011). Interest in this topic grew in the 1970s 
when Diamond (1975) and Connor and Simberloff (1979) 
debated the assembly rules shaping the co-occurrence of cer-
tain species. Although modern ecology has largely moved 
away from these ideas (Gravel et al. 2019), scholars still widely 
embrace the central role of environmental determinism, 
biotic interactions, stochasticity and historical contingencies 
on community assembly (Heino et al. 2015). In particular, 
the study of beta diversity (i.e. spatial variation in commu-
nity composition and community structure, Anderson et al. 
2011) has become a foundational concept used to shed light 
on these assembly processes governing distributional patterns 
in the different realms of life (Chase and Myers 2011). As 
a consequence, recent decades have witnessed a remarkable 
increase in the number of studies examining beta diversity 
across multiple geographical and environmental gradients 
(see Mori et al. 2018 for a review). Central to this perspec-
tive is metacommunity theory (Logue et al. 2011), which has 
been a particularly useful framework for integrating the abi-
otic environment, biotic interactions and dispersal events as 
drivers of biological diversity across spatial scales (Heino et al. 
2015).

One major weakness of beta diversity and metacommu-
nity studies is that they often empirically ignore biotic inter-
actions (e.g. competition, predation and facilitation), despite 
extensive theoretical evidence that such interactions produce 
clear spatial dependencies among different organismal groups 
(Poisot et al. 2016a, Ohlmann et al. 2018, Silknetter et al. 
2020). Given this omission, it is perhaps not surprising that 
ecologists are still struggling to disentangle whether biotic 
interactions actually affect the geographical distributions of 
species (Wisz et al. 2013), resulting in fundamental gaps in 
our understanding of the assembly mechanisms structuring 
communities of interacting organismal groups (Gravel et al. 
2019), particularly for taxa other than terrestrial plants 
(Pringle et al. 2016). This gap is particularly conspicuous for 
lentic ecosystems, where ecologists have focused far more on 
the abiotic control of community assembly than on complex 
interaction networks among locations (see Heino et al. 2015 
for a comprehensive review), which is also reflected in cur-
rent bioassessment and management policies (Heino 2013a). 
Additionally, accumulating evidence seems to support the 
importance of species sorting signals along geographical and 
environmental gradients in lentic systems (Heino 2013b, 
Alahuhta et al. 2018), suggesting that the structure of local 
communities is primarily determined by differences in spe-
cies’ niches (Soininen 2014), and thus highlighting that the 
inclusion of biotic interactions may improve generalisation 
and statistical accuracy in predictive models of community 
assembly. This is because it is still unclear which part of the 
species sorting signal corresponds to species filtered by abiotic-
mediated versus biotic-mediated constraints (Leibold  et  al. 
2004). There is thus a need to expand ecological research into 

more realistic scenarios of community assembly by integrat-
ing a plethora of potential biotic interactions at the regional 
scale and under a range of environmental conditions among 
sites (Jabot and Bascompte 2012).

Recently, there has been a surge of interest in using network 
approaches to understand how biotic interactions among 
organismal groups drive the structure and distribution of bio-
logical communities (Zarnetske et al. 2017, Lee et al. 2019). 
However, such studies remain rare and have mostly been 
concerned with the distribution of multi-trophic interactions 
within locations (Holomuzki et al. 2010, Zhao et al. 2019), 
and less so with the geographical variation among locations 
in spatially extensive systems (but see Ohlmann et al. 2018, 
Gravel  et  al. 2019). Attempts to capture these interactions 
at the metacommunity level have often been restricted by 
both the difficulties in compiling comprehensive multi-
trophic inventories and the expertise of individual scholars 
(Lee et al. 2019). Given that recent empirical and theoreti-
cal studies emphasise the spatial component of biotic cou-
plings (Wisz et al. 2013), there is a need to bridge the gap 
between the beta diversity (i.e. metacommunity) perspective 
and the network approach. A relatively new probabilistic 
graphical model, the Graphical Lasso (Friedman et al. 2007, 
Mazumder and Hastie 2012), shows promise for addressing 
this challenge. For instance, this quantitative approach has 
also been used to model species interactions (Harris 2016) 
and can be applied to infer the strength of spatial dependen-
cies between pairs of organismal groups without any a priori 
assumption on the overall structure of the interaction net-
work (Ohlmann et al. 2018), thereby potentially expanding 
ecological research into more realistic scenarios of commu-
nity assembly.

Here, we applied a type of Markov networks (i.e. partial 
correlation networks inferred using the Graphical Lasso) to 
a comprehensive empirical dataset of multiple organismal 
groups (i.e. aquatic macrophytes, phytoplankton, zooplank-
ton, macroinvertebrates and fish, Table 1) and mapped the 
imprints of biotic interactions on the assembly of pond biotas. 
We used species occurrences and abundances to reflect varia-
tion in community composition and structure, respectively, 
and adopted the perspective that community assembly is best 
represented as a network of ecological interactions between 
pairs of organismal groups. Specifically, we hypothesised 
(H1) that the abiotic environment would be more impor-
tant than biotic interactions for variation in community 
composition (D’Amen et al. 2018), supporting Grinnellian 
ideas (Chase and Leibold 2003) that species occurrences are 
primarily explained in terms of the resistance of biotas to 
prevailing abiotic environmental conditions. On the other 
hand, we predicted (H2) that variation in community struc-
ture would be more strongly shaped by the effects of biotic 
interactions among organismal groups (Rael et al. 2018), fol-
lowing the classical Eltonian view for the spatial variation of 
species abundances (Chase and Leibold 2003). In this con-
text and given the structuring role of aquatic macrophytes 
and their potential to operate as foundation species and eco-
system engineers in ponds (Fernández-Aláez et al. 2018), we 
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expected (H3) that most animal communities would be bot-
tom–up regulated by plant communities. However, we also 
predicted (H4) that predation pressure by top predators, such 
as fish and dragonfly larvae, would affect variation in commu-
nity structure via cascading effects on non-predatory macro-
invertebrates, zooplankton and microalgae (Carpenter et al. 
2001, Jeppesen et al. 2003). Overall, we sought to determine 
if this novel approach could yield new insights into commu-
nity assembly processes and provide deeper understanding 
of the degree to which biotic interactions affect the regional 
variation of metacommunities.

Material and methods

Study area and field data collection

The study area, dataset characteristics and field data collection 
have been described previously (Trigal  et  al. 2014, García-
Girón et al. 2019a), and we thus only highlight the specific 
geographical and ecological details in the main text. The 
study region is located within a heterogeneous area of approx-
imately 50 000 km2 in north-western Spain (Supplementary 
material Appendix 1) and has a Continental-Mediterranean 
climate with strong seasonal variations in temperature and 
precipitation (see García-Girón et al. 2019a for details). Pond 
types vary from small (area < 0.5 ha) agricultural waterbod-
ies with high nutrient concentration and mineralisation to 
relatively big (area > 10 ha) forest-bordered ponds with low 
conductivity and nutrient content. Although the majority of 
sites displayed considerable variability in environmental con-
ditions (Supplementary material Appendix 1), all the ponds 
we studied were shallow (mean depth < 2 m), experienced a 

strong reduction in water volume during the summer and suf-
fered from various anthropogenic pressures, including water 
abstraction, nutrient enrichment and alien invasive species.

Between June and July of either 2004 or 2005, we sampled 
physico-chemical parameters and pond organismal groups 
(i.e. macrophytes, phytoplankton, zooplankton, macroinver-
tebrates and fish) in a total of 25 ponds (see Supplementary 
material Appendix 1–2 for further details). Physico-chemical 
parameters included mean depth (cm), Secchi depth (cm), 
pH, oxygen (mg l−1), conductivity (µS cm−1), turbidity 
(FTU), total nitrogen (mg l−1), nitrate (mg l−1), ammonium 
(µg l−1), total phosphorus (µg l−1), soluble reactive phospho-
rus (µg l−1), total suspended solids (mg l−1), volatile suspended 
solids (mg l−1), dissolved organic carbon (mg l−1) and chloro-
phyll ‘a’ (mg l−1). We also measured pond area (ha) and catch-
ment land cover (%) on images available at SIGPAC (Spanish 
Geographical Information System for Agricultural Parcels, 
< www.sigpac.jcyl.es/visor/ >). Climate variables, including 
mean annual temperature (°C), annual temperature range 
(°C) and annual precipitation (mm), were obtained from 
the WorldClim 2.0 (Fick and Hijmans 2017) for each study 
pond based on a 30-yr average (1 km2 resolution data).

Calculating environmental distances among sites

All environmental variables (except pH) were transformed 
to improve normality (logarithmically or logit transformed) 
and reduce skewness. The environmental distances among 
sites were then estimated with standardised Euclidean dis-
tances from the first two (composite and uncorrelated) axes 
of a principal component analysis (PCA) performed on all 
transformed environmental variables. Importantly, the first 
PCA axis (PCA1) was closely related with water chemistry  

Table 1. Organismal groups used in this study and some (most abundant) taxa included in each group.

Pond Biotas Organismal groups Taxa

Macrophytes1 Helophytes Phragmites australis (Cav.) Steud., Schoenoplectus lacustris (L.) Palla, Typha latifolia L.
Hydrophytes Ceratophyllum demersum L., Myriophyllum alterniflorum DC., Potamogeton trichoides 

Cham. & Schltdl. 
Phytoplankton2 Edible Chlamydomonas Ehrenberg, Chlorella Beijerinck, Cryptomonas Ehrenberg

Non-edible Anabaena Bornet & Flahault, Ankistrodesmus Corda, Leptolyngbya Anagnostidis & 
Komárek

Zooplankton3 Filter-feeding Bosmina longirostris Müller, Ceriodaphnia quadrangula Müller, Daphnia longispina 
Müller

Small raptorial Asplanchna sieboldii Sudzuki, Synchaeta Ehrenberg, Trichocerca Lamarck
Big raptorial Acanthocyclops Kiefer, Eucyclops Fischer, Thermocyclops Kiefer

Macroinvertebrates4,5 Detritivores Cloeon Leach, Helophorus Fabricius, Sphaeriidae Deshayes
Scrapers Acroloxus L., Gyraulus Charpentier, Physa Draparnaud
Predators Coenagrionidae Kirby, Hydrophilus Geoffroy, Naucoris Geoffroy

Fish5 Small Achondrostoma arcasii Steindachner, Gambusia holbrooki Girard, Squalius carolitertii 
Doadrio

Big Cyprinus carpio L., Luciobarbus bocagei Steindachner, Tinca tinca L. 

We separated plant species into dominant growth forms following 1Cirujano et al. (2014). Phytoplankton taxa were grouped based on 
their editability (including allelopathic potential and cell size) and ability to form colonies (2Rimet and Druart 2018). We grouped zoo-
plankton taxa according to their feeding mode and size (3Barnett et al. 2007). For simplicity, macroinvertebrate taxa were separated into 
three functional feeding categories following 4Tachet et al. (2002) and 5Schmidt-Kloiber and Hering (2015). Larvae and adults were 
considered separately when assigning functional feeding groups. We grouped fish species into two groups (i.e. small fish < 10 cm and 
big fish > 10 cm) according to their adult size class (5Schmidt-Kloiber and Hering 2015). See Supplementary material Appendix 2 for 
more details.
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(i.e. high positive loadings for nutrient content and chlo-
rophyll ‘a’ and high negative loadings for Secchi depth and 
conductivity), whereas the second PCA axis (PCA2) roughly 
represented the catchment land cover (i.e. high positive load-
ings for cropland and high negative loadings for woodland, 
see Supplementary material Appendix 3 for more details). 
The above-mentioned environmental variables overshadowed 
climate gradients in the first two PCA axes.

Measuring beta diversities of predefined organismal 
groups

We calculated pairwise beta diversities (i.e. variation in 
community composition and community structure) for 
each predefined organismal group following Baselga (2010, 
2013). To do this, we used the Sørensen (incidence-based) 
and Bray–Curtis (which is an abundance-based extension 
of the Sørensen index, Legendre and Legendre 2012) dis-
similarity indices as incorporated in the R package betapart 
(Baselga et al. 2018).

Accounting for spatial structures in the covariation 
of major organismal groups

We ran Mantel correlograms using the R package vegan 
(Oksanen et al. 2019) to examine spatial structures in detail, 
i.e. to test if pairwise beta diversities are spatially autocor-
related within each distance class. The distance classes were 
determined by Sturge’s rule (Legendre and Legendre 2012) 
and p-values were based on 199 permutations with Holm 
correction for multiple testing (Holm 1979).

Using the Graphical Lasso to unravel the joint 
spatial variation of metacommunities

To represent a network that parsimoniously reflected the 
partial correlations between variation in community com-
position and community structure of multiple organismal 
groups, we applied the script of Ohlmann et al. (2018). In 
brief, Ohlmann et al. (2018) proposed a framework for infer-
ring and plotting the strength of conditional (spatial) depen-
dencies between pairs of organismal groups using a blockwise 
coordinate descent procedure for the Lasso (least absolute 
shrinkage and selection operator) regularisation approach 
(Tibshirani 1996), the Graphical Lasso (Friedman  et  al. 
2007, Mazumder and Hastie 2012). While the Lasso method 
was originally developed to produce a suitable descrip-
tion of a parsimonious set of variables (Tibshirani 1996), 
the Graphical Lasso approach takes the advantage of the 
properties of Gaussian graphical models to efficiently infer 
a sparse network, allowing the representation of the condi-
tional dependencies among multiple random variables in 
this network (here, the beta diversity patterns of multiple 
organismal groups and the environmental distances, but see 
Friedman et al. 2007). In other words, this method builds 
on observed beta diversity patterns to disentangle potential 
biotic and/or environmental effects on the spatial variation of 

metacommunities (see Fig. 1 for an illustrative example). To 
do this, the Graphical Lasso computes an empirical variance–
covariance matrix S and estimates a partial correlation matrix 
that quantifies the degree of relationship between pairs of 
variables conditional to the other variables (here, a n × n beta 
diversity or environmental distance matrix, n being the num-
ber of ponds). The variance–covariance matrix S is inverted 
to compute the precision matrix P (P = S−1). Importantly, 
the Graphical Lasso uses a penalty term in the likelihood 
(modulated by the λ coefficient) to ensure the sparsity of the 
precision matrix P (refer to Friedman et al. 2007 for com-
putational and mathematical details). Following Foygel and 
Drton (2010), we used the extended Bayesian information 
criteria (BICϒ) to select an optimal λ coefficient. The par-
tial correlation matrix was subsequently calculated from the 
precision matrix P following Eq. 1 in the R package qgraph 
(Epskamp et al. 2019):

cor x x x
p

p pi j I i j
i j

i i j j
, \ ,

,

, ,
( ) = -   

where cor(xi,xj|xI\i,j) is the partial correlation between the 
components i and j of a random variable X given all the other 
components, and pi,j, pi,i and pj,j are the elements of the preci-
sion matrix P, i.e. the partial correlations between the beta 
diversity of the predefined organismal groups and the stan-
dardised environmental (Euclidean) distances.

Following Ohlmann et al. (2018), we expected marginal 
correlations (i.e. Pearson correlations) to be less informative 
than partial correlations, not least because marginal corre-
lations usually show confounding effects and spurious val-
ues. As the precision matrix P was inverted with a penalty 
modulated by the λ coefficient to ensure sparsity, the partial 
correlation matrix cor(xi,xj|xI\i,j) was also sparse, allowing the 
representation of the relationships between the beta diver-
sity of each species group and environmental distances in a 
Markov network (see Friedman et al. 2007, Mazumder and 
Hastie 2012 for details).

We represented conditional dependencies between pairs of 
organismal groups using partial correlation networks and cal-
culated the unweighted and weighted degrees of each node (i.e. 
the predefined organismal groups and environmental distances) 
in each network (here, one network for variation in commu-
nity composition and one network for variation in community 
structure). The unweighted degree of a node in a particular 
network represents its number of direct networks, whereas the 
weighted degree is the total sum of partial correlations between 
a given node and the other nodes that are directly connected 
to this group (Murphy 2012). Hence, the higher the sum of 
the weighted degree, the greater the interdependencies with the 
beta diversity of other organismal groups, i.e. the more con-
nected a species group (or an environmental distance) is, the 
more influence it has on variation in community composition 
and community structure of other groups. Conversely, if beta 
diversities of two organismal groups are conditionally indepen-
dent (i.e. has a partial correlation coefficient equals to zero), 
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they cannot affect each other (Murphy 2012). Note, however, 
that the Graphical Lasso does not directly infer the interaction 
network at the species level, and the conditional dependencies 
at the group level inferred here do not necessarily imply causal-
ity (Ohlmann et al. 2018).

Since the Graphical Lasso is expected to be sensitive to 
the effect of a missing predictor (Mazumder and Hastie 
2012), we tested to what extent the addition of a new 
(initially missing) environmental component affected the 
structure of the empirical partial correlation networks (here, 
based on variation in community composition and com-
munity structure). To do this, we re-ran the analyses using 
the 14 previously selected nodes (12 organismal groups 
and 2 environmental distances) and added one more envi-
ronmental distance built from the third axis of the prin-
cipal component analysis (PCA3, Supplementary material 
Appendix 3). We compared the networks inferred with two 
and three environmental distances by means of Poisot’s 

network dissimilarity (Poisot et al. 2012) with the betalink 
package (Poisot  et  al. 2016b). In brief, we computed the 
dissimilarities between the networks (βWN) as the Sørensen 
index on the set of edges of the two considered networks. 
Under this framework, two networks would be completely 
different if and only if they do not share any edges (βWN = 1). 
By contrast, two networks would be identical if and only if 
they share the same set of nodes and edges (βWN = 0). Since 
the two networks did not share the same number of nodes, 
we also computed the dissimilarity of edges arising from 
edges’ turnover in the shared parts of the two networks (βOS, 
see Poisot et al. 2012 for further details on the additive par-
tition of βWN). Finally, we examined the uncertainty of the 
empirical partial correlation networks based on a random 
resampling of the sites and compared the matches between 
the weighted degrees of the empirical and simulated net-
works using paired samples t-tests (Ross and Willson 2017, 
see Supplementary material Appendix 4 for details).

Figure 1. Schematic flow chart of the statistical routines used to unravel the joint spatial variation of metacommunities. In this example, we 
built a set of data by constructing a regional trophic web and one environmental (Euclidean) distance, i.e. water chemistry (a). The regional 
trophic web was assumed to have three different organismal groups (i.e. aquatic hydrophytes, filter-feeding zooplankton and predatory 
macroinvertebrates) and follow the first two hypotheses of the main text. We calculated pairwise beta diversities (here, a n × n beta diversity 
or environmental distance matrix, n being the number of ponds, pi) for each predefined organismal group using the Sørensen (i.e. variation 
in community composition) and Bray–Curtis (i.e. variation in community structure) dissimilarity coefficients (b). Then, we computed the 
variance–covariance and precision matrices and estimated partial correlations (c) that quantify the degree of relationship between pairs of 
variables conditional to the other variables. Finally, we represented conditional dependencies using partial correlation networks (d) and 
calculated the weighted degrees (e). Partial correlation networks and weighted degrees show that water chemistry had strong impacts on the 
community composition of the organismal groups, whereas aquatic hydrophytes were the most influential organismal group conditioning 
community structure. Circles’ sizes (c) are proportional to the strength of spatial dependencies between pairs of organismal groups and the 
environmental distance. Linkage strength (d) is proportional to partial correlation coefficients as represented in the heatmap chart (c). Null 
partial correlation coefficients are coloured in grey and partial correlations above the median value of the non-null partial correlation coef-
ficients are coloured in blue. Silhouettes follow Fig. 2.
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Results

Synthesising the structure of the empirical networks

Nearly all non-null partial correlations estimated between 
beta diversities (i.e. variation in community composition and 
community structure) of each predefined organismal group 
and environmental distances were positive (Supplementary 
material Appendix 5). The estimated partial correlation net-
work for variation in community composition (Fig. 2a) had 
a connectance of 0.13 and was composed of 12 undirected 
edges (i.e. partial correlation coefficients > 0) out of 91 possi-
ble edges and 14 nodes (12 organismal groups and 2 environ-
mental distances). The overall network structure for variation 
in community structure (Fig. 2b) had the same number of 
nodes (14 nodes), was defined by 11 undirected edges (out of 
91 possible edges) and had a connectance of 0.12. The maxi-
mum values of the non-null partial correlation coefficients 
for both community composition and community structure 
networks were 0.38 and 0.45, whereas the mean values were 
0.16 and 0.18, respectively.

Community assembly is primarily driven by biotic 
interactions

Filter-feeding zooplankton (unweighted degree = 4, weighted 
degree = 0.64) and big fish (unweighted degree = 3, weighted 
degree = 0.64) were the most influential organismal groups 
structuring the community composition of other groups (i.e. 
highest weighted degree values, Fig. 3a). Water chemistry (first 
PCA axis, unweighted degree = 2, weighted degree = 0.49) 
and aquatic hydrophytes (unweighted degree = 4, weighted 
degree = 0.45) also had strong effects on the community com-
position of the remaining organismal groups, as did preda-
tory macroinvertebrates (unweighted degree = 3, weighted 
degree = 0.41) and small fish (unweighted degree = 1, weighted 
degree = 0.38). Specifically, variation in the community com-
position of aquatic hydrophytes led to a change in predatory 
macroinvertebrate communities, whereas the beta diversity 
of fish was strongly correlated with that of filter-feeding 
zooplankton. Predatory macroinvertebrates were further 
associated with compositional variation of detritivorous mac-
roinvertebrates, and the two fish groups were also correlated. 

Figure 2. Undirected partial correlation networks inferred using the Graphical Lasso between variation in community composition (a) and 
community structure (b) of the organismal groups and environmental distances. Each node represents the beta diversity of a species group 
or an environmental distance. Colours indicate partial correlation coefficients as represented in Fig. 1 and Supplementary material Appendix 
5. Linkage strength is proportional to the value of the partial correlation coefficient.
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Conversely, water chemistry variation only affected aquatic 
hydrophytes and filter-feeding zooplankton (Fig. 2a).

Predatory macroinvertebrates (unweighted degree = 3, 
weighted degree = 0.6) and helophytes (unweighted 
degree = 3, weighted degree = 0.48) were the most relevant 
organismal groups conditioning community structure in 
the study ponds (Fig. 3b). Scraping macroinvertebrates 
(unweighted degree = 1, weighted degree = 0.45) and 
detritivorous macroinvertebrates (unweighted degree = 1, 
weighted degree = 0.45), as well as filter-feeding zooplankton 
(unweighted degree = 4, weighted degree = 0.38) and hydro-
phytes (unweighted degree = 2, weighted degree = 0.33), 
were also likely to structure the beta diversity of the remain-
ing organismal groups. Conversely, environmental dis-
tances had a small impact on variation in the community 
structure of the organismal groups (unweighted degree of 
1 for both water chemistry – PCA1 and land use – PCA2, 
whereas the mean unweighted degree of the partial correla-
tion network was 1.6; weighted degrees of 0.18 and 0.19 
for the first and second PCA axes, respectively, whereas the 
mean value was 0.26). Importantly, we found strong direct 
associations between vegetation structure and abundance 
variations of both predatory macroinvertebrates and filter-
feeding zooplankton. Similarly, the beta diversity of scrap-
ing macroinvertebrates was strongly related to variation in 
the community structure of detritivorous macroinverte-
brates, whereas the correlation between the two fish groups 
remained significant. On the other hand, the abiotic envi-
ronment was important for the community structure of fil-
ter-feeding zooplankton and big fish communities (Fig. 2b).

The probability of observing a non-null partial correla-
tion between both community composition and community 
structure and the environmental features was 0.08, whereas 
the probabilities of observing a link between the beta diver-
sity of any two organismal groups were 0.15 and 0.14, respec-
tively. Since the variables associated with disconnected nodes 
were conditionally independent, these results re-emphasise 
the weaker influence of the abiotic environment on meta-
community organisation.

Adding a new (initially missing) environmental distance 
(PCA3) did not change the edges between different organis-
mal groups (Supplementary material Appendix 6). The partial 
correlation networks built using two or three environmental 
variables had βWN values between 0.04 (for community com-
position, βWN = 0.17 if only the edges which the weights are 
above the median value of partial correlation coefficients are 
considered) and 0.05 (for community structure, βWN = 0.4 if 
only the edges which the weights are above the median value 
of partial correlation coefficients are considered), whereas the 
dissimilarity arising from edges’ turnover in the shared parts 
of the two networks (βOS) equalled to 0 for both community 
composition and community structure (βOS = 0.09 if only the 
edges which the weights are above the median value of partial 
correlation coefficients are considered). This means that the 
overall dissimilarity in both networks was essentially due to 
the edges between the node representing the Euclidean dis-
tance matrix from the third environmental PCA axis. Perhaps 
more importantly, neither randomly resampling the sites 
(Supplementary material Appendix 4), nor adding new envi-
ronmental distances to the statistical routine (Supplementary 

Figure 3. Properties of the inferred networks for variation in community composition (a) and community structure (b) of the organismal 
groups. The unweighted degree is the number of neighbours of nodes in a plot (here, the undirected correlation networks in Fig. 2).  
It measures the number of variables that are conditionally dependent on the variable associated with this node. The weighted degree is the 
total sum of partial correlations between a given node and the other nodes that are directly connected to this group. Dashed lines represent 
the mean values of unweighted and weighted degrees.
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material Appendix 6), compromised our core finding that 
biotic interactions had a greater influence than the abiotic 
environment on metacommunity organisation in our study 
ponds. Finally, we detected only weak, yet sometimes signifi-
cant spatial autocorrelation in the variation of community 
composition and community structure of major organismal 
groups (Supplementary material Appendix 7).

Discussion

Ecologists have only recently started to integrate differ-
ent types of biotic interactions within the metacommunity 
framework (Borthagaray et al. 2014, Ohlmann et al. 2018), a 
theme that urgently deserves further empirical attention and 
quantification. Network and multiscale approaches are help-
ing us to fill this gap of knowledge by determining the spatial 
scale at which biotic interactions are important (e.g. local ver-
sus regional), and whether such interactions structure meta-
communities (Poisot et al. 2016a). Here, we continued on 
this path and applied the Graphical Lasso for dissecting the 
joint spatial structure of multiple organismal groups and the 
abiotic environment in metacommunity organisation. To the 
best of our knowledge, the present study represents the first 
analysis of a multi-trophic dataset in pond ecosystems from 
both network and metacommunity perspectives. Our results 
indicated that pairwise environmental distances display low 
correlations with variation in both community composition 
and community structure (as measured with the few non-zero 
partial correlations). This finding refuted our first hypoth-
esis (H1) that species occurrences are primarily explained in 
terms of the resistance of biotas to prevailing abiotic environ-
mental conditions and, at the same time, confirmed our sec-
ond expectation (H2) that variation in community structure 
follows the classical Eltonian view for the spatial variation of 
species abundances. Similarly, our results revealed that varia-
tion in the composition and structure of aquatic macrophyte 
communities led to a change in both zooplankton and mac-
roinvertebrate communities, partially supporting our third 
hypothesis (H3) that most animal groups would be bot-
tom–up regulated by macrophytes. Unexpectedly (H4), we 
found little evidence for cascading effects on phytoplankton. 
Perhaps most importantly, our integrative framework sup-
ported the notion that biotic constraints make crucial contri-
butions to metacommunity organisation in ponds.

Moving beyond the abiotic environment in the 
species sorting paradigm

Although past studies have provided a comprehensive over-
view of the abiotic factors driving metacommunity structure 
in lentic ecosystems (see Heino et al. 2015 for a synthesis), 
these have failed to empirically test potential biotic interac-
tions, thereby entirely missing a critical aspect of community 
assembly. Ideally, both the abiotic environment and biotic 
interactions should have been included in a single study, but 
their ability to assess which part of the niche-based signal 

corresponds to species sorting by environmental versus biotic 
constraints was limited by the statistical methods available at 
that time. This apparent omission partly reflects the limita-
tions of the variation partitioning models that have hitherto 
been applied in modern ecology (Borcard et al. 1992), as the 
fraction characterising the individual contribution of biotic 
interactions is typically missing from this analytical approach 
(Soininen 2014).

Alternatively, the Graphical Lasso has been designed to 
address these limitations. We showed here how it accounts for 
conditional dependencies among multiple organismal groups 
and their responses to environmental variation in pond bio-
tas, emphasising the need to go beyond the traditional view 
of understanding the abiotic environment as the main force 
of the species sorting paradigm of metacommunity theory. 
Importantly, our results are broadly in line with several recent 
studies encompassing a variety of organisms in aquatic eco-
systems. For example, Zhao et al. (2019) found that biotic 
attributes (potentially reflecting biotic interactions) were piv-
otal in driving the local diversity of other aquatic organisms 
along a depth gradient in a Chinese lake, whereas Law et al. 
(2019) suggested that macrophyte richness was an effective 
surrogate for molluscan, beetle and dragonfly richness in 
British lentic ecosystems. However, these studies only used 
biotic predictors as surrogates for local biotic constraints and 
did not explicitly incorporate network interactions in a spa-
tial context in their analyses. More recently, Pecuchet et al. 
(2020) also highlighted the importance of integrating func-
tional community dynamics across multiple trophic levels 
in marine ecosystems. Today, no general consensus has been 
reached on whether the species sorting signal in metacom-
munities primarily corresponds to environmental filtering 
or biotic interactions (Borthagaray et al. 2014). Our results 
seem to support the central role of biotic constraints for the 
species sorting paradigm and raise the question of whether 
species interactions have been equally underappreciated in 
classical community-based assessments of aquatic and terres-
trial ecosystems. We therefore strongly believe that ignoring 
biotic interactions, even if they cannot be explicitly exam-
ined using conventional statistical tools, may compromise 
our understanding on the niche-based control of metacom-
munities and decrease the accuracy and performance of pre-
dictive models. New investigations including both network 
and metacommunity analyses will be required to empirically 
capture these interactions across ecosystems and at different 
spatial resolutions and extents.

The Graphical Lasso is expected to be sensitive to the 
effect of a missing predictor since the structure of the net-
work may be affected by the addition of a new environmental 
variable (Ohlmann et al. 2018). Our results showed that the 
addition of an initially missing environmental predictor had 
a minor effect on network structure, thereby guaranteeing 
the robustness of the analyses. Other missing environmental 
variables cannot be fully ignored, and we acknowledge that 
some missing factors might explain the lower than expected 
predictive power of environmental distances (e.g. seasonal 
phenology and drought, Chase 2007, Fernández-Aláez et al. 
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2020). However, we consider missing environmental vari-
ables a minor problem, as we surveyed a large set of water 
chemistry, land use and climate predictors previously found 
to be important correlates of freshwater assemblages in gen-
eral (Heino et al. 2015, Lindholm et al. 2020). By contrast, 
our findings (Supplementary material Appendix 7) suggest 
that covariation among pairs of some organismal groups (e.g. 
macrophytes, filter-feeding zooplankton, predatory macro-
invertebrates) was somehow influenced by the spatial auto-
correlation in community data. Since spatial patterns in the 
distribution of species may be related to dispersal influences 
(Dray et al. 2012), it is hence possible that the source of any 
pure spatial structure detected here may stem from the effects 
of dispersal on pond metacommunities, as has been suggested 
by recent studies in Mediterranean environments (García-
Girón et al. 2019a, b).

Unravelling the empirical biotic controls of pond 
metacommunities

The number of interactions among organismal groups, 
measured as network connectance, was similar to the only 
comparable information from lakes and streams in the 
Iberian Plateau (Sánchez-Hernández et al. 2015), but some-
what higher than that for alpine lakes in America (Harper-
Smith et al. 2005), highlighting that the network structure of 
high-mountain lakes may be relatively simple in comparison 
with shallow, lowland ponds. Perhaps more importantly, we 
found strong spatial dependencies in our statistical models 
which can be interpreted as functional relationships among 
several pairs of organismal groups.

The Graphical Lasso detected that variation in the com-
position and structure of macrophyte communities resulted 
in a change in both filter-feeding zooplankton and predatory 
macroinvertebrate assemblages. These links most likely reflect 
the strong direct associations between these invertebrate 
groups and plant architecture, since submerged hydrophytes 
provide a refugee from predators and a variety of food sources 
and habitats (Lacoul and Freedman 2006, Heino 2008). 
Indeed, beetles can benefit from habitat heterogeneity for 
egg-laying and through increased prey availability (Law et al. 
2019), whereas dragonfly larvae use hydrophytes for forag-
ing and shelter (Goertzen and Suhling 2013). Moreover, the 
relationships we uncovered between helophytes and preda-
tory macroinvertebrates may be attributed to the fact that 
adult odonates use helophyte leaves for emergence, perching 
and egg-laying (Le Gall et al. 2018). We also highlighted that 
the beta diversity of fish was strongly correlated with that 
of filter-feeding zooplankton, showing that fish predation 
may play an important role in structuring daphniid assem-
blages. This observation is consistent with a large body of 
literature emphasising the impact of predation in aquatic 
ecosystems (Carpenter et al. 2001) but, in contrast to tem-
perate and boreal lakes (Jeppesen et al. 2003), these trophic 
effects did not cascade down to phytoplankton (Fig. 2). This 
lack of a cascading effect on phytoplankton may be partly 
explained by the fact that small rotifers and nauplii, which 

feed on small bacteria, ciliates and flagellates, dominated the 
regional zooplankton metacommunity (Trigal  et  al. 2014). 
Interestingly, we also found evidence for relationships among 
water chemistry, filter-feeding zooplankton and submerged 
hydrophytes, which reflects the well-known environmental 
filtering processes structuring lentic metacommunities in 
these landscapes (García-Girón et al. 2018, 2019a). Finally, 
our analyses also showed strong partial correlations between 
the beta diversities of different groups of fishes (i.e. small 
fish with big fish) and macroinvertebrates (i.e. detritivores 
with scrapers), suggesting that these organismal groups may 
experience competition and/or predation. For fishes, this 
link might be explained by a combination of competition 
between size or age classes and asymmetric intraguild preda-
tion (Steinmetz et al. 2008), whereas the strong direct associ-
ation between scraping and detritivorous macroinvertebrates 
could be attributed to spatially strong exploitative effects usu-
ally contributed by body size and location ‘ownership’ status 
(Holomuzki et al. 2010).

This study is highly unique because the assessment of the 
geographical variation of biotic interactions and their influ-
ence on community assembly is almost entirely neglected in 
freshwater ecosystems. Importantly, our results emphasise 
the importance of the spatial dependencies between pairs of 
organismal groups and highlight some important functional 
associations (e.g. macrophytes–macroinvertebrates, fish–
zooplankton) for the assembly of pond metacommunities. 
Further, our findings empirically illustrate the information 
gained from incorporating network models in metacom-
munity analyses, suggesting that integrating explicit biotic 
interactions and abiotic factors is necessary to accurately 
understand metacommunity organisation at the regional 
scale. We therefore anticipate more research to consolidate 
knowledge on the relationships of several organismal groups 
(e.g. feeding guilds) across communities and their associ-
ated feedbacks in different ecosystems where comprehensive 
biodiversity assessments are becoming available. This will 
be especially important to foresee the main consequences of 
human-driven impacts on natural ecosystems, and particu-
larly those associated to the addition or removal of key spe-
cies (Poisot et al. 2012). In combination, these studies should 
be able to quantify the couplings between biotic and abiotic 
drivers in landscapes where ecological knowledge is still lim-
ited, improve possibilities for generalisation and statistical 
accuracy, and integrate biologically-driven factors for decision 
making in environmental management and conservation.
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A B S T R A C T

Ecological metrics constitute one of the mainstream tools in modern ecology to assess varying information about
processes and patterns of regional biodiversity. However, the performance of different metrics on Mediterranean
pond macrophyte assemblages is still largely unknown, thus hampering the selection of suitable indices for
biomonitoring purposes. In an attempt to fill this gap of knowledge, we compared the response of six ecological
metrics (i.e. species richness, Shannon diversity, beta diversity, functional diversity, and average and variation in
taxonomic distinctness) to determine which ones are redundant and constructed Generalized Additive Models
(GAM) to assess their utility for macrophyte biodiversity evaluation. The study was performed at assemblage
level in a vast area of approximately 94,000 km2 in northwestern Spain. Several environmental filters related to
habitat conditions revealed themselves to have considerable impact on biodiversity measures. Physical factors
exhibited the highest drop in deviance values for species richness, Shannon diversity and functional diversity,
whereas beta diversity and taxonomic distinctness metrics were more sensitive to water chemistry changes. Our
results, based on correlations among indices and partial response curves to primary environmental drivers,
showed complementarity in at least three different biodiversity measures (i.e. functional diversity, beta diversity
and taxonomic distinctness). Ultimately, the use of a combination of these three metrics should provide a
complete picture of macrophyte biodiversity patterns and their response to major environmental forces, in-
cluding the variation in the identities of species among communities and the functional and phylogenetic status
of species. These findings underline the importance of considering different biodiversity measures for con-
servation planning at regional scale and should assist in the selection of suitable indices for future pond man-
agement initiatives in Mediterranean landscapes.

1. Introduction

Inland waters harbour more biological diversity than terrestrial
ecosystems when compared by surface area (Dudgeon et al., 2006).
Specifically, pond ecosystems constitute high biodiversity islands and
hot-spots, providing spatio-temporal variability as a result of their
abundance and their site-to-site heterogeneity (Davies et al., 2009;
Oertli et al., 2009; Van den Broeck et al., 2015). However, these aquatic
environments and their biodiversity remain poorly understood and are
threatened by multiple human pressures in the form of pollution, ha-
bitat fragmentation, land drainage, urban development and intensive
cultivation (e.g. Scheffer et al., 2006; Moraes et al., 2014). As a con-
sequence, Mediterranean ponds undergo a critical situation that
threatens their species and habitat diversity (Downing, 2010). There-
fore, evaluation of the different approaches to measure their biodi-
versity is a crucial task in order to develop ecological indicators able to

assess and monitor varying information about patterns and processes of
wetland communities (Abellán et al., 2006; Alahuhta et al., 2017). Such
an approach may be particularly useful in the current protection and
management policy of the European Union (i.e. Water Framework
Directive 2000/60/ECC, 2000), which concerns the identification and
implementation of suitable indices able to condense composite biolo-
gical information into single measures when assessing the ecological
quality and biodiversity of inland and coastal waters.

Various metrics are available to easily and cost-effectively quantify
different aspects of biodiversity patterns (e.g. Gallardo et al., 2011;
Stenger-Kovács et al., 2016). Despite being the simplest and the most
commonly used measures of biological diversity across large geo-
graphical gradients and among local ecosystems, species richness and
taxonomic diversity (e.g. Shannon diversity) only capture some aspects
of community structure (i.e. species number and evenness; Heino et al.,
2005). Since these traditional metrics do have well-known weaknesses
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when assessing biodiversity (i.e. they are highly determined by sample
size, sampling effort and habitat type; Warwick and Clarke, 1998), al-
ternative indices have been increasingly developed to go beyond spe-
cies number and abundance, and to account for the phylogenetic and
functional differences among species (e.g. Warwick and Clarke, 1998;
Mason and de Bello, 2013). Consequently, alternative ecological in-
dicators, such as beta diversity, functional diversity and taxonomic
relatedness have gained attention in recent years when assessing bio-
diversity patterns in freshwater ecosystems (e.g. Gallardo et al. 2011;
Heino et al., 2015; Vilmi et al., 2016; Alahuhta et al., 2017).

Species richness and Shannon diversity are mainly focused on local
diversity monitoring. However, to assess biodiversity patterns across
space, ecologists need to understand the spatial organization of biota
and the relationships between local assemblages and the regional spe-
cies pool (Socolar et al., 2016). Central to this is beta diversity, a
concept that was first introduced by Whittaker (1960) as the variation
in the identities of species among communities, providing a direct link
between locally collected data and regional biodiversity (Anderson
et al., 2011). Consequently, studying beta diversity indices may also
help ecologists connect the scale-dependent differences in biodiversity
patterns to ecological processes such as dispersal limitation and species
sorting (Ricotta, 2016).

Functional diversity refers to the number and dominance of life-
history strategies present in a community (Mason and de Bello, 2013).
Accordingly, functional diversity is an ecological indicator of the me-
chanisms driving the distribution of functional units between assem-
blages (Villéger et al., 2008), providing the link between life-history
traits and habitat conditions (Mason and de Bello, 2013). There is a
suite of multidimensional-distributed indices to quantify functional
diversity, including functional richness, functional divergence, func-
tional evenness and quadratic entropy, although the first three metrics
are known to provide redundant information for biodiversity evaluation
(Mouchet et al., 2010).

Warwick and Clarke (1998) devised the concept of taxonomic dis-
tinctness, a measure that incorporates the important role that varia-
bility in the taxonomic relatedness among species may play in biolo-
gical communities. Hence, taxonomic distinctness can be used as a
proxy of phylogenetic diversity when robust phylogeny comprising all
study lineages is unavailable (e.g. Bevilacqua et al., 2011; Gallardo
et al., 2011; Alahuhta et al., 2017). Under this framework, an assem-
blage with distantly related species (e.g. different taxonomic classes)
must be regarded as more diverse than an assemblage of the same
number of more closely related species (e.g. different taxonomic
genera; Warwick and Clarke, 1998). The family of taxonomic distinct-
ness indices have been extensively studied in marine coastal and in-
tertidal environments (e.g. Bevilacqua et al., 2011; Xu et al., 2012),
finding that these metrics performed relatively well when assessing
human impacts on benthic and pelagic biodiversity. By contrast, their
applicability for freshwater assessment is still debated (e.g. Heino et al.,
2005; Gallardo et al., 2011; Vilmi et al., 2016). In this regard, the re-
lationships of taxonomic distinctness with natural environmental gra-
dients is not always straightforward since the performance of these
indices are likely to vary between different biological groups and geo-
graphic areas (e.g. Heino et al., 2007).

Overall, given that each metric may provide different information,
multiple indices should be examined simultaneously to compare their
complementary and redundancy when it comes to reflect the different
facets of regional biodiversity (e.g. Heino et al., 2005; Vilmi et al.,
2016). Thus, two biodiversity indices that respond differently to en-
vironmental gradients and are also uncorrelated may provide valuable
and complementary information for biomonitoring and conservation
planning (Gascón et al., 2009). By contrast, two indices may be re-
dundant if they are highly correlated to each other and respond to si-
milar environmental gradients (Heino et al., 2005).

Many recent studies assessed the robustness of species richness and
phylogenetic measures in inland waters (e.g. Heino et al., 2015; Vilmi

et al., 2016; Alahuhta et al., 2017). However, only a few studies to date
have explicitly and simultaneously compared the performance of mul-
tiple biodiversity indices in freshwater ecosystems (e.g. Gascón et al.,
2009; Gallardo et al., 2011). To the best of our knowledge, no academic
work has yet examined the robustness and complementarity of multiple
biodiversity indices, as well as their response to key environmental
factors, on Mediterranean pond macrophyte assemblages. This is not
surprising since knowledge of macrophyte biodiversity processes and
patterns in Mediterranean pond environments still needs to be im-
proved (Bagella et al., 2017). Consequently, a better understanding of
the performance of different types of metrics would help to strengthen
the science behind key management and conservation initiatives of
pond macrophytes.

In this study, we compared the performance and robustness of dif-
ferent biodiversity metrics (i.e. species richness, Shannon diversity,
beta diversity, functional diversity, and average and variation in taxo-
nomic distinctness) and constructed Generalized Additive Models
(GAM) to assess the response of each ecological indicator to key en-
vironmental factors. We attempt to determine whether these measures
are complementary or redundant for biodiversity evaluation. For this
purpose, we focused on an extensive data set of pond macrophyte as-
semblages from the northern part of the Iberian Plateau (Spain).
Overall, we hope our findings may provide useful insights for the de-
velopment of future biodiversity assessment and conservation in-
itiatives of aquatic flora in Mediterranean ponds.

2. Materials and methods

2.1. Study region and sampling procedure

We studied a total of 57 permanent ponds located in a lowland
(∼700–1000m above sea level) area of approximately 94,000 km2 in
northwestern Spain known as Castilla y León (40°N-43°N, 2°W-5°W;
Fig. 1). This region is characterized by a Mediterranean climate with a
wide seasonal variation in temperature and precipitation, since winters
are primarily cold and rainy (mean and variance of winter air tem-
perature and precipitation=3.2 ± 1.7 °C and 173 ± 61mm, respec-
tively) and summers are usually hot and dry (mean and variance of
summer air temperature and precipitation=18 ± 1.5 °C and
84.5 ± 42mm, respectively; 1976–2015, data provided by the Spanish
Met Agency; AEMET – http://www.aemet.es). All of the ponds are lo-
cated in an agricultural intensive landscape consisting mainly on cereal
crops, pastures, scattered scrubs, oak trees and pine plantations. Simi-
larly, the majority of ponds studied are fed mostly by groundwater and
rainfall (Junta de Castilla y León, 2001) and experience a strong re-
duction in water volume during the summer, although they do not dry
up completely (García-Girón et al., 2018a). Macrophyte communities
densely covered the bottom of the waterbodies and consisted mainly of
Eleocharis palustris (L.) Roem. & Schult., Schoenoplectus lacustris (L.)
Palla and Potamogeton trichoides Cham. & Schltdl.

Pond macrophytes (i.e. emergent, floating-leaved and submerged
plants) were exhaustively surveyed using transects during the growing
season (June and July) in either 2004 or 2005; hence each pond was
sampled once. Transects were distributed around each pond and
quadrats (0.5 m× 0.5m) were placed perpendicular to the shore-line at
varying intervals of 0–5m depending on the heterogeneity of aquatic
vegetation. The number of transects and quadrats in a pond depended
on water surface area (Jensén, 1977), giving an accurate representation
of local community composition and ranging between 1 and 3 and 5
and 83, respectively (mean density of quadrats per hectare= 5). Per-
centage coverage of each macrophyte species was estimated in each
quadrat and the mean coverage of each taxon in a pond was determined
as the sum of percent coverages of that species in all quadrats divided
by the number of quadrats used in the pond. Nomenclature and clas-
sification criteria followed Flora Europaea (Tutin et al., 1980).

The explanatory data comprised of well-known environmental
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drivers influencing Mediterranean pond macrophytes (e.g. Del Pozo
et al., 2011; Fernández-Aláez et al., 2018; García-Girón et al., 2018b):
pond area (ha), mean depth (m), Secchi depth (m), pH, conductivity (µS
cm−1), total suspended solids (TSS; mg l−1), total nitrogen (TN; mg
l−1), nitrate (NO3

−-N; mg l−1), ammonium (NH4
+-N; µg l−1), total

phosphorous (TP; mg l−1) and chlorophyll “a” (Chla; mg l−1).
Pond area was measured on images available in SIGPAC (the

Spanish Geographical Information System for Agricultural Parcels –
http://www.sigpac.jcyl.es/visor/), whereas mean and Secchi depths
were calculated from point measurements at different sites along the
same transect. Water chemistry measurements were based on a single
water composite sample collected perpendicular to the surface at dif-
ferent depths along a shore-centre transect using a cylinder (dia-
meter= 6 cm and length= 100 cm). The number of samples ranged
between 3 and 15 depending on pond area. Conductivity and pH were
measured in-situ from the integrated sample using WTW field probes
(Model LF 323 and Model LF 323, respectively). Then, the composite
sample was immediately transported to the laboratory and preserved at
4 °C to determine TSS, TN, NO3

−-N, NH4
+-N, TP and Chla following the

methods of the American Public Health Association (APHA, 1989).
Further details on field data collection and study area can be found

in Del Pozo et al. (2011) and García-Girón et al. (2018a, 2018c).

2.2. Biodiversity metrics

A total of six measures of biodiversity were calculated from the taxa-
site data: species richness, Shannon diversity, beta diversity, functional
diversity, and average and variation in taxonomic distinctness.

Species richness and Shannon diversity were both considered here
because they are among the most widespread ecological indicators of
regional biodiversity (e.g. Magurran, 2004), which allows a compre-
hensive comparison with other previous studies. These traditional di-
versity indices were calculated with the functions specnumber and

diversity from the ‘vegan’ package (Oksanen et al., 2007) in R version
3.4.4 (R Core Team, 2018), respectively.

We assessed beta diversity based on a pairwise resemblance ap-
proach as the relative dispersion of pond samples in the multivariate
space of a Principal Coordinates Analysis (PCoA). Hence, biological
heterogeneity was measured as the average distance from individual
observation units to their group centroid using a Bray-Curtis dissim-
ilarity matrix with the betadisper function from the ‘vegan’ package
(Oksanen et al., 2007). We used multivariate measures instead of the
classical multiplicative partitioning (Whittaker, 1960) because the first
approach eliminates the dependence of beta diversity on local and re-
gional diversity and provides meaningful ecological insights to examine
the non-random patterns of species distribution (Anderson et al., 2006).

We used Rao’s quadratic entropy (Functional div.) as a surrogate of
functional diversity. This index represents a mix between functional
richness and functional divergence, including information about the
evenness of the distribution of functional traits within a community
(Mouchet et al., 2010). Rao’s quadratic entropy was calculated fol-
lowing Lepš et al. (2006) as the weighted average of the squared dis-
tances between trait Euclidean dissimilarity and the corresponding
centre of gravity:

∑ ∑= −
−

= +
−

Functional div d p p.
i

S

j i

S

ij i j
1

1

1

1

where S is number of species, dij varies from 0 (two species i,j have
exactly the same traits) and 1 (two species i,j have completely different
traits) and pi and pj are importance probability of species i and j, re-
spectively.

Traits of species used to calculate Rao’s quadratic entropy included
those that could potentially come under selection by environmental
filters: growth forms, mode of reproduction, number of reproductive
organs year−1 individual−1, perennation, gamete vector, period of

Fig. 1. Map of the study area (Castilla y León) indicating the distribution of the 57 ponds.
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production of reproductive organ and fruit size (Willby et al., 2000;
Table 1).

Following Warwick and Clarke (1998) and Clarke and Warwick
(2001), we calculated average and variation in taxonomic distinctness
(Aver. distinctness and Var. distinctness) as a proxy for phylogenetic
diversity based on an incidence (i.e. presence/absence) matrix using the
PRIMER v.7 software package (Clarke and Gorley, 2015):

= ∑ ∑−<Aver distinctness
ω

S S
.

( 1)/2
i j ij

= ∑ ∑ − −≠Var distinctness
ω Aver distinctness

S S
.

( . )
( 1)/2

i j ij 2

where S is the number of species present and ωij the distinctness weight
given to the path length that links species i and j in the taxonomical
system used.

The first index (Aver. distinctness) describes the average path length
between two randomly chosen species present in a sample, whereas the
latter (Var. distinctness) measures the degree to which certain taxa are
over- or under-represented in samples, thus reflecting the unevenness of
the taxonomic tree (Clarke and Warwick, 2001). Hence, ponds with
high values of average and variation in taxonomic distinctness may
have phylogenetically diverse macrophyte assemblages (Heino et al.,
2015).

Owing to lack of true phylogeny comprising all macrophyte
lineages, we followed Flora Europaea (Tutin et al., 1980) to organize
the species data using seven taxonomic levels: division, subdivision,
class, order, family, genus and species. When computing both indices,
the default path length in PRIMER v.7 was adopted (i.e. the longest
path length in taxonomy was set at 100 and equal step-lengths were
assigned). We chose these two phylogenetic measures (Aver. distinct-
ness and Var. distinctness) since they usually reflect different aspects of
relatedness (Gallardo et al., 2011) and their combination is assumed to
be a robust summary of the taxonomic distinctness of communities
(Clarke and Warwick, 2001).

2.3. Statistical analyses

First, we examined the relationships between the six biodiversity
metrics by means of the bivariate Spearmańs rank correlation. The
apparent non-linear response of each biodiversity metric to environ-
mental drivers (Shapiro-Wilk test, p-value < 0.05) was assessed with
Generalized Additive Models (GAM) using the mgcv’ package in the R
environment (Wood, 2018). Each biodiversity metric (response vari-
able) and independent log-transformed environmental predictors
(rs < 0.7; Dormann et al., 2012) were included in the full models.
Consequently, the environmental variables used in GAM analyses were
pond area, mean depth, Secchi depth, pH, conductivity, TN, NO3

−-N,
NH4

+-N, TP and Chla.
A quasi-Poisson error distribution with a logarithmic-link function

was selected for every biodiversity metric (Gallardo et al., 2011).
Smoothness selection was estimated with generalized cross validation
(GCV) and diagnostic information about the fitting procedure and the
convergence of the smoothness selection optimization were computed

using the gam.check function from the ‘mgcv’ package. In brief, this
statistical method estimates the residual variance based on differencing
residuals that are near neighbours along with the covariates of the
smooth (Wood, 2018). We constructed the full models with all un-
correlated variables and manually and sequentially selected effective
covariates following Wood (2008). Thus, covariates were deleted from
the models if (i) the estimated degrees of freedom (df) were close to
one, (ii) the confidence interval was zero, and (iii) the GCV score de-
creased when the term was dropped. Similarly, the percentage of de-
viance explained was employed to identify the goodness-of-fit of the full
models, while the relative contribution of each variable to the final
model (drop-contribution) was assessed as the drop in deviance ex-
plained by the model when the variable was removed. Hence, the final
model for each biodiversity metric was that showing the greatest
amount of explanatory power with all the standardised environmental
predictors being independent and significant.

The partial response curves for the non-linear models (i.e. the
shapes of the functional forms of the selected variables) were plotted,
and so when the slope of the response curve was positive the covariate
was related positively to the response variable in a linear predictor scale
and vice versa (Schmiing et al., 2013).

Spatial autocorrelation occurring in statistical models, such as GAM,
may violate the assumption about the independence of residuals, thus
inflating the value of test statistic and increasing the chance of type I
error (Davis, 1986). To acknowledge potential spatial autocorrelation,
we evaluated the Morańs I coefficients based on pond UTM coordinates
with the software PASSaGE 2. We used ten distance classes for en-
vironmental variables, biodiversity metrics and residuals of the final
regression models (Alahuhta et al., 2017).

3. Results

Values of individual biodiversity indices and environmental controls
are summarized in Table 2. Five of the correlations between biodi-
versity metrics were statistically significant (Fig. 2). The strongest
correlations were found between Shannon diversity and functional di-
versity, as well as between average and variation in taxonomic dis-
tinctness (Spearman test, rs > 0.8 and p-value < 0.001). Functional
diversity further showed strong correlations with species richness and
average taxonomic distinctness. Similarly, taxonomic diversity and
species richness showed a nearly linear relationship. By contrast, no
general patterns were detected when beta diversity was correlated to
any of the diversity indices. Likewise, the cross-correlations between
taxonomic distinctness metrics and the remainder of the measures were
weak and non-significant (Fig. 2).

Generalized Additive Models (GAM) revealed significant relation-
ships between the values of biodiversity metrics and habitat char-
acteristics and showed the importance of environmental filtering in
explaining patterns of macrophyte species distribution. Goodness-of-fit
of the final models ranged from 40.6 to 81.1%, except for beta diversity
and variation in taxonomic distinctness, which showed the lowest
amount of explained variation (14.6% and 17.8%, respectively;
Table 3). Conversely, average taxonomic distinctness and Shannon di-
versity were the metrics best explained by environmental features

Table 1
Choice of traits and their subdivisions into attributes according to Willby et al. (2000).

Traits Attributes

Growth forms Free floating (surface and submerged) and anchored (floating leaved, submerged leaved and emergent leaved)
Mode of reproduction Rhizomes, fragmentation, budding, turions, stolons, tubers and seeds
Number of reproductive organs per year and individual Low (< 10), medium (10–100), high (100–1000) and very high (> 1000)
Perennation Annual, biennial and perennial
Gamete vector Wind, water and animals
Period of production of reproductive organ Early (March-May), mid (June-July), late (August-September) and very late (post-September)
Fruit size Small (< 1mm), medium (1–3mm), large (> 3mm)
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(81.1% and 60.7%, respectively).
Physical factors were the most important in explaining species

richness, Shannon diversity and functional diversity (Table 3), all of
them reaching the highest values in the partial response curves at in-
termediate levels of Secchi depth (0.4–1m). Similarly, these three
metrics decreased linearly with mean depth, whereas species richness
also increased linearly with pond area (Fig. 3). However, the influence
of these two predictors (i.e. mean depth and pond area) was rather
weaker (Table 3). By contrast, variation in beta diversity, average and
variation in taxonomic distinctness was best explained by water
chemistry changes. Beta diversity decreased with pH and attained
asymptote at low to intermediate levels of TN (TN > 0.4mg l−1;
Table 3 and Fig. 3). Average and variation in taxonomic distinctness
were strongly influenced by Chla, both showing remarkably lower va-
lues at high Chla concentrations (Chla > 25mg l−1; Fig. 3). Average
taxonomic distinctness was also significantly affected by Secchi depth,
although this predictor explained a modest amount of variation com-
pared to Chla (Table 3).

Overall, based on the generalized additive models, Secchi depth and
mean depth exhibited the highest drop in deviance values for species
richness, Shannon diversity and functional diversity. Taxonomic dis-
tinctness metrics were best explained by Chla, whereas pH and TN had
the highest effect on beta diversity. On the contrary, conductivity,
NO3

−-N, NH4
+-N and TP were not included in any of the previous

regression models.
Diagnostic information about the fitting procedure of the final

models confirmed no significant oversmoothing, so the basis dimen-
sions used for smooth terms were adequate (Appendix A,
Supplementary Material). Species richness, Shannon diversity and beta
diversity showed significant spatial autocorrelation for some distance
classes, but coefficients were relatively low in all cases. For model re-
siduals, significant spatial autocorrelation was present in four models
out of the six models (Appendix B, Supplementary Material). However,
model residuals indicated either a low degree or no significant spatial
autocorrelation. Similarly, we found spatial autocorrelation in six ori-
ginal response variables (mean depth, Secchi depth, conductivity, TN,
TP and Chla; Appendix C, Supplementary Material). Consequently,
validation results showed that the final GAMs were likely to rather
reliably illustrate index-environment relationships since spatial residual

patterns in the final models were caused by a similar autocorrelation in
the predictor variables.

4. Discussion

Over the past decade, increased efforts have been devoted to char-
acterize biological variability and develop and refine ecological indices
able to describe independent aspects of biodiversity and the multiple
environmental forces controlling local community structure (e.g.
Schmiing et al., 2013; Winter et al., 2013; Alahuhta et al., 2017). Since
efficient biomonitoring should be based on several metrics (Heino et al.,
2015), assessing the correlations between different ecological in-
dicators and their response to environmental drivers is crucial for
biodiversity evaluation (Hering et al., 2015). From this perspective,
recent findings (Heino et al., 2007; Gallardo et al., 2011) suggest that
different aspects of biodiversity, such as variation in species traits
(Mason and de Bello, 2013) and taxonomic relatedness of species
(Gascón et al., 2009), may provide valuable information on spatial
patterns of species distribution. However, in spite of their recognized
ecological value (e.g. EU Habitats Directive 92/43/ECC, 1992), the
performance of different indices on pond macrophyte diversity patterns
is still largely unknown.

Our results point out that many biodiversity metrics exhibit high
intercorrelation. In agreement with the present study, several authors
(e.g. Heino et al., 2005; Gascón et al., 2009; Gallardo et al., 2011) have
found some consistent redundant patterns among biodiversity indices
and their response to environmental drivers in freshwater ecosystems.
However, scatterplot results (see Fig. 2) suggest slight differences in the
relationships among indices.

For example, if functional diversity is used as a reference, Shannon
diversity showed a nearly linear relationship, as an increase in the
number and evenness of life-history strategies present in a community
was closely associated to a similar increase in taxonomic diversity. It is
therefore likely that both biodiversity metrics exhibit much overlap and
provide similar information regarding patterns and processes of pond
macrophyte biodiversity (Heino, 2008; Gallardo et al., 2011). On the
other hand, average taxonomic distinctness showed relatively low
scores even at medium to high functional diversity levels. In this regard,
separation from the linear relationship, even among significantly re-
lated metrics, indicate that taxonomic relatedness and functional di-
versity may provide complementary information on regional biodi-
versity. Even when phylogenetic variability was relatively low,
variation in functional structure was variable, meaning that a diverse
range of different traits can be found between phylogenetically closely
related species (Chase and Leibold, 2003; Mouillot et al., 2006). Con-
sequently, although taxonomic distinctness metrics entail a general
functional homogeneity of species within high taxonomic rank (e.g.
Order; Clarke and Warwick 2001), functional response of macrophyte
species to heterogeneous environmental conditions may vary strongly
within the same genus and family (e.g. Potamogetonaceae and Ra-
nunculaceae; Alahuhta et al., 2017). This is true, as in the present case,
even when there is a strongly significant taxonomic trait con-
servationism in the regional species pool (Mason and de Bello, 2013).
Similarly, the lack of congruence between taxonomic distinctness and
other diversity indices (e.g. species richness and Shannon diversity) was
not unexpected, since Warwick and Clarke (1998) and many other
authors thereafter (e.g. Ellingsen et al., 2005; Heino et al., 2005;
Gallardo et al., 2011) already noted rather weak relationships among
those metrics, suggesting that distinctness primarily reflects long-term
evolutionary adaptation in both freshwater and marine environments.
Nevertheless, it is interesting to highlight that the calculation of dis-
tinctness measures was based on Linnaean classification, which does
not always reflect the phylogenetic tree (Ellingsen et al., 2005). Hence,
these results may modify in the near future when the true phylogeny of
aquatic plants based on DNA barcoding will be available.

Beta diversity was the one that least correlated with the other

Table 2
Mean and range of biodiversity metrics and environmental factors in the 57
study ponds.

Variable Abbr. Mean Range

Biodiversity metrics Species richness Species rich. 9 1–25
Shannon diversity Shannon div. 1.4 0–2.3
Beta diversity Beta div. 0.29 0.02–0.51
Functional diversity Functional div. 0.27 0–0.40
Average tax.
distinctness

Aver.
distinctness

61.8 0–78.9

Variation in tax.
distinctness

Var.
distinctness

414 0–1093

Environmental
drivers

Area (ha) Area 4.2 0.2–23
Mean depth (m) Depth 0.81 0.19–6.35
Secchi depth (m) Secchi 0.68 0.14–4.12
pH pH 8.3 6.7–10.3
Conductivity (µS
cm−1)

Conductivity 587 26–8820

Total suspended
solids (mg l−1)

TSS 17.4 2.7–103.9

Total nitrogen (mg
l−1)

TN 1.78 0.24–4.71

Nitrate (mg l−1) NO3
−-N 0.10 0.00–1.00

Ammonium (µg l−1) NH4
+-N 63 1–1120

Total phosphorous
(mg l−1)

TP 2.32 1.29–3.94

Chlorophyll “a” (mg
l−1)

Chla 1.78 0.24–4.7
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biodiversity indices. Thus, information supplied by beta diversity could
significantly enhance our understanding of macrophyte species

distribution patterns, providing intriguing insights on the processes that
drive community assembly in ecosystems. This is indeed a central tenet
of modern metacommunity theory (Anderson et al., 2011), which seeks
to integrate the interplay between spatial processes and niche forces as
drivers of community dissimilarity, offering a novel procedure with
which to reveal the causal mechanisms of compositional variation
(Soininen et al., 2018).

Several environmental filters related to habitat conditions revealed
themselves to have considerable impact on macrophyte biodiversity
patterns. Regression models also indicated differences in the partial
response curves of each metric to environmental drivers: whereas
species richness, Shannon diversity and functional diversity were linked
to physical factors, beta diversity and taxonomic distinctness were more
sensitive to water chemistry changes.

Secchi depth and mean depth were the major environmental forces
affecting taxonomic diversity and functional structure of Mediterranean
pond macrophytes. Species richness, Shannon diversity and functional
diversity exhibited a similar response to both environmental drivers.
These three metrics attained asymptote at intermediate levels of Secchi
depth and decreased regularly with increasing mean depth. We suggest

Fig. 2. Scatterplot matrix of the six biodiversity metrics including statistically significant Spearman correlations (N=57). See Table 2 for abbreviations.

Table 3
Results of the full GAM models performed between environmental features (see
Table 2 for variable abbreviations) and biodiversity metrics (response variable).
The relative contribution of each variable to the full model (% drop contribu-
tion) is measured as the drop in deviance explained by the model when the
predictor is removed. *p < .05; **p < .01; ***p < .001.

Biodiversity metrics Summary of GAM models Variables selected (% drop
contribution)

R2
adj Total expl.

(%)

Species rich. 0.28 40.6 Secchi (19.9*); depth (13.2*);
area (7.5*)

Shannon div. 0.41 60.7 Secchi (49.3**); depth (11.4*)
Beta div. 0.13 14.6 pH (9.9**); TN (4.7*)
Functional div. 0.36 55.6 Secchi (52.1*); depth (3.5*)
Aver. distinctness 0.71 81.1 Chla (71.3***); Secchi (9.8**)
Var. distinctness 0.14 17.8 Chla (17.8*)
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Fig. 3. Partial response curves of covariates modelling the relationships between biodiversity metrics and environmental features. Tick marks in the x-axis are
sampled data points along each variable gradient. Response variables are represented on the y-axis (logit scale) and the degree of smoothing is indicated in the y-axis
label. Solid lines and grey shading indicate the smoother estimates and the approximate 95% confidence envelopes, respectively.
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that these relationships are largely due to the attenuation of light at
increasing depths (Scheffer, 1998). In fact, our results agree with
Fernández-Aláez et al. (2018), suggesting that light availability can
hardly be explained by depth itself but to a combination of depth and
turbidity (here measured in terms of Secchi disk transparency). Species
richness was also closely and positively related to pond area. This kind
of relationship is one of the most robust and broad generalizations in
ecology (Mac Arthur and Wilson, 1967) and is largely supported by
recent limnological studies (e.g. Akasaka and Takamura, 2011; Viana
et al., 2014).

Beta diversity was related to pH and TN, decreasing almost linearly
with increasing pH values and attaining asymptote at low to inter-
mediate levels of TN. Such a negative relationship between pH and
freshwater biodiversity has already been discussed in previous studies
(e.g. Heino et al., 2005), suggesting that in circumneutral ponds
(pH ± 7) one is likely to encounter more heterogeneous sets of species
than in highly alkaline ponds (pH > 8), including both alkaline-tol-
erant taxa and species typical of more acidic conditions. Likewise, nu-
trient content (measured as TN concentration) has often proved to be a
good predictor of macrophyte diversity patterns in wetlands (e.g.
Lougheed et al., 2001; Akasaka et al., 2010). As noticed by other au-
thors (e.g. Pereira et al., 2012), community heterogeneity remained
broadly constant from intermediate levels of TN onwards. However, the
relatively low amount of variation captured by the final model (∼15%)
supports the idea that ecological factors others than those included
here, such as habitat isolation (i.e. physical connectivity and geo-
graphical barriers; Soomers et al., 2013; García-Girón et al., 2019),
biotic interactions (i.e. grazing and competition; Soininen, 2014) and
stochastic processes (i.e. historical pond-specific events; Capers et al.,
2010) are likely to play an important role in structuring assemblage
dissimilarity in Mediterranean ponds. This is just another example of
the difficulty to quantify the relative contribution of ecological pro-
cesses to spatial patterns of species distribution.

Taxonomic distinctness metrics were significantly sensitive to pond
productivity (i.e. Chla), both reaching their peaks at mesotrophic con-
ditions. We suggest that this result is likely to be related to an increase
in habitat heterogeneity from mesotrophic to moderately eutrophic
conditions (Rørslett, 1991; Della Bella et al., 2008). Yet, these two re-
latedness measures showed remarkably lower values at highly eu-
trophic conditions. This finding agrees with a growing number of stu-
dies (e.g. Clarke and Warwick, 2001; Heino et al., 2005; Gallardo et al.,
2011), suggesting that under high levels of anthropogenic disturbance,
aquatic communities tend to have less taxonomically distant species,
being composed of a few closely-related species instead of a number of
species equally divided among several families and orders.

Generalized additive models further supported redundancy among
species richness, Shannon diversity and functional diversity, as these
indices responded similarly to environmental gradients and were highly
correlated. Therefore, to cost-effectively quantify macrophyte biodi-
versity in pond habitats, at least one of these indices should be selected.
Functional diversity is the most versatile of the three previous metrics,
as it provides a means of testing differences not only in species number
and evenness, but also in trait variability (de Bello et al., 2013). Re-
gression models also showed redundancy between average and varia-
tion in taxonomic distinctness. Overall, by demonstrating different re-
sponses to main environmental factors, our results showed
complementarity in at least three biodiversity metrics (i.e. functional
diversity, beta diversity and taxonomic distinctness), and so may help
to better understand patterns of macrophyte species distribution in
wetland ecosystems.

5. Conclusions

Our results showed with statistically rigorous criteria how the im-
plementation of several biodiversity indices can provide valuable in-
formation on macrophyte biodiversity patterns in Mediterranean ponds.

These findings underline the importance of considering different me-
trics of biodiversity for conservation planning at the regional scale and
should assist in the selection of suitable indices in future biomonitoring
and pond management. Ultimately, the use of a combination of metrics
(i.e. functional diversity, beta diversity and taxonomic distinctness)
should provide a complete picture of species distribution patterns and
their response to major environmental forces. However, different
measures may do have different pros and cons. For example, functional
diversity is independent of sampling effort and integrates a number of
niche-based community assembly processes (Mason and de Bello,
2013), whereas beta diversity is easy to calculate and is increasingly
used as a means of detecting the underlying factors accounting for
species turnover (e.g. Baselga, 2010). Yet, there is still little information
available to date on species-specific functional attributes and both,
functional diversity and beta diversity, are far from being fully im-
plemented in wetland biodiversity evaluation. On the other hand, dis-
tinctness measures often experience reduced discrimination power
when environmental filters act by influencing the evenness component
rather than the compositional structure of the assemblage (Bevilacqua
et al., 2011), and have the limitation that a complete evolutionary
phylogenetic relationship is still unavailable for many aquatic plant
lineages (Alahuhta et al., 2017). Overall, despite the need for a simple
structural measure for assessing regional biodiversity across the land-
scape, our results indicate that the most complete understanding of
macrophyte diversity patterns in Mediterranean ponds should be based
on several metrics, including the variation in the identities of species
among communities, and the functional and phylogenetic status of
species. However, more efforts are still required in this direction to
diversify our tools and ensure novel insights on the underlying pro-
cesses that create non-random patterns in community assembly.
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H I G H L I G H T S

• It is not only at the species level where
biodiversity patterns should be studied.

• We applied a novel approach including
taxonomic, functional and phylogenetic
data.

• β-diversity dimensions responded
slightly differently tomultivariate gradi-
ents.

• Examining only local factors is not
enough for understanding regional pat-
terns.

• Idiosyncratic species responses were
largely trait and phylogenetically
mediated.
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Metacommunity ecology has broadened considerablywith the recognition thatmeasuring beta diversity beyond
the purely taxonomic viewpoint may improve our understanding of the dispersal- and niche-basedmechanisms
across biological communities. In that perspective, we applied a novel multidimensional approach including tax-
onomic, functional and phylogenetic data to enhance our basic understanding of macrophyte metacommunity
dynamics. For each beta diversity metric, we calculated the mean overall value and tested whether the mean
value was different from that expected by chance using null models. We also employed evolutionary and spa-
tially constrainedmodels to first identify the degree towhich the studied functional traits showed a phylogenetic
signal, and then to estimate the relative importance of spatial and environmental effects on metacommunity
structure. We first found that most individual ponds were inhabited by species that were merely random
draws from the taxonomic and phylogenetic species pool available in the study region. Contrary to our expecta-
tions, not all measured traits were conserved along the phylogeny. We also showed that trait and phylogenetic
dimensions strongly increased the amount of variation in beta diversity that can be explained by degree of envi-
ronmental filtering and dispersal limitation. This suggests that accounting for functional traits and phylogeny in
metacommunity ecology helps to explain idiosyncratic patterns of variation in macrophyte species distribution.
Importantly, phylogenetic and functional analyses identified the influence of underlyingmechanisms thatwould
otherwise be missed in an analysis of taxonomic turnover. Together, these results let us conclude that macro-
phyte species have labile functional traits adapted to dispersal-based processes and some evolutionary trade-
offs that drive community assembly via species sorting. Overall, our exploration of different facets of beta diver-
sity showed how functional and phylogenetic information may be used with species-level data to test
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community assembly hypotheses that aremore ecologicallymeaningful than assessments of environmental pat-
terns based on the purely taxonomic viewpoint.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Traditionally, species-based metrics (i.e. taxonomic-centric ap-
proaches) have primarily been used to quantify the relative importance
of species sorting and dispersal limitation on variation in species com-
position among habitat patches (i.e. beta diversity; see Logue et al.,
2011; Swenson et al., 2012). An important source of criticism to this tra-
ditional approach is that it is silent on functional and phylogenetic dif-
ferences among species (Devictor et al., 2010), compromising our
ability to untangle the mechanistic basis linked to the spatial and tem-
poral dynamics of biodiversity (McGill et al., 2006). Measuring phyloge-
netic diversity (i.e. mean length of evolutionary pathways that connects
a given set of taxa) in species assemblages was then proposed as a
promising way to explain the role of species interactions, historical im-
prints and evolutionary legacy in community structure (Webb et al.,
2002). Meanwhile, functional diversity, reflecting the diversity of mor-
phological, ecological and physiological traits in the multidimensional
niche space (Petchey and Gaston, 2006), was shown to better explain
ecosystem functioning than other classical measures of diversity
(sensu Devictor et al., 2010).

In that perspective, adopting a multifaceted approach on beta diver-
sity may provide a clearer picture of the selection pressures underlying
different historical, ecological and evolutionary processes (Webb et al.,
2002). For example, while the species composition of local communities
(i.e. taxonomic facet) may sometimes fall short in providing

information on how ecological communities are assembled, trait-
based and phylogenetic approaches tell us more about the evolutionary
constraints on community membership and how ecological processes
may interact to shape patterns of niche divergence (Webb et al., 2002;
Swenson et al., 2012).

The extent towhich taxonomic, functional and phylogenetic beta di-
versities are related to different drivers may help us to identify the
mechanisms structuring metacommunities along environmental gradi-
ents (Cisneros et al., 2014). Also, provided that phylogenetic relatedness
aligns with functional similarity (i.e. phylogenetic inertia; Faith, 2015),
the former can be considered a proxy for the latter, and thus a more
phylogenetically diverse communitywill have a greater functional com-
plementarity (Poff et al., 2006; Fig. 1a). However, when the measured
traits are labile, functional and phylogenetic patterns can be decoupled
and provide complementary insights into community assembly
(Fig. 1b). How strongly their patterns overlap depends on the strength
of phylogenetic signal in the functional characters, which in turn de-
pends on the underlying processes of species diversification and niche
evolution (Burns and Strauss, 2011). Such patterns would be highly
complementary to traditional taxonomic-based analyses by providing
evidence of the impacts of past evolutionary history, specific phenotypic
traits and current ecological processes on community assembly (Heino,
2011). However, the strength of phylogenetic signal in species traits is
rarely examined in the metacommunity context (but see Pillar and
Duarte, 2010).

Fig. 1.Hypothetical schemedepicting scenarios of taxonomic, phylogenetic andmulti-trait (functional) beta diversity patterns along amultivariate (e.g. environmental or spatial) gradient.
In both cases (a, b), rectangles represent local macrophyte communities (A, B, C). (a) Scenario where biogeography acts as a filter for particular functional characters (e.g. growth form,
represented by geometric sizes and shapes), resulting in a strong pattern of trait and phylogenetic turnover (i.e. measured traits are conserved along the phylogeny). (b) Scenario
where the measured functional characters are labile (e.g. growth form varies randomly along the phylogeny), whereas macrophyte lineages are more informative because they
represent unmeasured traits that respond uniformly along the multivariate gradient (represented by matching branch colours along the gradient).
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An increasing number of studies (e.g. Gianuca et al., 2018; Roa-
Fuentes et al., 2019) have attempted to characterise patterns of func-
tional and phylogenetic beta diversity, and with the increase in
species-level trait and phylogenetic data this trend will continue. How-
ever, to our knowledge, no study to date has examined to what extent
dispersal limitation and species sorting drive the structure ofmacrohyte
metacommunities, while simultaneously taking into account multiple
facets of beta diversity. To overcome this shortage, we analysed varia-
tion in taxonomic, functional and phylogenetic beta diversity of pond
macrophyte communities in a Mediterranean drainage basin. Previous
studies in this system based purely on taxonomic diversity measures
have shown that macrophyte assemblages are mainly structured by
the interaction between spatial and environmental gradients (e.g.
García-Girón et al., 2019a, 2019b).

In this study, we used a novel combination of methods (including
null models and phylogenetic signal evaluations) to assess whether
the role of dispersal limitation, species sorting and combined effects
was consistent for the three different beta diversity dimensions. We
first hypothesised that beta diversity patterns are non-random (Siefert
et al., 2013), providing evidence that environmental and spatial pro-
cesses induce ecological constraints on macrophyte community assem-
bly patterns. Second, we expected that environmental change in this
kind of highly fragmented ponds (see Fernández-Aláez et al., 2018)
will lead to habitat filtering against specific functional characters,
which may also lead to phylogenetic signal in species turnover. Third,
based on previous findings (e.g. Gianuca et al., 2018), we hypothesised
that functional and phylogenetic approaches should provide more ex-
planatory power than the traditional taxonomic approach that treats
all species as equally differentiated from each other. Fourth, we as-
sumed that taxonomic and phylogenetic assemblages are controlled
by both environmental filtering and dispersal limitation (see also
García-Girón et al., 2019a, 2019b), whereas functional community com-
ponent is primarily structured by environmental filtering. This is be-
cause species identity and evolutionary kinship should be more
influenced by dispersal limitation and evolutionary divergence
(Mouquet et al., 2012; Cai et al., 2019), whereas functional diversity
should be more directly related to environmental filtering due to spe-
cies trait-environment association (Hoeinghaus et al., 2007; Heino
et al., 2013).

2. Material and methods

2.1. Study area and macrophyte sampling

We sampled 51 permanent ponds located within a heterogeneous
and lowland area of approximately 94,000 km2 in north-western
Spain (Supplementary Fig. A.1). All of the ponds belong to the same bio-
geographical region, where aquatic plants have a shared evolutionary
history (Molina, 2017). The study area presents a relatively flat slope
and plains of quaternary fluvial sedimentary nature. The climate isMed-
iterraneanwith awide seasonal variation in temperature and precipita-
tion, since summers are typically hot and dry (average summer
temperature of 18 °C and mean summer precipitation of 84.5 mm)
and winters are primarily cold and wet (average winter temperature
of 3.2 °C and mean winter precipitation of 173 mm; 1976–2015, data
provided by the Spanish Met Agency – AEMET; http://www.aemet.es).
This region is immersed in an agricultural intensive landscape
consisting mainly on cereal crops (~50%), pastures (~30%), scattered
scrubs (~10%) and pine plantations (~10%). However, the landscape
has been fragmented in recent times for thedevelopment of dry farming
and cropland irrigation (García-Girón et al., 2018a). The majority of the
ponds studied are fed mostly by groundwater and rainfall and experi-
ence a strong reduction in water volume during the summer, ranging
between 0.1 and 23 ha in aerial extent and 0.2 and 6.3 in depth. The
study ponds display considerable variability in environmental

conditions, including morphometry, nutrient content and
mineralisation (Supplementary Table A.1).

Pond macrophytes (i.e. emergent, floating-leaved and submerged
plants) were exhaustively surveyed using transects in June and July of
either 2004 or 2005. Hence each pond was sampled once. Transects
were distributed around each pond and quadrats (0.25m2)were placed
perpendicular to the shore-line at varying intervals of 0–5m depending
on the homogeneity of the aquatic flora. The number of transects and
quadrats for each site was determined according to the pond area and
shoreline complexity (Jensén, 1977), giving an accurate representation
of local community composition and ranging between 1 and 3 and 5
and 83, respectively. Percent coverage of each macrophyte species was
estimated in each quadrat and the mean coverage of each taxon in a
pond was determined as the sum of percent coverages of that species
in all quadrats divided by the number of quadrats used in the pond. No-
menclature followed Flora Europaea (Tutin et al., 1980).

Further details on study site selection and macrophyte data collec-
tion can be found in García-Girón et al. (2019a, 2019b).

2.2. Local-scale variables

The explanatory data comprised of well-known environmental var-
iables structuring Mediterranean pond macrophyte assemblages (e.g.
Fernández-Aláez et al., 2018; García-Girón et al., 2018b, 2019b): pond
area (ha), mean depth (m), Secchi depth (m), turbidity (NTU), oxygen
(mg l−1), pH, conductivity (μS cm−1), total suspended solids (TSS; mg
l−1), volatile suspended solids (VSS; mg l−1) total nitrogen (TN; mg
l−1), nitrate (NO3

−-N; mg l−1), ammonium (NH4
+-N; mg l−1), total

phosphorous (TP; μg l−1), soluble reactive phosphorous (PO4
3−-P; μg

l−1), dissolved organic carbon (DOC; mg l−1) and chlorophyll “a”
(Chla; mg l−1).

Pond area was measured using images available on SIGPAC (the
Spanish Geographical Information System for Agricultural Parcels -
http://www.sigpac.jcyl.es/visor/), whereas mean and Secchi depths
were determined from point measurements at different sites along
the same transect of whichmacrophyteswere surveyed.Water chemis-
try measurements were based on a single water composite sample ran-
domly collected at different depths along a shore-centre transect using a
cylinder (diameter= 6 cm and length=100 cm). The number of water
samples ranged between 3 and 15, depending on pond area. Standard
water characteristics (i.e. turbidity, oxygen, pH and conductivity) were
measured in situ from the composite sample using WTW field probes
(Model LF 323) and a portable turbidimeter (Model HACH 2100P).
Then, the integrated water sample was immediately transported to
the laboratory and preserved at 4 °C to determine TSS, VSS, TN, NO3

−-
N, NH4

+-N, TP, PO4
3−-P, DOC and Chla following standard methods

(APHA, 1989).
We tested for an effect of sampling time (i.e. 2004 vs 2005) on pond

environmental conditions andmacrophyte species distribution, and the
effect proved to be minimal and non-significant (see Fernández-Aláez
et al., 2018).

2.3. Spatial features: a proxy for dispersal processes

We derived a set of spatial variables from the geographical coordi-
nates (UTM) of the sites using Moran eigenvector maps (MEMs; Dray
et al., 2006). This techniquemaps neighbourhood relationships onto or-
thogonal and linearly independent spatial variables over awide range of
spatial scales, and thus is more efficient in capturing complex commu-
nity patterns of spatial variation than geographic distances alone
(Borcard et al., 2011). We obtained results for distance truncation
thresholds of 50 values ranging from the minimum to the maximum
Euclidean distance between sites, selecting the threshold with the
highest number of positive and significant eigenvectors. The first
MEMs generated in the analyses represent broader spatial structures,
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while the last ones cover finer spatial scales (see Borcard and Legendre,
2002; Borcard et al., 2004 for details).

2.4. Trait and phylogenetic distances

We selected a number of key traits to provide information on func-
tional characters that could potentially come under selection by envi-
ronmental filters. We collected information from literature
(Castroviejo, 1986-2012; Willby et al., 2000; Cirujano et al., 2014; Fu
et al., 2014) and existing databases (TRY Plant Trait Database; Kattge
et al., 2011) on twelve different traits for all 51 species and 19 families
occurring in the metacommunity: dispersal vector, growth form, leaf
drymass (LDM), offspring size, plant longevity, plant phenology, repro-
duction mode, reproduction time, seed length, seed longevity, seed
number and specific leaf area (SLA) (Supplementary Table A.2). Physio-
logical traits (e.g. extent of bicarbonate use, leaf carbon/nitrogen con-
tent and photosynthetic mechanism) were excluded because of
inadequate coverage or poorly differentiated data. However, the rela-
tively high number of traits considered should be sufficient to give a
broad characterization of the realized niche of a species (sensu Willby
et al., 2000) without an a priori assumption that some traits were
more important than others. Since the relative adaptive significance of
each character was unknown, we applied the orthogonal rotation in
PCAmix (de Leeuw and Van Rijckevorsel, 1980) to clarify the covariance
structure of trait variables and assess the general pattern of relation-
ships within the functional data. PCAmix is a method implemented in
the R package PCAmixdata (Chavent et al., 2017) that provides insight
into the underlying structure and interdependence of a set of continu-
ous and categorical samples by using a combination of principal compo-
nent analysis and multiple correspondence analysis. Then, we used the
mixed-variables coefficient of distance (i.e. a generalization of Gower's
distance; Borcard et al., 2011) to extract a functional distance matrix,
which described the functional dissimilarity between all species pairs
based on a suite of characters with the largest squared loadings on the
first two PCAmix axes. The functional dissimilaritymatrix was obtained
using the vegan package (Oksanen et al., 2016) in R 3.4.4 (R Core Team,
2018).

Owing to lack of true phylogeny comprising all macrophyte species,
we calculated (cophenetic) phylogenetic distances among all families
present in our metacommunity using the package picante (Kembel
et al., 2010). To do this, we used a recently released compilation of an-
giosperm phylogeny (sensu R20160415.new) based on APG IV (2016)
[for details on family tree reconstruction, see Gastauer and Meira-
Neto, 2017 and supplementary information therein]. We acknowledge
that this supertree is not ideal for answering strict evolutionary ques-
tions, but we believe that the phylogenetic information used here is
valid for large-scalemetacommunity studies requiring such information
(but see Mueller et al., 2013).

2.5. Data analysis

2.5.1. Phylogenetic signal in functional characters
The degree to which the studied traits showed a phylogenetic signal

was assessed by means of a two-step approach consisting of a standard
Mntel test followed by a test based on the Brownian evolutionarymodel
(i.e. EM-Mantel; Debastini and Duarte, 2017). This new analytical pro-
cedure, which has appropriate Type I error and acceptable power, is a
good alternative for measuring phylogenetic signal in continuous and
categorical traits (Debastini and Duarte, 2017). While the conventional
Mantel test examines whether more closely related families have more
similar character states, the EM-Mantel test further contrasts the empir-
ical phylogenetic signal to that simulated from a neutral (i.e. null) evo-
lutionary model (for more details, please see Debastini and Duarte,
2017). Here we used the Brownian motion evolutionary model, which
assumes that differentiation in functional characters is proportional to
evolutionary time among families. We ran the evolutionary model 999

times with the original R code provided by Debastini and Duarte
(2017) to obtain the null distributions of the Mantel coefficient for the
conventional Mantel and EM-Mantel tests, respectively. Similarly, we
calculated the K-statistic of Blomberg et al. (2003) to estimate the
strength of phylogenetic niche conservatism for different traits using
the `multiPhylosignal´ function in R package picante. The statistical sig-
nificance of phylogenetic signal for each trait is determined by compar-
ing observed patterns of the variance of independent contrasts of the
functional character to a Brownianmotionmodel of shuffling family la-
bels across the tips of the phylogeny (Blomberg et al., 2003).

2.5.2. Quantifying taxonomic, functional and phylogenetic beta diversity
We estimated pairwise taxonomic beta diversity for abundance data

(i.e. Bray-Curtis dissimilarities) following Baselga (2013)with the func-
tion `beta.pair.abund´ from the package betapart (Baselga et al., 2018).
Phylogenetic beta diversity was calculated based on the phylogenetic
distance matrix using mean pairwise phylogenetic dissimilarity
(Swenson, 2014) with the function `COMDIST´ in R library picante. We
also used `COMDIST´ to estimate functional beta diversity based on the
Gower's multi-trait distance matrix (see Gianuca et al., 2018). Abun-
dance values of taxa were used when calculating both phylogenetic
and functional beta diversity metrics. Then, the pairwise output values
obtained from Bray-Curtis and COMDIST were synthesized into princi-
pal coordinate analysis (PCO) using the Lingoes correction (Borcard
et al., 2011) with the function `dudi.pco´ from R package ade4 (Dray
et al., 2018). The final product is a matrix of orthogonal PCO eigenvec-
tors, each of them describing taxonomic, trait and phylogenetic dissim-
ilarity patterns, which may be used as response variables in direct
gradient analyses (Duarte et al., 2012). In principle, all PCO eigenvectors
may be used as descriptors of beta diversity patterns in constrained or-
dinations. However, using all of them might introduce confounding ef-
fects in posterior analyses (see Anderson and Willis, 2003). We
therefore made a selection of a subset of orthogonal eigenvectors that
maximised the association between beta diversity patterns (taxonomic
or functional-phylogenetic) and the set of explanatory variables. To se-
lect how many orthogonal eigenvectors should be used in successive
analyses, we applied a procedure that is suitable for direct multiple re-
gression analyses (sensu Anderson and Willis, 2003). We retained as
many eigenvectors as required to maximise total adjR2

(Y│X), which is
the exact number that optimises the fit between explanatory and re-
sponse matrices (see also Duarte et al., 2012). For more details on this
selection procedure check Anderson and Willis (2003) and Duarte
et al. (2012).

For each beta diversity facet, we calculated their mean overall value
using the extension of the alpha diversity metric, i.e. mean pairwise dis-
tance (MPD), to beta diversity (i.e. βMPD; Webb et al., 2008) and tested
whether the mean value was different from that expected by chance.
Since we were using abundance data, we performed randomisations
that fixed the entire community datamatrixwhile randomising the func-
tional and phylogenetic information for performing null models
(Swenson, 2014). We randomised the identities of families and species
1000 times in the phylogenetic tree and the Gower's multi-trait distance
matrix, respectively. With this randomisation procedure, the species
alpha and beta diversities and the abundance of specieswithin and across
communities are all fixed, while the observed dispersal limitation of spe-
cies is conserved (see Swenson et al., 2012; Swenson, 2014). After each
randomisation, the phylogenetic and functional beta diversitieswere cal-
culated and these values were used to compute the null distribution.
Using these metrics, we obtained the standardised effect size (SES) as:

SES ¼ mpd:obs−mpd:rnd:mean
mpd:rnd:sd

wherempd.obs is the observed beta diversity,mpd.rnd.mean the mean of
the null distribution and mpd.rnd.sd the standard deviation of the null
model.
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Negative SES values indicate phylogenetic and functional beta diver-
sity lower than expected by null models, meaning that the assemblages
comprised functionally similar species or closely related families. Con-
versely, positive SES values suggest that phylogenetic and functional
beta diversities are higher than expected by chance, meaning that dif-
ferent communities generally contain distantly related plant families
and/or functionally dissimilar species (Swenson et al., 2012; Swenson,
2014). To test whether the mean overall value of each βMPD metric
was different from the expected value of zero for random data, we per-
formed a series of two-tailed t-tests. Null modelswere prepared accord-
ing to Swenson (2014) and both procedures were conducted using R
statistical software.

2.5.3. Quantifying the effects of environmental and spatial factors on beta
diversity patterns

The methods of direct gradient analysis and variation partitioning
(hereafter referred as VP; Borcard et al., 1992) are the most widely
used quantitative frameworks to evaluate the contributions of species
sorting (i.e. environmental fraction) and dispersal limitation (i.e. spatial
component) to metacommunity structure. Such a traditional approach
can in principle only estimate the role of species sorting by analysing
its non-spatialized environmental contribution (Smith and Lundholm,
2010). However, spatial autocorrelation can occur independently in
both the environment [ES] and species distribution. In these cases, the
classic VP framework may present high Type I error and inflated esti-
mates of the importance of environmental determinism (sensu Clappe
et al., 2018). To deal with these limitations, Clappe et al. (2018) pro-
posed a new VP procedure using Moran Spectral Randomisation
(MSR; Wagner and Dray, 2015) as a spatially constrained null model.
This novel MSR-based spatially constrained VP allows estimating the
statistical distribution of adjR2 values under pure spurious species-
environment relationships [SP] for a given species data matrix. Hence,
the MSR-based VP adjusts for this spurious contribution in the total en-
vironmental fraction by reducing fraction [SP] to the contribution of the
spatially structured environment [ES]. The significance of each fraction
(non-spatialized environment [E], dispersal limitation [D] and both in
combination [ED]) is then estimated by a randomisation test where
the sites of the predictors are permuted and appropriate F-statistics re-
lated to each fraction are calculated.

To identify significant metacommunity processes structuring varia-
tion in species composition, macrophyte lineages and functional traits,
we first employed the forward selection procedure of Blanchet et al.
(2008). This method is based on two criteria: (i) the adjR2 of the global
model; and (ii) the significance alpha level of 0.05. We selected the
most parsimonious subset of environmental and spatial variables for
each biodiversity dimension separately (i.e. taxonomic, functional and
phylogenetic). This allowed us to minimise Type I error while
maximising the fit between response and explanatory data matrices
(Blanchet et al., 2008). Based on the resulting subset of explanatory var-
iables, we performedMSR-based VP using as response matrices: (i) the
PCO eigenvectors describing Bray-Curtis dissimilarities in species com-
position; (ii) the Hellinger-transformed species abundance per site;
(iii) the PCO eigenvectors describing patterns of functional beta diver-
sity; and (iv) the PCO eigenvectors describing phylogenetic beta diver-
sity. The first two response matrices are two alternative but
complementary approaches for the taxonomic analysis of
metacommunity dynamics. The Hellinger-transformed species abun-
dance data is the standard strategy for investigating community assem-
bly processes. We run the additional approach based on PCO
eigenvectors describing dissimilarities in species composition to check
whether differences in the amount of explained variation between tax-
onomic and functional/phylogenetic procedures were not due to the
number of dependent variables included in the spatially constrained
randomisation model (see Gianuca et al., 2018). Metacommunity pat-
terns of the two taxonomic approaches were very similar, thus we re-
port only the results obtained through the Hellinger-transformed

procedure in the main text (see Supplementary Fig. B.1 for the results
of the Bray-Curtis approach). All analyses were run with packages
ade4 and adespatial (Dray et al., 2018) in the R environment. See
Fig. 2 for the main steps of our statistical approach.

3. Results

A total of 51 macrophyte species from 19 different families were
identified. A complete list of species and families is provided in Supple-
mentary Table A.3. Eleocharis palustriswas the most frequent plant spe-
cies, occurring in 35 ponds (~70%). The second and third most frequent
species were Schoenoplectus lacustris and Potamogeton trichoides, occur-
ring in 32 (~60%) and 25 (~50%) ponds, respectively. The trait-based
analysis (Supplementary Tables A.4 and A.5) indicated that themajority
of macrophyte species in the study sites were submerged leaved
(87.9%), anemochorous (70.1%) and seed-producing (100%).

3.1. Phylogenetic signal in functional characters

Factorial analysis of mixed data (PCAmix) clarified the covariance
structure of trait variables (Supplementary Fig. A.2), suggesting that
all functional characters were likely to influence how plant species
might respond to environmental and spatial constraints. The standard
Mantel test revealed a significantly positive correlation between trait
and phylogenetic distances among macrophyte families (R = 0.15; p b
0.05). Surprisingly, the Brownian motion evolutionary model did not
showed any significant signal of phylogenetic conservatism (Null K =
1; p N 0.05), suggesting labile trait evolution in aquatic plant families.
When using the angiosperm supertree, with a complete coverage of
species but only family-level resolution, significant phylogenetic signal
was only detected for dispersal vector and reproductionmode (Table 1).

3.2. Metacommunity analyses

The mean values for taxonomic and phylogenetic beta diversities
were not different from the expected value of zero, suggesting that
taxonomic-based community assembly dynamics (p = 0.27) and line-
age composition (p=0.33)were likely to be random. By contrast, func-
tional beta diversity was different from that expected by chance,
suggesting that community assembly processes underlying selection
for particular traits in functional niche space were dominated by deter-
ministic processes (p b 0.05; Fig. 3).

Only the first PCO eigenvector was selected as response variable for
the taxonomic, functional and phylogenetic facets of beta diversity.
Combining spatial and environmental drivers of metacommunity as-
sembly revealed that total explained variation (i.e. total adjR2; Fig. 4) ob-
tained through MSR-based VP was highest for the phylogenetic
approach (adjR2 = 0.49), followed by the multi-trait (adjR2 = 0.36)
and the classic taxonomic approaches (adjR2 = 0.19). Furthermore,
functional and phylogenetic metrics significantly explained variation
in the residuals of the best performing spatially constrained model on
species composition (i.e. Hellinger-transformed species abundance
data; Supplementary Fig. B.2). This finding suggests that accounting
for plant lineages and species-specific functional characters improved
predictions on the role of dispersal limitation and species sorting on
community assembly.

MSR-based spatially constrained VP models revealed some differ-
ences in the relative contribution of species sorting and dispersal limita-
tion to variation in each facet of beta diversity. Pure spatial effects (i.e.
dispersal limitation) better explained taxonomic andmulti-trait beta di-
versity dimensions than the pure effect of the non-spatialized environ-
ment. Spatial variables with small eigenvalues (e.g. MEM2; Table 2),
indicating broad-scale variation in geographical structure, were the
most influential for both species composition and community trait
structure. By contrast, the pure effect of species sorting explained a sig-
nificant proportion of phylogenetic variation (Fig. 4 and Table 2).
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Clearly, the greatest amount of explained variation (adjR2 = 0.11–0.18)
in all beta diversity facets was seen for the shared effects between envi-
ronmental and spatial processes. The explained variation of shared ef-
fects was, however, not statistically significant for the multi-trait and
phylogenetic beta diversity facets (Fig. 4 and Table 2).

Despite the differences in the amount of explanatory power, there
was a relatively good agreement among the environmental and spatial
variables selected as important predictors of each beta diversity dimen-
sion (Table 2). For example, the spatially constrained models revealed
that both species and lineage composition varied mainly as a function
of pH and nutrient concentration. Emergent macrophytes were likely
to be positively associated to high productivity levels (here measured
as nutrient concentration and pH), and the opposite pattern was ob-
served for the floating- and submerged-leaved plant species, which
lean towards the centre and the beginning of the productivity gradient,
respectively (Fig. 5). Similarly, the MSR-based VP procedure associated
variation in macrophyte trait structure and species composition at the
extent of approximately 300 km (Supplementary Fig. A.3).

4. Discussion

In this study,we applied amultidimensional approach including tax-
onomic, functional and phylogenetic data to enhance our basic under-
standing of macrophyte metacommunity dynamics. Importantly, our
study is unique in bridging together different facets of beta diversity
that have traditionally been used separately to infer macrophyte com-
munity assembly scenarios. By using them systematically on the same
data set together with null models, we were able to show their comple-
mentarity in explaining variation in spatial and environmental compo-
nents of macrophytes. Our findings suggest that species inhabiting
most pondsweremerely randomdraws from the taxonomic and phylo-
genetic species pool available in the study region. In addition, we evi-
denced lack of phylogenetic conservatism across all the studied
species traits based on Brownian motion evolutionary model, and only
dispersal vector and reproduction mode of all species traits showed
phylogenetic signal when individual species traitswere considered sep-
arately using the angiosperm supertree. Our results also revealed that
although the environmental and spatial variables together contributed
to variation in taxonomic, functional and phylogenetic macrophyte
communities, dispersal limitation drove more than environmental

filtering for taxonomic and functional dimensions, and pattern was op-
posite for phylogenetic community component.

4.1. Null models: disentangling the role of stochastic and deterministic pro-
cesses in community assembly

We found that functional beta diversity was different from that ex-
pected by chance, suggesting the prevalence of deterministic processes
in structuring variation of trait composition. This finding partially sup-
ported our first hypothesis that some facets of beta diversity are non-
random. Nevertheless, the taxonomic and phylogenetic beta diversity
dimensions showed signs of stochasticity, indicating that processes
explaining taxonomic variation and lineage composition were mostly
shaped by random draws from the regional species spool (Hawkins
et al., 2015). This type of randomnessmay also stem from the combined
effects of different habitat affinities and dispersal dynamics across phy-
logenetic lineages (Roa-Fuentes et al., 2019).

More strikingly, the observed multi-trait beta diversity was consis-
tently low relative to random expectations, suggesting that the trait
composition of the studied ponds was very similar (Chalmandrier
et al., 2017). We interpreted this pattern as a consequence of low func-
tional complementarity between ponds (Heino and Tolonen, 2017). For
example, most emergent macrophytes are functionally very different
from many groups of aquatic hydrophytes by having different growth
forms, life history strategies, phenology, SLA and dispersal vectors (e.g.
Willby et al., 2000). Accordingly, if there is at least one helophyte and
one hydrophyte in each site, the multi-trait differences among ponds
appear to be relatively small. Most of the study ponds harboured at
least one species from different major macrophyte functional groups
(i.e. emergent, floating-leaved and submerged plants). Hence, as these
groups are functionally distantly related and at least one representative

Fig. 2. Flow chart of the statistical analyses used. Check themain text for details. s: species; p: ponds; t: traits; PCAmix: factorial analysis ofmixed data; COMDIST: `COMDIST´ function in R
package picante; PCO: Principal Coordinate Analysis; SES: Standardised Effect Size;mpd.obs: observed beta diversity;mpd.rnd.mean: mean of the null distribution;mpd.rnd.sd: standard
deviation of the null model; e: environmental features; MEM: Moran Eigenvector Maps; MSR: Moran Spectral Randomisation; and VP: Variation Partitioning.

Table 1
Phylogenetic signal for pond macrophyte traits (Blomberg's K-statistic for individual trait
levels and EM-Mantel test for all traits combined). Significant results are shown in bold
(ns: no significant differences; *p b 0.05; **p b 0.01).

Blomberg's
K-statistic

General
Mantel test

Brownian
motion
simulation

Observed K p R p Null K p

All traits 0.15 * 1 ns
Dispersal vector 0.44 **
Growth form 0.20 ns
LDM 0.45 ns
Offspring 0.14 ns
Plant longevity 0.16 ns
Plant phenology 0.20 ns
Reproduction mode 0.32 *
Reproduction time 0.22 ns
Seed length 0.16 ns
Seed longevity 0.21 ns
Seed number 0.14 ns
SLA 0.71 ns

Fig. 3. Standardised effect size values for each beta diversity dimension: species
composition (mean overall value - βMPD; Taxo), functional structure (Trait) and
phylogeny (Phylo). Differences from the expected value of zero for random data were
assessed through a series of two-tailed t-tests. Note that only multi-trait beta diversity
was different from that expected by chance (p b 0.05). Boxplot bold lines = median;
box = interquartile range (IQR); whiskers = maximum and minimum up to 1.5 × IQR.
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of them occurred in most sites, among-pond variation in functional
community composition was low in comparison to that expected from
a null distribution (see Heino and Tolonen, 2017).

4.2. Phylogenetic signal in traits

Contrary to our expectations (hypothesis 2), not all measured traits
were conserved along the phylogeny. This mismatch stemmed in the
moderately low phylogenetic signal of the functional characters both
taken individually and together (Table 1). As a consequence, functional
trait and phylogenetic patterns appeared quite decoupled in the studied
regional metacommunity. The relatively large number of macrophyte
families that have repeatedly adapted to diverse freshwater habitats in
a relatively short period of time (Barret et al., 1993) might explain the
seemingly labile trait evolution pattern. Although weak genetic con-
straints can also lead to low levels of phylogenetic signal, this is less
likely to be the reason since aquatic plants might have experienced

frequent convergence and local adaptation (see Barret et al., 1993).
These findings suggest that phylogenetic lineages of aquatic macro-
phytes may not be used as proxies for functional dissimilarity due to
weak phylogenetic signal exhibited in species traits. However, these re-
sults are extremely dependent on the considered functional characters
(Corbelli et al., 2015); thus, the inclusion of alternative or additional
traits could even reverse our findings if there is a phylogenetic signal
in them. This point certainly requires further attention and would
need to be complemented with similar analyses in order to clarify the
debate over phylogenetic conservatism in aquatic plant lineages.

4.3. Drivers of taxonomic, functional and phylogenetic beta diversity
patterns

As expected fromour third hypothesis,we observed that the explan-
atory power of the analyses increased from taxonomic to multi-trait
and phylogenetic metrics. This was also supported by our residual anal-
ysis (Supplementary Fig. B.2), although the explanatory powers were
generally relatively low. High residual variation is typical for
metacommunity studies based on survey data (Cottenie, 2005; Heino
et al., 2015) due to site-specific context dependency, priority effects,
historical legacies and stochastic species distribution (e.g. Capers et al.,
2010; Alahuhta and Heino, 2013; Heino et al., 2013). Presumably, this
unexplained variability in our data again emphasises the importance
of stochastic events to the assembly of pond macrophyte
metacommunities. Such stochasticity is probably related to small-
scale disturbances and chance colonisation, establishment and extinc-
tion, which are often related to connectivity between ponds (Capers
et al., 2010). It may thus be that apparently idiosyncratic species re-
sponses to multivariate gradients are in fact largely trait and phyloge-
netically mediated in our study (but see Gianuca et al., 2018).

The MSR-based VP models pointed to a strong role of both environ-
mental filtering and spatial processes on macrophyte community as-
sembly patterns. This finding only partly supported our fourth
hypothesis, because functional community assemblage should primar-
ily have been driven by environmental filtering (Hoeinghaus et al.,
2007; Heino et al., 2013; Cai et al., 2019). Our results suggest that
there should be no strong dichotomy between dispersal limitation and
species sorting – both community assembly scenarios are extremes
along a continuum of processes underlying observed biogeographical
patterns (Heino et al., 2015).

Taxonomic and functional beta diversity patterns appeared to be
partially spatially controlled, suggesting effective dispersal limitation
at the regional extent. Specifically, dispersal limitation interfered with
species sorting in determining taxonomic and trait composition by hin-
dering species´ tracking of local environmental conditions. After correc-
tion for the spatially structured environment, functional data were
relatively straightforward in reflecting distributional patterns that are
generated by pure spatial effects and dispersal limitation. The lack of
spatial signal on phylogenetic patterns suggests that dispersal limitation
is probably mediated by the measured functional traits, such as dis-
persal vector, growth form and seed number (García-Girón et al.,
2019a). These findings agree with Capers et al. (2010), O'Hare et al.
(2012) and García-Girón et al. (2019a), suggesting that dispersal limita-
tion can hinder the ability of plant species to reach suitable habitat
patches and thereby weaken the strength of species sorting.

Where we did find evidence for dispersal limitation, our results
showed that species sorting overrode the effects of spatial factors in
explaining phylogenetic beta diversity at the metacommunity scale.
This indicates that some of the macrophyte families can occur in a cer-
tain limited part of the environment (e.g. Alahuhta and Heino, 2013;
Fu et al., 2019). It is hence possible that, as individualistic as the species
responses may be, there must be some evolutionary or physiological
trade-offs associated with important environmental thresholds
(Meynard et al., 2013), which will translate into similar macrophyte

Fig. 4. Results ofMSR-based spatially constrainedVP depicting the relative contribution (%
adjR2) of local environmental features (green), MEM eigenvectors (yellow) and shared ef-
fects (orange) to variation in different dimensions of beta diversity: species composition
(Taxo), functional structure (Trait) and phylogeny (Phylo). Asterisks indicate significant
results (*p b 0.05; **p b 0.01). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Fractions of variation for each beta diversity facet (i.e. taxonomic, functional and phyloge-
netic) explained by environmental and spatial variables. Values represent adjR2 and aster-
isks (bolded) indicate significant results (ns: not selected according to the two-step
forward selection criteria as proposed by Blanchet et al. (2008); *p b 0.05; **p b 0.01;
***p b 0.001).

Selected explanatory variables Taxonomy Trait structure Phylogeny

Environmental model
pH 0.06** ns 0.06**
TP 0.04** ns ns
NO3

−-N ns ns 0.06***

Spatial model
MEM2 0.05*** 0.06** ns
MEM3 0.05*** ns ns
MEM9 0.05** ns ns
MEM12 0.03** ns ns
MEM13 0.03* ns ns
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Fig. 5. Evolutionary-traitgram showing patterns of phylogenetic and trait (i.e. growth form) clustering along a gradient of increasing degree of productivity (heremeasured as nutrient concentration and pH; see O'Hare et al., 2012). The evolutionary-
traitgramposits the tips of the phylogeny according to a trait axis (here growth forms; emergent, floating-leaved and submerged),while keeping the internal nodes proportional to evolutionary time (i.e. genetic distance in this example). Each column
of the heat-map represents one of the 51 sampled ponds and the colour of each of the circles indicates the relative abundance at the family level in each pond. For more details on the evolutionary-traitgram see Cadotte et al. (2013).
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lineages occurring and disappearing at the same ponds along the envi-
ronmental gradient.

Nutrient concentration and pH were the most important environ-
mental drivers in our studied regional metacommunity (Table 2). The
importance of pH and nutrient content is related to the use of different
forms of carbon (Madsen and Sand-Jensen, 1991) and the chain of ef-
fects generally hypothesised in eutrophication processes (Penning
et al., 2008), respectively. The influence of both environmental drivers
has been well documented in northern Europe (e.g. Elo et al., 2018),
North America (e.g. Capers et al., 2010) and elsewhere (e.g.
Fernández-Aláez et al., 2018). Overall, despite confounding factors, our
results support the idea that productivity is an important driver of
both taxonomic and phylogenetic beta diversity patterns.

5. Conclusions

Historically, taxonomic-based analyses of community assembly
have been the most common approach used to characterise regional
biodiversity and biogeographical processes (Heino et al., 2015). How-
ever, recent efforts to incorporate functional and phylogenetic dimen-
sions into the metacommunity framework have provided further
insights into niche- and dispersal-based processes (e.g. Mouquet et al.,
2012; Gianuca et al., 2018; Roa-Fuentes et al., 2019). We continued in
this path by exploring different beta diversity facets of macrophyte
metacommunities. We used a novel multidimensional approach (in-
cluding null models and phylogenetic signal evaluations) to examine
metacommunity structuring and showed that each dimension of beta
diversity responded slightly differently to the underlying spatial and en-
vironmental gradients, suggesting distinct community assembly sce-
narios. Importantly, our analyses based on functional and phylogenetic
data identified the influence of underlyingmechanisms that would oth-
erwise be missed in an analysis of taxonomic turnover. For instance,
these results let us conclude that macrophyte species have labile func-
tional traits adapted to dispersal-based processes and some evolution-
ary trade-offs that drive community assembly via species sorting.
However, the interpretation of results is not straightforward,
emphasising the need to go beyond the predominant thinking of con-
sidering dispersal limitation and species sorting as two alternative and
mutually exclusive scenarios of community assembly (see also Heino
et al., 2015; Brown et al., 2017). Our multidimensional study approach
may also have repercussions for conservation biology and environmen-
tal management, raising the dilemma of which and how diversity facet
should be favoured in conservation strategies. We suggest that
implementing and assessing conservation strategies using a given di-
versity dimension as a cure-all should be avoided (Devictor et al.,
2010). Instead, conservation biology and environmental management
should benefit from pluralistic approaches connecting taxonomic, func-
tional and phylogenetic data. We strongly believe that bridging bioge-
ography, functional and evolutionary ecology holds the key for
advancing our discipline and encourage similar analyses for other
areas across the globe, which we hope will be found equally beneficial.
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Bridging population genetics and 
the metacommunity perspective 
to unravel the biogeographic 
processes shaping genetic 
differentiation of Myriophyllum 
alterniflorum DC.
Jorge García-Girón  1*, Pedro García  2, Margarita Fernández-Aláez  1, Eloy Bécares  1 & 
Camino Fernández-Aláez  1

The degree to which dispersal limitation interacts with environmental filtering has intrigued 
metacommunity ecologists and molecular biogeographers since the beginning of both research 
disciplines. Since genetic methods are superior to coarse proxies of dispersal, understanding 
how environmental and geographic factors influence population genetic structure is becoming 
a fundamental issue for population genetics and also one of the most challenging avenues for 
metacommunity ecology. In this study of the aquatic macrophyte Myriophyllum alterniflorum 
DC., we explored the spatial genetic variation of eleven populations from the Iberian Plateau by 
means of microsatellite loci, and examined if the results obtained through genetic methods match 
modern perspectives of metacommunity theory. To do this, we applied a combination of robust 
statistical routines including network analysis, causal modelling and multiple matrix regression 
with randomization. Our findings revealed that macrophyte populations clustered into genetic 
groups that mirrored their geographic distributions. Importantly, we found a significant correlation 
between genetic variation and geographic distance at the regional scale. By using effective (genetic) 
dispersal estimates, our results are broadly in line with recent findings from metacommunity theory 
and re-emphasize the need to go beyond the historically predominant paradigm of understanding 
environmental heterogeneity as the main force driving macrophyte diversity patterns.

The degree to which dispersal limitation interacts with environmental filtering has intrigued metacommunity 
ecologists and population geneticists since the beginning of both research disciplines1. Today, metacommunity 
ecology has rapidly become a dominant framework through which ecologists understand the natural world2. 
Both, population genetics and metacommunity ecology, posit that it is not only the local environment that dic-
tates patterns of species distributions, but these patterns also depend on processes such as the movement of 
organisms at the regional scale3,4. Each has generated an impressive body of theoretical and empirical research 
over the past two decades, yet dispersal processes operating in aquatic organisms remain little explored5. This 
deficit is a major hindrance to our understanding of dispersal as a force structuring regional patterns of biodiver-
sity6, and is also the main reason why ecologists usually need to rely on proxies for dispersal. Recent simulation 
studies have shown that this typical coarse interpretation of spatial-based processes, which is primarily derived 
from the use of orthogonal spatial eigenvectors (MEM7) in variation partitioning analysis, is to some degree 
flawed, resulting in greatly inflated estimates of the role of environmental filtering8. Consequently, much of mod-
ern freshwater ecology is founded on the principle of environmental determinism and its findings are still subject 
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to revision. In this vein, the recent macroecological study of Alahuhta et al.9 (using partial redundancy analysis 
and the standard variation partitioning approach) showed that environmental filtering overrode the effects of 
potential connectivity in explaining local communities across the world. However, such a statistical approach is 
highly correlative and was recently shown to overlook the role of dispersal-related processes on species distribu-
tions at a landscape level8.

Recent recognition of the limitations affecting the traditional community-based approach to assess the rela-
tionships between dispersal limitation and environmental filtering called for the development of more sophisti-
cated empirical methods10. In this context, it is important that ecologists take advantage of modern techniques 
that have the potential to inform robust mechanistic models11. These techniques include molecular tools, which 
have been historically employed to study gene flow and potential dispersal limitation in biological popula-
tions12,13. Since gene flow estimations are certainly superior to coarse proxies of dispersal, understanding how 
environmental and geographic factors influence the genetic structure of biodiversity is becoming one of the most 
fundamental issues for population genetics14 and also one of the most challenging avenues for metacommunity 
ecology10. Consequently, progress in the synergistic potential of population genetics and metacommunity ecology 
may help in elucidating the degree to which dispersal limitation interferes with the local environment in deter-
mining geographic patterns of biological diversity.

Landscape genetic scenarios, including ‘isolation by distance’ (IBD) and ‘isolation by the environment’ (IBE), 
rely on inferring the role of dispersal limitation and environmental variation from observed patterns of genetic 
structure. The theory of isolation by distance describes the local accumulation of genetic differences when disper-
sal among populations is limited by geographic factors, and therefore gene flow is inversely proportional to the 
distance between populations4,15. Thus, genetic differentiation is the result of drift acting within populations more 
quickly than it is mitigated by gene flow among populations14,15.

Conversely, when genetic differentiation positively aligns with environmental dissimilarity among sites, a 
pattern of isolation by environment emerges4. This model suggests that environmental variables can influence 
the colonisation success of individuals and groups of individuals via environmental filtering, with higher effective 
gene movements among similar environments4,14. Hence, regional variation in the environment may influence 
species-specific colonisation rates and establishment success when geographic distance allows dispersing immi-
grants to reach nearby habitat patches14. A classic example of this scenario in the freshwater realm comes from 
plants growing on and near the reaches of lakes and rivers, where local adaptations to different sediment and soil 
types have occurred4. Both patterns of IBD and IBE are usually present simultaneously in nature4 and represent 
one of the most important approaches with which to assess the relative importance of geographic distance and 
environmental heterogeneity in shaping patterns of dispersal and genetic variation14,16,17.

Relatively few empirical studies have examined the contribution of dispersal limitation and environmental 
filtering on macrophyte genetic divergence16–18. The few existing studies16–19 seem to reveal simultaneous IBD and 
IBE patterns in shaping the genetic structure of different aquatic macrophyte species. Importantly, the interaction 
between spatial and environmental dynamics in structuring macrophyte genetic differentiation is broadly in line 
with recent findings from metacommunity theory20,21, and emphasizes the need to go beyond the historically 
predominant paradigm of understanding environmental specificity as the main force driving macrophyte gene 
flow patterns22,23.

Here, we present an analysis of geographic genetic variation using microsatellite markers on a total of 11 
populations of Myriophyllum alterniflorum DC. (2n = 14) from 11 ponds located in the Iberian Plateau. More 
specifically, our main aims were to: (i) explore geographic patterns of population genetic structure and gene flow 
in the alternateflower watermilfoil; (ii) assess the influence of geographic distance and environmental dissimi-
larity on genetic differentiation of M. alterniflorum in Mediterranean pond environments; and (iii) disentangle if 
results obtained through population genetic methods match modern perspectives of metacommunity theory in 
these landscapes. Based on evidence from previous genetic studies on aquatic macrophytes16–19, we expected both 
geographic distance and environmental filtering to influence genetic variation of M. alterniflorum at the regional 
scale (H1). We also assumed that habitat fragmentation in Mediterranean landscapes would require that gene 
flow occurs primarily between neighbouring populations (H2), supporting recent metacommunity empirical 
research20,21 (H3) that suggests that spatial structuring accounts for much of the variation in aquatic macrophyte 
diversity patterns.

Since no academic work has yet examined the actual patterns of gene flow in aquatic macrophytes 
from a Mediterranean perspective, we hope that the baseline genetic information of our work may provide 
ground-breaking insights into the role of geographic isolation and environmental filtering on macrophyte meta-
population structuring. Similarly, our findings may have important and widespread implications for integrating 
population genetics into the full inference space of metacommunity ecology, helping us obtain a deeper under-
standing of whether or not spatial processes may hinder aquatic macrophytes from tracking environmental var-
iation at the regional scale. It is important to emphasise that our study is limited to a single macrophyte species, 
and since most metacommunities comprise dozens to hundreds of species, findings should therefore be handled 
with caution. This is because, although the fundamental units are analogous (taxa in communities, alleles in pop-
ulations), population genetics and metacommunity ecology use different routines and approaches to disentan-
gle geographic patterns of biological diversity3,4. However, it is now becoming feasible to compare community 
assessments with genetic variation of single or a few species10. Whatever the case, we strongly believe that the 
alternateflower watermilfoil offers an ideal example for us to assess the spatial genetic patterns of aquatic macro-
phytes because it occurs irrespectively in still or slow-moving water of lakes, ponds and rivers and it is also widely 
distributed in different biogeographic realms of the Earth19.
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Results
Genetic diversity. A total of 142 genets were revealed in the samples. All of the obtained genotypes were 
population specific. Thus, no clones were found between or within populations, suggesting that dispersal of veg-
etative propagules is uncommon in M. alterniflorum. Total genetic diversity (HT) and mean within-population 
diversity (HS) were 0.65 and 0.56, respectively. Considering all study populations, the number of genets, the mean 
number of alleles (Na) and the mean effective number of alleles (Ne) ranged from 6.0 to 20, 2.9 to 5.4, and 2.0 
to 3.0, with a mean of 13, 4.4 and 2.6, respectively. The mean observed heterozygosity (Ho) and the mean unbi-
ased expected heterozygosity (uHE) were 0.60 and 0.56, varying between 0.47–0.71 and 0.45–0.66, respectively 
(Table 1). The pairwise Nei’s unbiased genetic distance (DA; Supplementary Table S1) ranged from 0.01 to 0.62, 
with comparisons involving individuals from AMO-MAN and RAQ-ERA-CAN presenting the greatest and the 
smallest genetic dissimilarity, respectively (see Fig. 1 for abbreviations). The population-specific FIS varied from 
−0.25 to 0.15, with an average of −0.02 (Table 1). The mean values of FIT and FST were 0.11 and 0.13, respectively, 
suggesting moderate genetic differentiation and limited inbreeding between populations.

Population genetic structure. The STRUCTURE analysis (Fig. 1) suggested K = 2 as the optimal number 
of clusters based on the second order rate of change of the likelihood function, ∆K (Supplementary Fig. S1). 
One geographical group consisted of populations from the northern part of the study area (ERA, SEN, RAQ, 
CAN, DIE, MAY, CAR and MAN), while the other cluster comprised populations from the south (SE, LIN and 
AMO). Four ponds (MAN, SE, LIN and AMO) showed the greatest genetic divergence (FST; Fig. 1). Discriminant 
Analysis of Principal Components (DAPC) was performed on the first 40 principal components to capture nearly 
90% of the total genetic variation. Results of the DAPC analysis (Supplementary Table S2) were analogous to 
those from the STRUCTURE. In summary, the individual density plot on the first discriminant function revealed 
a clear separation between the two population clusters identified by the Bayesian clustering approach (Fig. 2a).

The minimum spanning network (MSN) plotted by EDENetworks (Fig. 2b) revealed several distinct topolog-
ical features. The network drawn from the distribution of alleles between populations indicated a clear separation 
between the two clusters identified by the STRUCTURE and DAPC analyses. Similarly, a consistent patterns 
for barriers to gene flow was observed with the Monmonier’s algorithm (Fig. 2b). The single geographic bound-
ary was the one separating the three southern ponds (LIN, AMO and SE) from all populations north of SE. 
Consequently, MSN and Monmonier’s algorithm seemed to confirm our previous results, suggesting that the 
three southern populations (SE, LIN, AMO) exhibited a strong isolation by distance and experienced very limited 
gene flow from northern ponds. Conversely, populations from the northern cluster were likely to be relatively well 
connected by a number of links, with CAN functioning as a connectivity provider for nearby ponds.

Landscape genetic analysis. After the PCA-based model selection procedure, we kept the first two axes 
as synthetic environmental variables since these two principal components explained ~98% of the variance in the 
environmental attributes. The first axis was closely associated with turbidity, nutrient content and hydroperiod 
length, while pH and conductivity had the largest independent contribution for variation in the second axis 
(Supplementary Table S3).

Our analyses by Mantel test suggested a significantly positive correlation between genetic and geographic 
distances (r = 0.82, p = 0.001), whereas non-significant associations were detected between genetic differentiation 
and environmental dissimilarity (r = 0.50, p = 0.1). When the influence of the environmental factor was con-
trolled, the genetic-spatial association remained highly significant (r = 0.78, p = 0.001; Table 2; Fig. 3). According 
to the MMRR, geographic distance had the highest regression coefficient (β = 0.71, p = 0.005), while the effects of 
environmental heterogeneity were again statistically non-significant (β = 0.13, p = 0.86).

Populations Latitude Longitude
Population 
size

Number of 
genotypes Na Ne Ho uHE FIS PCA1 PCA2

AMO 4682078 310393 13 13 4.2 2.8 0.58 0.62 0.13 501 405
LIN 4685289 309108 9 9 4.1 2.8 0.57 0.52 0.15 −281 142
SE 4697150 308647 8 8 4.3 3.0 0.68 0.66 −0.01 111 −217
MAN 4699206 317237 16 16 4.0 2.0 0.49 0.45 −0.07 −144 −29
CAR 4702335 308243 6 6 2.9 2.2 0.46 0.55 0.10 362 −154
MAY 4706991 316586 14 14 5.0 3.0 0.63 0.65 0.01 161 −35
DIE 4710657 313622 8 8 3.8 2.2 0.47 0.52 0.14 162 −274
CAN 4711368 315523 20 20 4.6 2.3 0.65 0.53 −0.25 −212 24
RAQ 4712540 319786 11 11 5.1 2.7 0.68 0.63 −0.10 −202 70
SEN 4713904 318812 20 20 5.4 3.0 0.71 0.63 −0.15 −197 −4
ERA 4716025 320422 17 17 5.0 2.7 0.71 0.63 −0.13 −262 72
Average 13 13 4.4 2.6 0.60 0.59 −0.02
Standard deviation 4 4 0.2 0.1 0.03 0.02 0.05

Table 1. Results of genetic diversity measures for natural populations of Myriophyllum alterniflorum, 
geographic origins (UTM) and values of the first two principal components (PCA1, PCA2) to the 
environmental features in the study ponds. Number of ramets (population size), number of genets (number of 
genotypes), mean number of alleles (Na), mean number of effective alleles (Ne), observed heterozygosity (Ho), 
unbiased expected heterozygosity (uHE) and inbreeding coefficient (FIS).
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Discussion
Compared with previous works on patterns of genetic differentiation in aquatic macrophytes23–26, the present 
study was performed along a relatively wide environmental gradient in a Mediterranean landscape. Estimates 
of genetic diversity (i.e. total diversity, HT; mean within-population diversity, HS; observed heterozygosity, Ho; 

Figure 1. Estimated genetic structure of Myriophyllum alterniflorum populations inferred by a Markov chain 
Monte Carlo clustering (STRUCTURE) at the individual level (K = 2). Black lines indicate different population 
origins. Pie charts represent the probability of assignment to one of the two clusters (orange: southern cluster; 
green: northern cluster). The areas of the pie charts are proportional to the mean FST values over loci. The colour 
scales are used in Fig. 2.

Figure 2. (a) Discriminant analysis of principal components (DAPC) showing the individual density plot on 
the first discriminant function (k = 2). The top right histogram illustrates the amount of variation explained 
by the principal components (PCAs = 40). (b) Simplified network identified by EDENetworks between nodes 
(sampling sites). Line thickness is proportional to linkage strength and node size is proportional to the number 
of linkages for each population. The blue line indicates the position of the single barrier to gene flow for more 
than half the loci set identified by the Monmonier’s algorithm after 1,000 bootstrap replicates.
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and unbiased expected heterozygosity, uHE) for M. alterniflorum populations were somewhat high compared to 
the average values reported for other aquatic macrophytes with similar life history traits at both the species and 
the population level17,18,27. The possible reason for the relatively high genetic variation uncovered here may be 
explained in terms of high landscape heterogeneity and the wide range of local ecological conditions of the study 
ponds28. Likewise, all the obtained genotypes were population-specific, suggesting a high rate of recombination 
due to sexual reproduction and uncommon interpopulation dispersal of vegetative propagules29. In this regard, 
García-Girón et al.30 recently showed that seeds of M. alterniflorum were far more frequently encountered in 
surface sediment than its vegetative plant fragments, supporting our assumption that the spread of vegetative 
propagules is a relatively rare event. In any case, these patterns of genetic variability suggest that Mediterranean 
ponds are important reservoirs of genetic diversity25.

In spite of the relatively short distances between ponds (mean pairwise geographic distance ~ 15 km), and fol-
lowing our expectations (H2), populations clustered into genetic groups that mirrored their geographic patterns. 
Indeed, the Bayesian clustering approach and the discriminant analysis of principal components found only two 
genetic clusters in the data, one comprised of the eight populations north of SE and the other comprised of SE 
and the two populations south of this pond. This grouping was supported by the EDENetwork analysis, which 
also found modest levels of population connectivity. Sites spanning the northern cluster were relatively well con-
nected, with the centrally located CAN being an important node linking several sites (Fig. 2b). This finding high-
lights the degree to which stepping-stone ponds may function as habitat connectivity providers for short-distance 
seed exchanges among otherwise isolated habitat patches4. By contrast, sites south of SE showed less population 
connectivity and seemingly were not linked to the northernmost populations, suggesting that gene flow was not 
sufficient to keep a single, panmictic, spatially extended population throughout the study range. This finding 
is intuitive given that ponds spanning the southern cluster were largely isolated from the northernmost sites 
(see Fig. 1), so the further apart ponds were, the less likely they were to share a similar allelic composition. This 
is especially true when little or no physical connection via flowing water exists between the sites20 (see below). 
Accordingly, the Monmonier’s algorithm indicated that there was a single barrier to gene flow, isolating the south-
ernmost populations front the rest of the species’ range. This means that geographic limits will decrease the prob-
ability of effective dispersal among distant populations and thus enhance differentiation through genetic drift31.

It is generally accepted that IBD and IBE are the main scenarios structuring genetic divergence in natural 
populations4. However, only a few empirical studies have assessed the relative role of geographic distances and 
environmental factors in shaping genetic patterns of aquatic macrophyte populations32, and most of them come 
from temperate Europe33,34 and Asia16–18. To the best of our knowledge, no academic work has yet examined 
the actual patterns of gene flow in aquatic macrophytes from Mediterranean landscapes and whether there 
is a prevailing scenario with respect to spatial and environmental gradients. This particular situation has led 
Mediterranean ecologists to understand organism-landscape interactions in terms of the well-established theory 

Landscape feature Controlled r p
Geographic distance 0.82 0.001
Environmental dissimilarity 0.50 0.06
Geographic distance Environmental dissimilarity 0.78 0.001
Environmental dissimilarity Geographic distance 0.31 0.11

Table 2. Simple and partial Mantel tests showing correlations between genetic distance, geographic distance 
and environmental dissimilarity. Significant values are presented in bold.

Figure 3. Scatter plots of Mantel tests showing the relationships between genetic differentiation, geographic 
distance (a) and environmental dissimilarity (b).
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of metacommunity organization, in which the interplay of spatial processes and local environmental forces is 
determined by performing robust, mechanistic models20,21. However, such an indirect approach produces infor-
mation on the influence of spatial processes, environmental filtering, and both in combination, from coarse prox-
ies of dispersal, such as eigenfunction spatial analyses7 and distance decay functions35, potentially overfitting the 
environmental component8. Hence, incorporating more realism in the genetic architecture of dispersal may play 
an important role in advancing our understanding on how landscape variation shapes the distribution of aquatic 
macrophytes in this kind of highly fragmented environments. Since extensive Mediterranean environments are 
found in several locations worldwide and are relatively sensitive to climate and land-use change36, addressing this 
knowledge gap has important, widespread implications.

In our study, a strong association between genetic and geographic distances revealed a pattern of IBD across 
the distributional range of M. alterniflorum in northern Spain, partially confirming our main hypothesis (H1). 
Under this scenario, increasing geographic distances among populations is expected to lead to enhanced genetic 
differentiation4–15, which essentially requires that gene flow occurs primarily between neighbouring popula-
tions31. Several previous studies revealed strong interpopulation genetic divergence and patterns of IBD in aquatic 
macrophytes at the continental scale16–18. However, to our knowledge, our study is the first empirical evidence that 
links macrophyte genetic variation and geographic isolation at the regional scale in Mediterranean landscapes. 
Globally, our study suggests that the dispersal of M. alterniflorum individuals among Mediterranean ponds was 
limited by geographic isolation and argues in favour of the classical stepping-stone model in which gene flow is 
mostly restricted to neighbour populations31.

Wind, water and animals are the three main agents of dispersion for aquatic macrophytes, but their relative 
roles are very different. For example, Sommers et al.5 found that hydrochory is a common means of long-distance 
dispersal in wetland species, facilitating gene exchange among geographically isolated populations and reducing 
the effect of founder events and genetic drift37. In fact, water dispersal has long been recognized as the main 
reason for the wide distribution of freshwater macrophytes38. Given the few hydrological connections among 
the study ponds39, wind and animals were likely to play the primary role for inter-population gene flow, trans-
porting pollen, seeds and vegetative propagules to other ponds over the landscape20. Since wind-mediated gene 
flow seems to be effective only for distances of less than 1 km40, anemochorous dispersal may have failed to 
homogenize allele frequencies across distant populations. This reasoning is also in agreement with other exper-
imental studies that have investigated spatial genetic structure of submerged macrophyte species in wetlands34. 
On the other hand, some waterbirds are known to play an important role in the seed dispersal of watermilfoils41. 
However, given the small populations of indigenous and migratory waterfowl in the study area39, we speculate 
that bird-mediated dispersal was likely to be of minor importance for gene flow patterns. Therefore, the single 
means of dispersal and lack of mediators (i.e. water and birds) may have enhanced genetic differentiation of M. 
alterniflorum populations in Mediterranean ponds, which could explain the greater prediction of IBD on genetic 
divergence as a result of genetic drift and dispersal limitation16.

Since the traditional view of macrophyte community studies is founded on the principle of environmental 
determinism9,42, the results we report here may seem surprising. However, recent empirical research8,20 suggests 
that spatial structuring and environmental control together accounts for much of the variation in aquatic mac-
rophyte communities at different spatial scales and geographic areas. For example, using a novel combination 
of metacommunity assembly modelling and multivariate multiscale codependence analysis, García-Girón et 
al.20 showed that dispersal limitation acted in concert with species sorting to influence macrophyte community 
assembly processes in Mediterranean landscapes. In this regard, a growing number of studies20,21,43 recognize that 
metacommunity theory must go beyond the historically predominant thinking of considering environmental 
determinism as the main scenario of macrophyte community assembly. For example, Brown et al.2 emphasized 
the degree to which dispersal limitation interferes with environmental filtering by hindering species’ tracking of 
local environmental conditions. By using effective (genetic) dispersal estimates, our results are broadly in line 
with recent findings from metacommunity theory20,21 (confirming our third hypothesis, H3) and re-emphasize 
the need to go beyond the historically predominant paradigm of understanding environmental heterogeneity as 
the main force driving macrophyte gene flow patterns.

Studies of single species are undoubtedly valuable for population genetics, often providing greater power 
and resolution for examining patterns of biological variation than coarse proxies of dispersal from spatial eigen-
function analyses14. However, since most metacommunities comprise dozens to hundreds of species, adding 
additional species to the analysis would provide a big step further for examining how ecological and landscape 
variation shapes the distribution of genetic diversity in nature10,14. For the moment, our study is an important 
step towards integrating population genetics into the full inference space of metacommunity ecology. Different 
types of approaches for molecular-based studies, including large multi-species population genetic data and DNA 
barcoding of entire assemblages10, will play a major part in the next big steps, providing an exciting frontier for 
metacommunity ecology that may open up many advances of scientific inquiry.

In conclusion, we highlighted the influence of spatial processes on patterns of genetic differentiation in M. 
alterniflorum under a relatively wide environmental gradient in Mediterranean ponds. Despite the relatively short 
distances between the study ponds (mean pairwise geographic distance ~ 15 km), plant populations clustered into 
genetic groups that mirrored their geographic distributions. Perhaps more importantly, we found a significant 
correlation between genetic variation and geographic distance at the regional scale, which essentially requires that 
gene flow occurs primarily between nearby populations. Accordingly, these findings emphasise that dispersal lim-
itation at the landscape level may be an additional point of major conservation concern for aquatic macrophytes. 
Further studies examining the processes structuring genetic variation of multiple aquatic macrophyte species 
are needed to demonstrate whether the pattern provided by M. alterniflorum is typical or anomalous for macro-
phytes in this kind of highly fragmented landscapes. Hence, comparative studies, either of population genetics, 
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metacommunity ecology or both in combination, will help us obtain a deeper understanding of whether or not 
spatial processes may hinder aquatic macrophyte species from tracking environmental variation.

Methods
Site description. We performed this study on 11 ponds located in a central, lowland area (around 900 m 
above the sea level) of approximately 200 km2 in northern Spain (Supplementary Fig. S2). The predominant 
land uses in the study area are arable and pasture and the climate is Mediterranean dry moderate. The majority 
of ponds studied are fed mostly by groundwater and rainfall and experience a strong reduction in water volume 
during the summer, ranging between 0.7 and 4.8 ha in aerial extent and 0.3 and 1.5 m in depth. The site selection 
included ponds with considerable variability in environmental conditions, including morphometry, nutrient con-
tent and mineralization (Supplementary Table S4).

Species biology. Alternateflower watermilfoil (M. alterniflorum) is an anchored submerged aquatic mac-
rophyte that is native to Europe, North America and Asia44. This widespread aquatic species occurs in still or 
slow-moving, neutral to basic water (pH = 6.0–8.8) of lakes, ponds and rivers with typically nutrient-poor and 
fine mineral sands sometimes mixed with muck44,45. M. alterniflorum presents diverse reproduction modes dis-
persing through both sexual and vegetative propagules (rhizomes and plant fragments). Similarly, this macro-
phyte species is typically dispersed by wind, water and waterfowl45. Together, gamete vectors and reproductive 
traits of this aquatic macrophyte species are expected to result in high gene flow and dispersal rates among nearby 
populations22.

Environmental data. Pond area (ha) was measured on high resolution aerial images with ArcMap version 
10.6 (Esri, Redlands, CA, USA). Maximum depth (m) and Secchi depth (m) were recorded in the deepest area 
of each waterbody using calibrated sticks and a Secchi discs (diameter = 20 cm), respectively. The ratio Secchi 
depth:maximum pond depth was used as a variable instead of Secchi depth since most of the ponds were shallow 
enough to keep the disc visible up to the bottom. Hydroperiod length (i.e. water residence time) was coded as a 
set of dummy variables, one for each category of the variable (permanent, temporary). Several water samples were 
randomly collected at different depths along a shore-centre transect using a cylindrical corer (diameter = 60 mm, 
length = 1 m). All samples from each pond were subsequently mixed to form a single composite water sample 
(volume = 5 l). Conductivity and pH were measured in the field from the composite water sample using WTW 
probes (Xylem, Weilheim, Germany). The integrated water samples were preserved in Pyrex glass bottles at 
4 °C and then analysed in laboratory following standard methods46 to determine total suspended solids, nitrate, 
ammonium, total phosphorous, soluble reactive phosphorus, chlorophyll “a”, chlorides and sulphates.

Plant sampling. A total of 142 individuals of M. alterniflorum were collected from 11 ponds in July 2018. Six 
to 20 young leaf fragments from each population were randomly sampled at 2–3 m intervals to avoid collecting 
ramets from a single genet. Fresh leaf samples were immediately dried in allochroic silica gel in the field and then 
stored frozen at −80 °C before being processed further.

DNA extraction and PCR amplification. Total genomic DNA was extracted from fresh leaf samples using 
the DNeasy® Plant Mini Kit (QIAGEN, Hilden, Germany) and following the manufacturer’ protocol. From the 20 
microsatellite primers designed by Wu et al.47, we selected a total of nine loci with clear polymorphic and repro-
ducible bands (Supplementary Table S5). PCR amplifications were carried out in a volume of 25 µl containing a 
mix of genomic DNA (1 µl), Horse-Power™ Taq Polymerase (5 U µl−1, 0.25 µl; Canvax Biotech, Córdoba, Spain), 
SSR primers (10 µM, 2 µl; Thermo Fisher Scientific, Waltham, MA, USA), dNTPs (10 mM each, 2.5 µl), buffer and 
Cl2Mg 25 mM (2.5 µl each). PCR reactions consisted of an initial denaturation period of 5 min at 94 °C, followed 
by 35 cycles of 94 °C for 30 s, 52–59 °C for 30 s and 72 °C for 1 min, and a final 10 min extension at 72 °C, after 
which the samples were preserved at 4 °C. Genotyping was performed on an ABI 3130XL (Applied Biosystems, 
Foster City, CA, USA) automated DNA sequencer using an internal size standard (GeneScanTM 500Liz®, Applied 
Biosystems) for accurate sizing. Then, GeneMapper version 4.0 (Applied Biosystems) was used for allele calling.

Genetic diversity. Genetic diversity estimates, such as allele richness (Na and Ne), total genetic diversity 
(HT), mean genetic diversity (HS), and observed and expected heterozygosities (Ho and uHE), were computed 
with GenAlEx version 6.548. Nei’s unbiased genetic distance49 (DA) and Wright’s F statistics50, including inbreed-
ing coefficient (FIS), total inbreeding (FIT) and fixation index (FST), were also determined with the same statistical 
software. Clone assignment was conducted with the criterion of treating individuals with the same multilocus 
genotype as a clone, and only the genotypes of the genets were kept for subsequent analyses.

Population genetic structure. The number of genetic clusters of the 11 alternateflower watermilfoil pop-
ulations was assessed by using a Bayesian clustering method implemented in the software STRUCTURE version 
2.351. We tested K (i.e., the number of clusters) in ten independent runs from 1 to 11 (burn-in period of 10,000 
iterations and 10,000 Markov chain Monte Carlo, MCMC, replicates in each run), without using sampling site 
as a prior to assess convergence of the estimated In probability of the data, In P (D). Runs were carried out under 
the admixture model with independent allele frequencies. The best-fit number of clusters was calculated based 
on the second order rate of change of the likelihood function, ∆K52. Discriminant analysis of principal compo-
nents53 (DAPC) was also carried out as an alternative method for determining broad-scale population structure 
using the dapc function from the ‘adegenet’ package version 2.1.154 in R. DAPC is a multivariate approach that 
combines principal component analysis together with discriminant analysis to summarize genetic differentiation 
between groups. DAPC is free of assumptions about Hardy–Weinberg equilibrium or linkage disequilibrium and 
provides graphical representation of the divergence among populations. The method requires a priori clustering 
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algorithms determined by k-means. We evaluated up to k = 11 groups, and Bayesian information criterion53 (BIC) 
was used to assess the number of clusters best fitting the data. However, the value of BIC kept decreasing with the 
increase of k. We therefore set an identical k values as the K of STRUCTURE for comparison16.

We created a minimum spanning network (MSN) to illustrate patterns of gene flow between populations using 
EDENetworks version 2.1855. The method is a divisive-hierarchical clustering-like process in which the network 
is scanned from a fully connected state to a critical threshold distance (i.e. percolation threshold) without a priori 
assumptions of the clustering of populations. The software plots all populations as nodes in a network graph with 
connections (links or edges) between nodes weighted by their pairwise Nei’s unbiased genetic distance (DA). The 
layout of the MSN was recomputed 10 times to test for possible alternative network shapes.

We applied the Monmonier’s maximum difference algorithm56 as implemented in the package ‘adegenet’ to 
identify the geographic areas associated with genetic discontinuities in the study populations. The initial connec-
tion network was built using UTM coordinates for the sites. Detection of genetic discontinuities was based on the 
Delauney triangulation and the resulting Voronoi tessellation. Each edge of the Voronoi polygons was associated 
with the value of the corresponding DA between pairs of populations. The algorithm then built genetic boundaries 
based on maximum pairwise distances56. Statistical confidence of the genetic barriers detected, corresponding 
to an abrupt change in the patterns of genetic variation among populations, was evaluated using 1,000 bootstrap 
replicates that were simulated with the function writeBoot from the package ‘diveRsity’ version 1.957. Analyses 
were also conducted separately for each amplifying microsatellite locus.

Landscape genetic analysis. We reduced the available environmental variables to a more parsimonious 
set by performing principal component analysis (PCA) on independent environmental attributes (Spearman’s 
rank correlation rs < 0.7) with the princomp function from the ‘vegan’ package version 2.458. After dealing with 
multicollinearity, local environmental attributes included: hydroperiod length, aerial extent, depth, relative Secchi 
depth, pH, conductivity, total suspended solids, ammonium, total phosphorous and chlorophyll “a”. The environ-
mental (Euclidean) distances between populations were calculated from the values obtained from the PCA-based 
model selection procedure. Both geographic (Euclidean distances between pond UTM coordinates) and environ-
mental distance matrices were constructed using the vegdist function from the ‘vegan’ package. The correlations 
between geographic/environmental factors and Nei’s unbiased genetic distances were assessed by a combination 
of partial Mantel tests59 and multiple matrix regression with randomization60 (MMRR). Partial Mantel tests with 
10,000 permutations were performed between genetic distances and one factor under the influence of the other 
(as covariate) using the mantel.partial function implemented in the ‘vegan’ package. Similarly, MMRR was imple-
mented with 10,000 iterations to estimate the independent effect of geographic/environmental factors using the 
MMRR function script60. The main advantages of this method are that it produces appropriate levels of Type-I 
error60, and it uses multiple regression, assessing the independent contribution of each variable in the model.

Data availability
The data sets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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functional and phylogenetic beta diver-
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• Taxonomic andphylogenetic beta diver-
sity is higher in the tropics.

• Functional traits evolve independently
of phylogeny in macrophytes world-
wide.

• Latitude and elevational gradients left a
strong footprint in beta diversity.
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Documenting the patterns of biological diversity on Earth has always been a central challenge in macroecology
and biogeography. However, for the diverse group of freshwater plants, such research program is still in its in-
fancy. Here, we examined global variation in taxonomic, functional and phylogenetic beta diversity patterns of
lake macrophytes using regional data from six continents. A data set of ca. 480 lake macrophyte community ob-
servations, together with climatic, geographical and environmental variables, was compiled across 16 regions
worldwide. We (a) built the very first phylogeny comprising most freshwater plant lineages; (b) exploited a
wide array of functional traits that are important to macrophyte autoecology or that relate to lake ecosystem
functioning; (c) assessed if different large-scale beta diversity patterns show a clear latitudinal gradient from
the equator to the poles using nullmodels; and (d) employed evolutionary and regressionmodels to first identify
the degree to which the studied functional traits show a phylogenetic signal, and then to estimate community-
environment relationships at multiple spatial scales. Our results supported the notion that ecological niches
evolved independently of phylogeny in macrophyte lineages worldwide. We also showed that taxonomic and
phylogenetic beta diversity followed the typical global trend with higher diversity in the tropics. In addition,
we were able to confirm that species, multi-trait and lineage compositions were first and foremost structured
by climatic conditions at relatively broad spatial scales. Perhaps more importantly, we showed that large-scale
processes along latitudinal and elevational gradients have left a strong footprint in the current diversity patterns
and community-environment relationships in lake macrophytes. Overall, our results stress the need for an inte-
grative approach to macroecology, biogeography and conservation biology, combining multiple diversity facets
at different spatial scales.
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1. Introduction

Unravelling the mechanistic basis of large-scale biodiversity pat-
terns has been a major research objective for ecologists and biogeogra-
phers for decades. Explanations for these patterns stem from the
combined effect of evolutionary, historical and climatic factors such as
the last glacial maximum, past dispersal barriers and the latitudinal var-
iation of energy availability (Willig et al., 2003). Although the need to
understand large-scale patterns is widely recognised, for example, in
the context of niche conservatism (Alahuhta et al., 2017a) and ecosys-
tem functioning and resilience (Pessarrodona et al., 2019), most studies
in this researchfield focus onwell-known, and often charismatic, terres-
trial vertebrates and woody plants (Moles et al., 2008; Swenson et al.,
2012). Instead, other organisms and ecosystems have thus far received
considerably less attention (see Heino, 2011 for a comprehensive re-
view).When it comes to the diverse group of freshwater plants, such re-
search program is still in its infancy. More specifically, despite Darwin's
(1872) early intuition that the geographical distribution of freshwater
plants cannot be accounted by the physical harshness of the environ-
ment, it was not until the 21st century that we began generating quan-
titative estimates of how macroecological gradients affect macrophyte
diversity patterns (e.g. Les et al., 2003; Chambers et al., 2008;
Alahuhta et al., 2017b; Alahuhta et al., 2018;Murphy et al., 2019). How-
ever, obtaining such estimates has been hampered by the availability
and low quality of functional and phylogenetic data.

Much of our current understanding of global biodiversity patterns
comes from analyses of species diversity data. However, biodiversity is
a complexmulti-faceted concept that embracesmany aspects of biolog-
ical variation, ranging from phenetic and taxonomic differences to func-
tional complementarity among species (Meynard et al., 2011). Most
commonly, species-based beta diversity (SβD), i.e. compositional differ-
ences between communities (Whittaker, 1960), has been used as a sur-
rogate for all these different facets. An important source of criticism to
this traditional approach is that it is silent on functional and phyloge-
netic differences among species (Devictor et al., 2010), thereby leading
to potentially spurious conclusions about large-scale biodiversity pat-
terns. A persistent focus on taxonomic diversity may thus compromise
our ability to untangle the mechanistic basis linked to the spatial and
temporal dynamics of biodiversity (McGill et al., 2006).

To address these limitations, Graham and Fine (2008) first proposed
phylogenetic beta diversity (PβD) as a measure of the evolutionary dis-
similarity between communities, providing a more comprehensive

framework to explain the role of historical imprints on community
membership and how evolutionary legacy underlies patterns of niche
divergence (Mouquet et al., 2012). Meanwhile, functional beta diversity
(FβD), reflecting the morphological, ecological and physiological simi-
larities between communities (Loiseau et al., 2017), was shown to bet-
ter explain ecosystem functioning and species niche relationships than
other classical measures of species diversity (García-Girón et al.,
2019a; Jones et al., 2019). Recently, there have been several calls (e.g.
Cadotte et al., 2019) to better understand whether ecologically relevant
functional traits are conserved along the phylogeny or not (i.e. whether
or not phylogenetic signals exist in the functional traits important for
coexistence). To do this, phylogenetic signal is typically addressed by
testing if closely related species share more similar traits than expected
by chance (Blomberg et al., 2003). Although this original framework has
been criticised by some authors (e.g. Mouquet et al., 2012), phyloge-
netic signal tests still provide comprehensive insights into community
assembly by, for example, helping to evaluate hypotheses about niche
similarities and evolution (Cadotte et al., 2019).

It is now becoming clear that a simultaneous analysis of several di-
versity facets should provide the most basic building blocks to embrace
themultifaceted nature of biodiversity and, at the same time, reveal as-
pects of community assembly beyond inferences that can be drawn
from more traditional species-centred approaches (Jones et al., 2019).
This reasoning is especially true from a conservation perspective. In-
deed, mapping the imprint of functional and evolutionary processes
on beta diversity has been recently proposed as an additional and prom-
ising tool to improve large-scale conservation planning in the long run
(Devictor et al., 2010), allowing environmentalmanagers and conserva-
tion practitioners to focus not only on individual species rarity and dis-
tinctness, but also on ecosystem functioning and evolutionary legacy
(Owen et al., 2019).

Here, for the first time, we examine the spatial variation of SβD, FβD
and PβD using lake macrophyte data sets from 16 regions worldwide
(Fig. 1a). To do this, we built the very first phylogeny comprising most
freshwater plant lineages and examined functional traits that are im-
portant to macrophyte autoecology or that relate to lake ecosystem
functioning. More specifically, we studied (i) if a phylogenetic signal is
found in the functional traits of macrophytes on a global scale; (ii) if dif-
ferent large-scale beta diversity patterns show a clear latitudinal gradi-
ent from the equator to the poles; (iii) if SβD, FβD and PβD respond to
similar ecological drivers (i.e. local environment, geography and cli-
mate) involved in community assembly (i.e. within-region approach);
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and (iv) howwell community-environment relationships across multi-
ple metacommunities (i.e. across-regions approach) can be accounted
for by classical ecogeographical gradients (i.e. elevation range, spatial
extent, latitude, longitude, and age of the oldest lakewithin each region;
Fig. 1b). Based on a previous study on species niche conservatism for
local macrophyte communities (Alahuhta et al., 2017a), we expected
to find some level of phylogenetic signal across the study regions
(H1). However, as rates of trait evolution and speciation may differ
among regions (Mouquet et al., 2012), biogeographical comparisons
would reveal different degrees of phylogenetic signals. Following
Rapoport's rule (Stevens, 1989) that species geographical ranges and
nichewidth should increase at higher latitudes, giving rise to a decrease

in beta diversity (Soininen et al., 2007), we expected that SβD, FβD and
PβD would show a clear decreasing latitudinal trend (H2). In addition,
we assumed following Poff (1997) that large-scale climatic variables
(e.g. mean temperature and precipitation) would first select macro-
phytes that have traits matching the environment, and then these traits
would subsequently be sorted by smaller-scale environmental drivers
(e.g. water transparency and water total phosphorus concentration;
H3). Because latitude and elevation range were found to structure mac-
rophyte diversity patterns in previous studies (e.g. Jones et al., 2003;
Alahuhta et al., 2017b; Alahuhta et al., 2018), we expected that the
two predictors would significantly account for variation in SβD, FβD
and PβD across regions (H4).

Fig. 1. (a) Our study system comprised ca. 30 lakes surveyed in 16 regions (coloured triangles) across theworld. (b) A flow chart of the statistical analyses used.We identified (i.e. within-
region approach) the degree to which the studied functional traits showed a phylogenetic signal. For each beta diversity dimension (i.e. taxonomic, functional and phylogenetic), we
calculated the mean overall value and tested whether the mean value was different from that expected by chance using null models. We also investigated macrophyte beta diversity
patterns in relation to local variables, geographical coordinates and climate variables for each metacommunity using a combination of partial redundancy analysis (pRDA), variation
partitioning and multivariate multi-scale codependence analysis (mMCA). Adjusted R2 values from the pure fractions of variation partitioning (i.e. pure local, spatial and climate
variables, and the full model including all variables) were regressed in the across-regions approach against a set of environmental variables (i.e. elevation range, area, geographical
coordinates, and estimated maximum lake age) obtained from a convex hull that connected all 30 lakes in a region. See the main text for details. s, species; p, sites; t, traits; SβD,
species-based (taxonomic) beta diversity; FβD functional beta diversity; PβD phylogenetic beta diversity; PCO, Principal Coordinate Analysis; PCPS, Principal Coordinates of
Phylogenetic Structure; X, mean longitude of convex hull; Y, mean latitude of convex hull; and GAMs, generalised additive models; H, hypotheses (see the main text). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3J. García-Girón et al. / Science of the Total Environment 723 (2020) 138021



2. Materials and methods

2.1. Test data set

The macrophyte data set and field methods have been described
previously (Alahuhta et al., 2017b, 2018), and we thus only mention
the specific details here. We compiled lake macrophyte data for 16 dif-
ferent regions (ca. 30 study lakeswithin each region)with variable sizes
around the world (Fig. 1a and Supporting Information Appendix S1,
Fig. S1). The selected lakes ranged from glacial-origin relatively stable
lakes situated in temperate and boreal zones (e.g. Sweden and US states
of Minnesota andWisconsin) to semi-arid shallowMediterranean lakes
(e.g. Morocco and Spain), but all were influenced by anthropogenic
pressures to varying degrees (e.g. water-level fluctuations, alien inva-
sive species, nutrient enrichment, and decreased connectivity). The spe-
cies presence-absence data were obtained during field surveys using
broadly the same procedures within each study region (Supporting In-
formation Appendix S1, Table S2).

2.1.1. Explanatory data: within-region approach
Local variables comprised lake area (km2), water transparency mea-

sured by Secchi depth (m) and water total phosphorus concentration
(mg l−1), and were surveyed and determined following similar proto-
cols across the regions (Supporting Information Appendix S1). Climate
variables included atmospheric annual mean temperature (°C), annual
temperature range (°C), and annual precipitation (mm) defined for
each study lake based on 30 years average values (1 km resolution
data) obtained from the WorldClim (Hijmans et al., 2005). These vari-
ables were chosen because they often account for significant variation
in community structure of freshwater plants and correlate with other
hydromorphological and water chemistry variables that were not con-
sistently available for all study regions (see Alahuhta et al., 2018). Geo-
graphical coordinates of lake centres were used to represent spatial
locations within each region. We utilised geographical coordinates
alone because we wanted to balance the study design by including the
same number of predictors in each of the three lake-level explanatory
variable groups.

2.1.2. Explanatory data: across-regions approach
We used convex hulls to delineate the minimal area containing all

surveyed lakes within a region (Alahuhta et al., 2017b). We then used
the convex hulls to extract environmental information for each region:
(i) elevation range within the convex hull (m); (ii) area of the convex
hull (km2); (iii) latitude of the convex hull (from centroid); (iv) longi-
tude of the convex hull (from centroid); and (v) estimated maximum
lake age within each region (i.e. a ranked variable ranging from the
youngest to the oldest lake, see Supporting Information Table S1).
These variables can indirectly affect freshwater plants by indicating var-
iation in habitat suitability, dispersal limitation (García-Girón et al.,
2019b), large-scale climate and natural geological properties, and tem-
poral availability for colonisation sources (Alahuhta et al., 2017b).

Further details on the test data set can be found in Supporting Infor-
mation Appendix S1, Tables S1 and S2.

2.2. Trait and phylogenetic information

We selected a total of 10 key functional (including morphological
and life history) traits to provide information on the features that
could potentially be selected by environmental filters (see Supporting
Information Appendix S2 for details). To clarify the covariance structure
and relative adaptive significance of each functional trait, we applied the
orthogonal rotation approach (PCAmix) implemented in the R package
PCAmixdata (Chavent et al., 2017). For the following analyses, we used
the mixed-variables coefficient of distance (i.e. a generalization of
Gower's distance) to extract a trait distance matrix, which described
the functional dissimilarity between all species pairs based on a suite

of traits with the largest squared loadings on the first two PCAmix
axes. The functional dissimilarity matrix was obtainedwith the ‘vegdist’
function of the vegan package (Oksanen et al., 2016) in R 3.4.4 (R
Development Core Team, 2018).

We analysed 310nucleotide sequences in two regions from the chlo-
roplast DNA – cpDNA (rbcL – 542 bp and matK – 749 bp) to build the
very first phylogeny comprising 71 freshwater plant genera. These se-
quences were retrieved from GenBank and aligned by Clustal-W using
multiple sequence alignment (MSA). Since cpDNA has a relatively
slow rate of nucleotide substitutions, we had no problem to obtain an
unambiguous alignment. The maximum likelihood (ML) method from
the MEGA 5 software (Tamura et al., 2011) was used to create the phy-
logenetic trees. The optimal substitution model was determined for
each locus based on the Akaike Information Criterion – AICc (rbcL,
Tamura 3-parameter + Gamma distribution with Invariant sites;
matK, General Time Reversible + Gamma distribution with Invariant
sites) and the reliability of each branch was tested using the bootstrap
method with 1000 replications. The molecular data provided a fully re-
solved genus-level phylogeny for lakemacrophytes but failed to resolve
evolutionary relationships within species groups (Fig. 2). We trans-
formed the phylogenetic tree to ultrametric and subsequently esti-
mated the phylogenetic dissimilarity matrix using the ‘force.
ultrametric’and ‘cophenetic’functions from the packages phytools
(Revell, 2019) and stats (R Development Core Team, 2018),
respectively.

2.3. Testing for a phylogenetic signal in functional traits

The degree to which the studied functional traits showed a phyloge-
netic signal was assessed bymeans of a two-step approach consisting of
a standardMantel test followed by a test based on the Brownianmotion
model (i.e. EM-Mantel, Debastini and Duarte, 2017). One of the main
advantages of EM-Mantel for estimating phylogenetic signal in a wide
array of functional traits is that it allows the use ofmultiple types of var-
iables (here, continuous and categorical, Supporting Information Ap-
pendix S2) simultaneously. The null hypothesis of no phylogenetic
conservatism was tested for significance using 999 random permuta-
tions with the original R code provided by Debastini and Duarte
(2017). Likewise, the strength of phylogenetic signal for individual con-
tinuous traits (Supporting Information Appendix S2) was estimated
with Blomberg's K-statistic (Blomberg et al., 2003) using the
‘multiPhylosignal’ function in the picante package (Kembel et al.,
2010). This test compares the variance of the phylogenetically indepen-
dent contrast of the trait studied against those obtained with data ran-
domly reshuffled across the tips of the phylogeny (Blomberg et al.,
2003). We also implemented the recently-developed δ-approach of
Borges et al. (2019) to unravel the degree of phylogenetic signal of the
individual categorical traits (Supporting Information Appendix S2).
This approach first calculates the node entropies using a linear version
of the Shannon entropy and then implements a Bayesian inferential
scheme including two Metropolis-Hastings steps in a Gibbs sampler al-
gorithm (Borges et al., 2019). Under this framework, the higher the δ-
value, the greater the quantity of information by the ancestral infer-
ences (i.e. the higher the degree of phylogenetic signal of the categorical
trait).

2.4. Measuring SβD, FβD and PβD

We first assessed SβD, FβD and PβD by comparing estimates of dis-
similarity between all pairs of sampled lakes in each study region to ex-
pected levels of dissimilarity under null models. Specifically, we
estimated SβD using a modified Raup-Crick dissimilarity metric (Raup
and Crick, 1979). This metric tests the probability of two communities
of a given species richness being more or less dissimilar from the null
expectation. The null expectation was generated using 10,000 random-
izations with the ‘raupcrick’function in the vegan package.
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For trait and phylogenetic measures, we estimated themean overall
value usingmean pairwise distance (MPD) indices (i.e. Swenson, 2014).
To do this, we randomised the identities of species in the functional dis-
tance matrix and phylogenetic tree, respectively, and then maintained
the species richness of each lake to generate 10,000 random communi-
ties. After each randomisation, FβD and PβD were calculated for each
study region and these values were used to compute the null distribu-
tion. Using these metrics, we obtained the standardised effect size
(SES) as:

SES ¼ mpd:obs−mpd:rnd:mean
mpd:rnd:sd

where mpd.obs is the observed β-diversity, mpd.rnd.mean the mean of
the null distribution and mpd.rnd.sd the standard deviation of the null
model.

The mean pairwise distances are scaled between −1 and 1, with 0
being no different than the randomexpectation; 1 indicating that deter-
ministic environmental filters favour dissimilar species compositions
among sites; and −1 meaning that assemblages comprise functionally
similar or closely related species (Swenson, 2014). To test whether the
mean overall values of SβD, FβD and PβD were different from the ex-
pected value of zero for random data, we performed a series of two-
tailed Wilcoxon signed-rank tests using R statistical software.

Prior to direct gradient analyses and regression-basedmodelling, we
created a matrix of orthogonal eigenvectors, each of them describing
taxonomic, trait and phylogenetic dissimilarities. To do this, FβD was
recalculated with the ‘COMDIST’function of the picante R package and
PβD was addressed using the phylogenetic fuzzy-weighting method
with the Bray-Curtis dissimilarity family as implemented in the PCPS
package (Debastiani, 2018). The pairwise output values for SβD and
FβD were synthesised into principal coordinate analysis (PCO) with
the ‘pcoa’function in the ape R package (Paradis et al., 2019). Following

Duarte et al. (2012), we retained as many PCO/PCPS eigenvectors as re-
quired to minimise the residual sum of squares when regressing taxo-
nomic, functional and phylogenetic composition to response matrices.

2.5. Variation partitioning and regression-type analyses

Under the within-region approach, we applied partial redundancy
analyses (pRDA) to identify significant variables structuring variation
in community composition, functional traits and freshwater plant line-
ages. To partition variation this way, separate pRDA analyses were con-
ducted for the 16 study regions using as response matrices: (i) the PCO
eigenvectors describing SβD; (ii) the PCO eigenvectors describing FβD;
and (iii) the PCO eigenvectors (i.e. principal coordinates of phylogenetic
structure, PCPS) describing patterns of PβD. Biotic variation was
partitioned into three independent and four shared fractions: pure
local variables; pure spatial variables; pure climate variables; their
shared fractions; and residual fraction of unexplained variation
(Legendre and Legendre, 2012). The proportion of variation explained
by each of the three variable groups was evaluated using adjusted R2

values (adjR2; Peres-Neto et al., 2006). All ecological variables were
forced in the analyses tomaintain comparability among the 16 study re-
gions and gain equal amount of information for the across-regions
approach.

pRDAs isolate the respective effects of local conditions, space and cli-
mate, but spatial structures can take several shapes and may not be re-
lated exclusively to dispersal. Such kind of information would be highly
complementary to variation partitioning by providing explanations for
any combined effects of space and the environment (sensu Poff,
1997). To examine more specifically the spatial structures generated
by the joint variation in the environment and community composition
in each study region, we performed multivariate multi-scale codepen-
dence analysis (mMCA, Guénard and Legendre, 2018). The significance
of the spatial codependence between PCO/PCPS describing different

a b

Fig. 2.Maximum likelihoodphylogenetic tree based on (a) rbcL and (b)matK sequences. Numbers at nodes represent the proportion (%) of 1000 bootstrap replicates supporting eachnode.
Bootstrap values of b50% are not included. Note that the rbcL tree provides an overall topology similar to that seen in thematK tree.However, since the rbcL sequence data cover a total of 71
different plant genera (and thematK sequence data cover 62 plant genera), we only retained the former phylogenetic tree for comparative analyses.
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beta diversity facets and environmental variables was assessed through
permutation tests using the ‘permute.cdp’function from the codep
package (Guénard et al., 2018). We also performed mMCA on
community-weighted means (CWMs) of transformed trait scores and
ran single value decomposition (SVD) to map relationships between
traits, environmental descriptors and spatial scales in niche space (see
Guénard and Legendre, 2018 and vignettes available in Guénard et al.,
2018). All environmental variables were centred and standardised to
unit variance prior to conducting the analyses.

In the across-region approach, we used generalised additive models
(GAM) with a quasipoisson error distribution (logarithmic link func-
tion) to analyse responses of adjR2 values obtained from the pure and
shared fractions of variation partitioning to individual environmental
gradients (i.e. elevation range, area, latitude, longitude, and estimated
maximum lake age within convex hulls). Smoothness selection was es-
timated with generalised cross validation (GCV) and diagnostic infor-
mation about the fitting procedure and the convergence of the
smoothness selection optimisation was calculated using the ‘gam.
check’function. We focused on the percentage of deviance explained
to identify the goodness-of-fit of the full models, while the relative con-
tribution of each predictor to the finalmodelwas assessed as the drop of
deviance explained by the model when the variable was removed.
Model fitting was accomplished using the mgcv R package (Wood,
2018). See Fig. 1b for the main steps of the statistical approach.

3. Results

Factorial analysis of mixed data (PCAmix) clarified the covariance
structure of trait variables, suggesting that all functional traits were
likely to influence how freshwater plant species might respond to envi-
ronmental constraints (Supporting Information Appendix S3). The gen-
eral Mantel test revealed a strong correlation between trait and
phylogenetic distances only in five out of 16 study regions. This likely
underlined the low phylogenetic signal of the functional traits when
all study regions were combined (Table 1). In addition, phylogenetic
conservatism differed when functional attributes were considered sep-
arately,with some traits (e.g. offspring size) having relatively strong sig-
nals across individual regions (Supporting Information Appendix S4).
However, the measured functional traits, both considering individual

regions and together combining all regions, were not likely to be more
conserved along the phylogeny than what would be expected by a
Brownian motion evolutionary model (Table 1).

Functional beta diversity varied from 0.11 in New Zealand to−0.52
in Norway,whereas the highest taxonomic and phylogenetic dissimilar-
ities were both found in Brazil's coastal lakes (0.93 and 0.08, respec-
tively). By contrast, the lowest taxonomic and phylogenetic mean
values occurred in Estonia (0.40) and Denmark (−0.31), respectively.
Based on null models, SβD was different from that expected by chance
in all study regions, whereas the mean values for FβD and PβD were
not different from the expected value of zero (Fig. 3), which means
that only SβD refers to any kind of deterministic filtering process across
the sites. Importantly, SβD (R2 = −0.69; p b 0.01) and PβD (R2 =
−0.51; p = 0.03) decreased significantly with increasing latitude,
whereas FβD showed higher degree of functional redundancy in tropi-
cal and high-latitude regions (Fig. 3).

Only the first two PCO/PCPS eigenvectors were selected as response
variables for taxonomic, functional and phylogenetic analyses
(Supporting Information Appendix S5). Of the pure fractions, local var-
iables were significant in three, five and six regions out of 16 for taxo-
nomic, functional and phylogenetic community structure, respectively
(Table 2). Pure spatial variables were important in one region out of
16 in taxonomic and functional analyses, respectively, whereas they
contributed significantly to phylogenetic community structure in five
regions. Pure climate effects were significant in three, two and five re-
gions out of 16 for taxonomic, functional and phylogenetic community
structure, respectively. Overall, the joint influence of all the three vari-
able groups on SβD, FβD and PβD was highly important in Norway,
the US state of Wisconsin and Spain, respectively. Other joint effects
also showed high-explained variation in Brazil's Paraná river floodplain,
Estonia, Florida, Minnesota, Morocco, Norway and Sweden (Supporting
Information Appendix S6).

Forward selection identified different significant variables structur-
ing SβD, FβD and PβD in each study region (Supporting Information Ap-
pendix S7). The mMCA application revealed different components of
the spatial codependence between macrophyte beta diversity patterns
and environmental variables (Supporting Information Appendix S8).
Clearly, the strongest component associated climate variables with
SβD, FβD and PβD at relatively broad spatial scales. The combination
of these spatial codependence effects highlights that a large amount of
species, functional and evolutionary variation occurs in some regions
along a temperature gradient (e.g. China, Hungary, Minnesota) and
along a precipitation gradient (e.g. Morocco, Poland) at relatively
broad spatial scales, and along local environment gradients (e.g.
Brazil's Paraná river floodplain, New Zealand, Spain) at finer spatial
scales. Our results further revealed the association of climatic gradients
and leaf dry mass content (LDM) at relatively broad spatial scales in
nine out of the 16 regional metacommunities. Similarly, we found
some evidence for the relationships between recruitment traits (i.e. off-
spring size) and specific leaf area (SLA) with climate and local environ-
mental gradients at different spatial scales. However, trait-environment
relationships remained relatively dissimilar among the study regions
(Supporting Information Appendix S8).

The ‘best’GAM models modestly explained different beta diversity
patterns across metacommunities (Table 3), probably due to the num-
ber of study regions (N = 16). None of the regional explanatory vari-
ables accounted for variation in any pure or joint fraction of SβD. By
contrast, regression models selected the following regional descriptors
to explain FβD and PβD: latitude, elevation range and longitude. Clearly,
the effects of latitude were highly significant in explaining the joint and
pure local fractions of FβD and PβD. The association between latitude
and the full model explaining FβD was positive, whereas the partial re-
sponse curves indicated a negative relationship of latitudewith the joint
and pure local fractions explaining lineage composition (Fig. 4). Eleva-
tion range was also a highly important predictor for the pure local frac-
tion of PβD, showing a negative relationship. Similarly, elevation range

Table 1
Phylogenetic signal (EM-Mantel; standardMantel – R, and Brownianmotion simulation –
Null K) formacrophyte functional traits in each study region. Significant results (*p b 0.05;
**p b 0.01) are marked in bold.

General Mantel
test

Brownian motion
simulation

R Null K

Global data set 0.12
Regions

Brazil, coastal lakes 0.08
Brazil, Paraná river floodplain 0.05
China 0.21
Denmark 0.05
Estonia 0.20* 0.9
Finland 0.06
Florida 0.09
Hungary 0.22* 0.9
Minnesota 0.14
Morocco 0.12
New Zealand 0.07
Norway 0.06
Poland 0.17* 0.9
Spain 0.17* 0.9
Sweden 0.11
Wisconsin 0.27** 0.9

Note that if, and only if, the standard Mantel test is significant (p b 0.05), the second step
assesses whether such correlation between phylogeny and functional attributes is higher
than what would be expected by chance given a Brownian motion evolutionary model.
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Fig. 3. Mean overall (a) taxonomic, (b) functional and (c) phylogenetic beta diversity values in the different regions (left) and their latitudinal variation (right). Differences from the
expected value of zero for random data were assessed through a series of Wilcoxon signed-rank tests (N = 16). Asterisks in each boxplot indicate significant results (*p b 0.05; ***p b

0.001). Box = interquartile range (IQR); whiskers = maximum and minimum up to 1.5 × IQR; scatter plot. Note that mean values for each beta diversity facet are shown in the
scatter plot. See Fig. 1a for colour scales and regions' abbreviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Fractions of variation for each beta diversity facet (i.e. taxonomic – SβD, functional – FβD, and phylogenetic – PβD) explained by local (LV), spatial (XY) and climate (CV) variables in each
study region.
Values represent adjusted R2 × 100 based on partial redundancy analysis (pRDA). Significant results (*p b 0.05; **p b 0.01; ***p b 0.001) are marked in bold.

Region SβD FβD PβD

LV XY CV All LV XY CV All LV XY CV All

Salgaa 11.4* 7.5 11.4* 29.2* 17.0* b0.1 b0.1 40.1* 19.7* b0.1 3.5 60.6*
Brazilb 11.0 7.2 11.0 14.5 4.2 9.5 20.1* 12.4 26.1* 8.1 19.2* 55.9**
China 9.8 7.2 10.9 26.1 b0.1 b0.1 b0.1 b0.1 17.1* 16.5* 7.5 49.4*
Denmark 9.6 7.0 10.9 26.4 23.2* 1.3 b0.1 27.4 28.3* 1.3 1.2 43.8
Estonia 11.7* 7.2 11.0 28.0* 22.9** 9.5* 6.9 36.0** 6.2 18.7** 19.9* 65.8**
Finland 10.4 6.8 10.2 26.4 2.1 b0.1 3.3 23.7* 9.9 1.9 4.9 39.9
Florida 11.1 7.3 10.9 29.3* 5.5 4.2 1.3 15.2* 31.8* 5.5 7.9 55.9*
Hungary 10.0 7.9 10.6 26.5 23.8* 6.0 3.8 36.1* 22.5 2.7 4.4 39.0
Minnesota 10.2 6.7 10.0 25.7 3.5 b0.1 4.2 28.1* 15.6 7.7 13.0 49.8**
Morocco 10.6 6.3 10.1 26.2 b0.1 2.5 5.1 33.9** 9.5 16.6** 20.5* 56.5***
New Zealand 10.1 6.5 10.4 25.7 b0.1 5.9 3.2 29.3** 4.1 6.8 1.4 52.6*
Norway 14.5* 12.5* 14.7* 40.3** 5.2 2.1 22.1* 27.8* 9.9 8.9 15.1* 38.5
Poland 11.0 7.6 11.2* 28.2* b0.1 b0.1 b0.1 32.0* 9.0 7.0 7.6 43.4
Spain 10.3 6.6 10.1 25.0 7.2 0.7 9.7 14.5 10.3 23.7** 31.1** 68.7***
Sweden 10.0 7.4 11.2 26.6 30.8** b0.1 b0.1 48.6** 17.9* 11.8* 7.6 63.2***
Wisconsin 10.6 7.1 10.5 25.8 b0.1 b0.1 b0.1 53.7** 8.4 6.2 9.6 56.3***

Note that separate pRDA analyses using the same explanatory variables were performed for each study area.
a Salga Brazil, coastal lakes.
b Brazil Brazil, Paraná river floodplain.
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and longitude were the second and third most important predictors for
the full model explaining the functional metric, having a positive and a
negative relationship, respectively.

4. Discussion

Contrary to our predictions (H1), we found no evidence for phyloge-
netic niche signals in ecological traits of lake macrophytes across the
study regions. Our findings also indicated that species-based beta diver-
sity (SβD) and phylogenetic beta diversity (PβD) exhibited a relatively
high degree of spatial congruence on a global scale, especially as com-
pared to functional beta diversity (FβD), decreasing from the equator
to the poles. This finding partially supported our second hypothesis
(H2) that beta diversity follows the typical global trend with higher

diversity in the tropics. Our results also revealed that environmental,
spatial and climatic variables together determined SβD, FβD and PβD
within each region. More specifically, on the basis of the mMCA results,
we were able to confirm our expectations (H3) that species, multi-trait
and lineage compositions are first and foremost structured by climatic
conditions at relatively broad spatial scales. Importantly, our study sug-
gested that latitudinal and elevational gradients together contributed to
variation in FβD and PβD across regions, partially confirming our fourth
hypothesis (H4).

Many quantitative studies assessing the phylogenetic niche conser-
vatism hypothesis (e.g. Pavoine et al., 2013; García-Girón et al., 2019a)
found little evidence for closely related species to resemble each other's
ecological traits more than species randomly drawn from a phylogeny.
Blomberg et al. (2003) even suggested that situations where

Table 3
Results of GAM models performed between ecological gradients (i.e. elevation range, area, latitude, longitude, and estimated maximum lake age within convex hulls) and adjusted R2

values from the pure fractions of variation partitioning (i.e. pure local, spatial and climate variables, and the full model including all variables) for each beta diversity dimension (i.e. tax-
onomic – SβD, functional – FβD, and phylogenetic – PβD). Significant results (*p b 0.05; **p b 0.01) are marked in bold.

Summary of GAM models Variables selected (% drop deviance explained)

Adj. R2 × 100 Total explained variance (%)

SβD
Pure local adj. R2 2.1 24.2
Pure spatial adj. R2 3.6 31.0
Pure climate adj. R2 4.7 30.2
Full model adj. R2 b0.1 6.2

FβD
Pure local adj. R2 2.1 31.9
Pure spatial adj. R2 1.8 34.5
Pure climate adj. R2 10.1 40.1
Full model adj. R2 21.9 48.0 Latitude (9.2**), elevation (6.8*), longitude (5.1**)

PβD
Pure local adj. R2 16.2 44.1 Elevation (13.9*), latitude (12.7*)
Pure spatial adj. R2 b0.1 5.1
Pure climate adj. R2 b0.1 18.7
Full model adj. R2 1.9 34.6 Latitude (13.3*)

Fig. 4. GAM results for adjusted R2 values (%) from (a) functional and (b) phylogenetic pRDA models (i.e. All, local variables, geographical variables and climate variables; LV, only local
variables). The green lines show the mean fit (solid) and the 95% confidence intervals (dashed) for each region. Note that only statistically significant fractions are shown. See Table 3
for summary statistics (N= 16) and Fig. 1a for colour scales. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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evolutionary andmulti-trait variations are tightly linkedmay be the ex-
ception rather than the rule (but see Cadotte et al., 2019). In our study,
these ratherweakphylogenetic niche signalswere consistentwith anal-
yses based on individual traits and together combining all traits, which
showed a relatively consistent trend globally (Table 1). These findings
underscore the idea that ecological niches evolve independently of phy-
logeny in freshwater plants, which is expectable for functional traits
that are convergent in different lineages (e.g. growth form and repro-
duction mode; Barret et al., 1993) and have high phenotypic plasticity
(e.g. specific leaf area and seed length; Zhou et al., 2019). Whatever
the case, and despite theoretical criticism of phylogenetic signal analy-
ses (see Mouquet et al., 2012 for a comprehensive review) and the
fact that somemethodological issues certainly require further attention
(e.g. which kind of physiological, morphological and life-history traits
are most appropriate for calculating multi-trait distance matrices; see
the recent review of Cadotte et al., 2019), our results found no support
for the existence of phylogenetic signals in macrophyte lineages
worldwide.

Consistent with a growing body of studies (e.g. Gianuca et al., 2018;
García-Girón et al., 2019a),we found that local, spatial, and climatic var-
iables together accounted for species, functional and phylogenetic vari-
ation within regions. However, we also found some degree of context
dependency in the results, whichwas probably due to differences in en-
vironmental gradients among the study regions (Alahuhta et al., 2018).
Additional insights into community assembly were provided by the as-
sessment of the effect size of taxonomic, functional and phylogenetic
facets. Randomness was by far most commonly detected for FβD and
PβD, whereas SβD was sorted primarily by deterministic processes.
However, it must be noted that apparent randomness in FβD and PβD
may also stem from the combined or antagonistic forces of environmen-
tal filtering and biotic interactions (Mayfield and Levine, 2010), and the
prevalence of randomness and drift may thus be overestimated in our
study. This is likely to be the case because pRDAmodels and mMCA re-
sults (Table 2 and Appendix S7, respectively) found evidence for the
role of deterministic environmental filtering on FβD and PβD at differ-
ent spatial scales. We found, surprisingly, no similar trait-environment
relationships across spatial scales in the study metacommunities. In-
stead, macrophyte trait structure was affected by climatic and environ-
mental variation via different processes operating at various spatial
scales. However, in more than half of the study regions, we found evi-
dence for the spatial codependence between LDM, a key trait of the
leaf economics spectrum representing the average density of leaf tissues
(Cornelissen et al., 2003), and climatic gradients at relatively broad spa-
tial scales. This finding may be interpreted as an adaptive strategy
reflecting some of the fundamental trade-offs in economics that govern
terrestrial and aquatic plants in different biomes (Pierce et al., 2012;
Lukács et al., 2017). Perhaps more importantly, our findings suggested
that climatic gradients overrode the effects of the local environment
on community-weighted means at the largest spatial scales. This par-
tially follows Poff's (1997) idea that large-scale climatic variables (i.e.
atmospheric temperature and annual precipitation) first select organ-
isms that have matching species-specific traits, and then these sets of
species are subsequently sorted by smaller-scale environmental fea-
tures (i.e. hydromorphological and water quality variables).

The latitudinal diversity gradient – decreasing species richness from
the equator to the poles – is one of the best-knownmacroecological pat-
terns in the natural world (see Kinlock et al., 2018). Strikingly, the spa-
tial patterns observed here for SβD and PβD differed markedly from
those that have been observed previously for freshwater plants (Crow,
1993; Alahuhta et al., 2017b; but see a coarse resolution study by
Murphy et al., 2019), indicating that these processesmay operate differ-
ently across spatial scales. We observed that SβD and PβD showed a
strong latitudinal gradient similar to those found for a wide variety of
organisms, both terrestrial and aquatic (see Hillebrand, 2004; Heino,
2011; and Kinlock et al., 2018 for reviews), thereby supporting modern
ideas based on Rapoport's rule (see Soininen et al., 2007). By contrast,

FβD patterns were less straightforward than those for SβD and PβD,
suggesting a higher degree of functional redundancy in tropical and
high-latitude metacommunities, probably as a result of the ‘ecological
packing’in tropical landscapes and the greater resource limitation
near the poles (Willig et al., 2003). Although this point certainly re-
quires further research and attention, it seems to confirm
Hutchinson's (1975) intuition that freshwater plant communities are
more functionally diverse at temperate latitudes.

The combination of climate and latitude has been found to be a
dominant predictor of global patterns of angiosperm plant diversity
(Kreft and Jetz, 2007). Meanwhile, Alahuhta et al. (2017b) showed
that wider elevation ranges may lead to increasing climate harness
that, in turn, affect various aspects of macrophyte morphological
and life history traits that are known to be temperature sensitive
(e.g. specific leaf area and phenology). However, the association be-
tween elevation range and beta diversity may also reflect the greater
variability of habitats or resources available with greater variation in
elevation, further increasing environmental heterogeneity and thus
enabling the colonisation of a greater variety of functionally dissim-
ilar and distantly related species (Alahuhta et al., 2017b). Our GAM
results are consistent with these and other studies conducted in
the freshwater realm (e.g. Heino, 2011; Alahuhta et al., 2018),
supporting our hypothesis that elevation range together with lati-
tude strongly affect the strength of community-environment rela-
tionships in the across-regions approach. We thus suggest that a
trade-off between climate and habitat diversity may contribute to a
robust framework for explaining large-scale diversity patterns and
community-environment relationships in freshwater plants. The ra-
tionale behind this framework is that both factors (i.e. climate and
habitat diversity) are strongly linked through latitudinal and
elevational variations (Alahuhta et al., 2018). Together, these key
driving mechanisms integrate the essential ideas about gradient
lengths, macroscale correlations and climate continuity in a single
framework that bridges different leading ecological theories (e.g.
Brown et al., 2004; Jocque et al., 2010).

5. Conclusions

Despite the fact that many hypotheses have been proposed to ex-
plain the global patterns of biodiversity, unravelling the mechanisms
behind these patterns is one of themajor challenges formodern ecology
and biogeography. In our study using data on lake macrophyte
metacommunities from six continents, we showed how combining dif-
ferent diversity dimensions and spatial scales can provide interesting
and complementary results. Despite that we recognised certain defi-
ciencies related to our data sets (e.g. limited numbers of lakes, more re-
gions in Europe than other continents and lack of species-level
phylogeny), our findings revealed, for example, that SβD and PβD ex-
hibited a relatively high degree of spatial congruence on a global scale,
especially as compared to FβD, both decreasing from the equator to
the poles. Likewise, we found little evidence of phylogenetic niche sig-
nals in freshwater plant lineagesworldwide. Perhapsmore importantly,
we showed that large-scale processes along latitudinal and elevational
gradients have left a strong footprint in the current diversity patterns
and community-environment relationships in lake macrophytes. Over-
all, our results raised the dilemma of which and how different diversity
components should be favoured in large-scale conservation programs.
We suggest that implementing and assessing conservation strategies
using a given diversity dimension as a cure-for-all should be avoided. In-
stead, environmental management and conservation biology should
benefit from pluralistic approaches combining taxonomic, functional
and phylogenetic data. We thus believe that global biodiversity assess-
ments will benefit from integrative approaches connecting biogeogra-
phy, evolutionary biology and functional ecology at multiple spatial
scales.
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Abstract
Documenting the patterns of biological diversity on Earth has always been a central challenge in macroecology

and biogeography. However, we are only beginning to generate an understanding of the global patterns and deter-
minants of macrophyte diversity. Here, we studied large-scale variation and community-environment relationships
of lake macrophytes along climatic and geographical gradients using regional data from six continents. We applied
statistical routines typically used in the context of metacommunity studies to provide novel insights into macro-
phyte community compositional patterns within regions worldwide. We found that lake macrophyte meta-
communities followed clumped species replacement structures, suggesting that two or more species groups were
responding similarly to the environment within regions. Underlying such general convergence, our results also
provided evidence that community-environment relationships were largely context-dependent, stressing that no
single mechanism is enough to account for the complex nature of compositional variation. Surprisingly, we found
no general relationships between functional or phylogenetic composition and main metacommunity types,
suggesting that linking multi-trait and evolutionary information to the elements of metacommunity structure is
not straightforward. Our findings highlight that global conservation initiatives and biodiversity protection need to
capture environmental variation at the metacommunity level, and acknowledge the highly context-dependent
patterns in the community-environment relationships of lake macrophytes. Overall, we emphasize the need to
embrace the potential complexity of ecological inferences in metacommunity organization across the globe.
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Regional biotas develop under influences of environmen-
tal, climatic and geographical factors (Willig et al. 2003).
However, much uncertainty remains in our understanding of
their role in affecting local biotic assemblages over large spa-
tial extents, due in part to the lack of comparable and well-
curated data over large areas (Wüest et al. 2020). Conse-
quently, examining the relative importance of these factors
on geographical patterns of community compositional varia-
tion is still central to macroecology and biogeography
(Heino 2011) and a prerequisite for understanding the distri-
bution of biodiversity on Earth (Kreft and Jetz 2007). Recently,
considerable progress has been made toward documenting
large-scale patterns in the biodiversity of terrestrial ecosys-
tems, including woody plants, insect, birds, and mammals
(e.g., Swenson et al. 2012; Cooke et al. 2019). By contrast,
organisms inhabiting inland waterbodies have been far less
studied from the macroecological perspective (see
Heino 2011 and Hortal et al. 2014 for comprehensive
reviews). Given that freshwater ecosystems are typically
more isolated and fragmented than most terrestrial and
marine systems, the underlying factors controlling the
ecogeographical patterns of freshwater biodiversity should
differ from those found in the other two realms of life
(Kinlock et al. 2018). In this regard, generalizations about
ecogeographical rules evidenced using terrestrial plants can
rarely be used to explain distributional patterns and their
underlying mechanisms in freshwater macrophytes (Alahuhta
et al. 2020). These inconsistencies originate from differences
in accessibility to water and atmospheric gases between terres-
trial and aquatic plants, the latter of which also experience less
extreme temperatures in inland waters (Iversen et al. 2019).
However, we are only beginning to generate an understanding
of the global patterns and determinants of freshwater macro-
phyte diversity (Grimaldo et al. 2016; Alahuhta et al. 2017;
Alahuhta et al. 2018a; Murphy et al. 2019). Such a research
program should not only be of interest to macroecologists and
biogeographers, but also to environmental managers and con-
servation practitioners seeking to delineate biogeographical
regions for environmental assessment and conservation
(Bailey 2010).

Given the strong associations between the theoretical
foundations of metacommunity ecology (Leibold
et al. 2004) and modern biogeography (Jocque et al. 2010),
understanding the mechanistic basis of large-scale biogeo-
graphical patterns also necessitates use of hypotheses and
analytical approaches that have been more typically
applied in the analysis of metacommunities at the land-
scape level (Heino et al. 2015a). Metacommunities (i.e., a
set of interacting communities linked by dispersal; Leibold
et al. 2004) show multiple patterns and models in space
and time, ranging from those assuming strong species
interactions to those suggesting idiosyncratic responses to
the environment (Heino et al. 2015a). Indeed, these ideas
intrigued plant ecologists in the first half of the 20th

century, when Clements (1916) and Gleason (1926)
debated the discrete vs. continuous nature of community
boundaries along underlying environmental gradients.
More recently, Leibold and Mikkelson (2002) devised a step-
wise routine based on the three “elements of met-
acommunity structure” (hereafter, EMS)—coherence, species
range turnover and range boundary clumping—to examine
such community patterns. In this approach, random distribu-
tions of species are contrasted with four main idealized
models: nested subsets (Patterson and Atmar 1986), evenly
spaced gradients (Tilman 1982), Clementsian gradients
(Clements 1916), and Gleasonian gradients (Gleason 1926).
These main metacommunity types are broad idealizations of
nature and, hence, multiple subtypes (i.e., quasi-structures)
can also be distinguished (Presley et al. 2010, see Table 1 for a
glossary).

Although the EMS approach was originally aimed at test-
ing for multiple patterns across a set of local communities
(Leibold and Mikkelson 2002), the same analytical routine
can be adopted to examine distributional patterns across
regions at large biogeographical scales (Heino and
Alahuhta 2015; Schlemmer-Brasil et al. 2017). Nonetheless,
this approach is not without its problems, as outlined
recently by Ulrich and Gotelli (2013) and Schmera
et al. (2018). Their criticism mainly concentrated on the
likely unreliable mathematical mechanisms that give rise
to some idealized structures (Schmera et al. 2018). While
we agree that the EMS framework may be burdened by
anomalies in detecting some empirical patterns
(e.g., checkerboard distributions, Presley et al. 2019), we
argue that its careful non-mechanistic interpretation
and subsequent combination with alternative analytical
approaches should lead to a better understanding of main
macroecological patterns and community-environment
relationships (Meynard et al. 2013; Heino and Alahuhta 2015).
For example, a simultaneous comparison of multiple study
regions may help to elucidate whether compositional varia-
tion is molded predictably by a set of ecological settings or if
that compositional variation is context-dependent (Tonkin
et al. 2016). Those settings could be revealed using ecological
correlates of metacommunity structure similar to functional
traits and phylogenetic distances of species in other contexts
(Heino et al. 2015b; García-Girón et al. 2019a). Surprisingly,
to our knowledge, no single study has assessed both the best
fit patterns of community variation and the ecological fea-
tures of regional metacommunities simultaneously at global
scale.

Here, we present an analysis of geographical variation,
context dependency and community-environment relation-
ships of macrophytes using data from 16 regions worldwide
(Fig. 1a). We specifically examined the following questions:
(1) Which idealized metacommunity model best fits the
empirical data of lake macrophyte metacommunities within
study regions? (2) Are community-environment
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relationships consistent or variable among different
regions? (3) What ecological correlates describing met-
acommunity characteristics (i.e., elevation range, spatial
extent, latitude, longitude, age of the oldest lake within
each region, matrix fill, species richness, functional compo-
sition, and phylogenetic composition) best determine varia-
tion in coherence, species range turnover and range
boundary clumping? Based on evidence from previous stud-
ies (Henriques-Silva et al. 2013; Heino et al. 2015b), we
expected to find clear geographical variation in met-
acommunity structuring, with a change from Gleasonian to
Clementsian gradients from the equator to the poles (H1).
This is because we expected that two or more groups of spe-
cies would respond similarly to the typically harsher environ-
mental conditions in boreal regions, leading to clumped range
boundaries in their geographical distributions (Heino
et al. 2015b). We also hypothesized (H2) that a strong context
dependency would be observed in the community-
environment relationships, not least because the structuring of
lake metacommunities can be highly variable among different
regions (Alahuhta et al. 2017, 2018a; Heino and Tolonen 2017).
In addition, we predicted (H3) that variables describing the eco-
logical features of metacommunities would be good predictors
of the three elements of metacommunity structure, because
multi-trait and evolutionary information should be related to

the predictability of the underlying distributional patterns
(Meynard et al. 2013; García-Girón et al. 2019a).

Methods
Macrophyte data sets and regional characteristics

We analyzed a data set of 16 different study regions
covering six continents across the Earth (Fig. 1a, Supporting
Information Appendix S1 and Fig. S1). The study regions and
field methods have been described previously (Alahuhta
et al. 2018a) and are here outlined briefly to aid understand-
ing of the ecological context of individual regions. We had
strict quality control for selecting each data set: (1) each study
region had to include ca. 30 lakes with similar geographical
distribution from the pool of candidate lakes; (2) all lakes had
to be mostly natural lentic systems (i.e., reservoirs were
excluded); and (3) all macrophyte communities within each
data set had to have been empirically surveyed using similar
methods to maintain data comparability. The selected lakes
ranged from glacial-origin and relatively stable lakes situated
in temperate and boreal zones (e.g., Finland, Sweden, Norway,
Estonia, Denmark, Poland, New Zealand and US states of Min-
nesota and Wisconsin) to semi-arid shallow Mediterranean
lakes (e.g., Morocco and Spain). Most of the study lakes
suffered from various anthropogenic pressures such as water

Table 1. A glossary of the main elements of metacommunity structure and idealized models dealt with in this paper.

Concept Description

Coherence A measure of the degree to which a distributional pattern can be collapsed into a single ordination axis (Leibold
and Mikkelson 2002)

Species range turnover A measure that reflects the tendency for species to replace each other from site to site along an ordination axis
(Leibold and Mikkelson 2002)

Range boundary clumping A measure of the degree to which the boundaries of different species’ ranges are clustered together along an
ordination axis (Leibold and Mikkelson 2002).

Random distribution A random structure exists when there are no gradients or discernible patterns in species distributions among
sites (Leibold and Mikkelson 2002)

Nested subsets A metacommunity structure where species poor sites form proper subsets of species from progressively richer
communities (Patterson and Atmar 1986)

Evenly spaced A metacommunity structure where gradients result in no discrete communities, but species ranges are arranged
more evenly than expected by random chance (Tilman 1982)

Clementsian A metacommunity structure where species respond to environmental gradients as groups, resulting in discrete
communities (Clements 1916)

Gleasonian A metacommunity structure where species respond individualistically to underlying environmental gradients
(Gleason 1926)

Quasi-structure Quasi-structures are intermediate metacommunity types. Quasi-nested metacommunities (i.e., quasi-
hyperdispersed species loss, quasi-random species loss, and quasi-clumped species loss) is the name for cases of
significant positive coherence and non-significant (negative) range turnover. By contrast, quasi-evenly spaced,
quasi-Gleasonian, and quasi-Clementsian structures are the names for cases with positive coherence and non-
significant (positive) range turnover. They can be distinguished based on range boundary clumping (Presley
et al. 2010)

Table adapted from Leibold and Mikkelson (2002), Presley et al. (2010), and Heino et al. (2015b).
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Fig 1. (a) Our study system comprised ca. 30 lakes surveyed in each of the 16 regions (colored triangles) across the world. (b) Schematic representation
describing Leibold and Mikkelson’s (2002) elements of metacommunity structure (i.e., coherence, species range turnover and range boundary clumping).
The combination of coherence, species range turnover and range boundary clumping results in seven main metacommunity types (i.e., random, random
species loss, hyperdispersed species loss, clumped species loss, evenly spaced, Clementsian and Gleasonian; bold font) and six quasi-structures (i.e., quasi-
evenly spaced, quasi-Clementsian, quasi-Gleasonian, quasi-hyperdispersed species loss, quasi-random species loss and quasi-clumped species loss; italic
font). Species × sites distributions corresponding to the principal metacommunity types are represented as follows: columns represent different species
and rows represent sites. Figure modified from Presley et al. (2010) and Henriques-Silva et al. (2013). MI, Morisita’s index.
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extraction, invasive species, nutrient enrichment, and decreased
connectivity, which cannot be avoided in an increasingly
human-dominated world.

Our data set consisted of presence-absence observations of
aquatic macrophyte species (i.e., species that are strongly
bound to aquatic environments; see Kosten et al. 2009). These
species included submerged (elodeids and isoetids), floating-
leaved, free-floating (ceratophyllids and lemnids) and emer-
gent forms (Cook 1999). The species list from each region was
carefully checked to guarantee that inconsistencies were mini-
mal. To do this, non-aquatic helophytes, shore species,
aquatic bryophytes and charophytes were removed from the
final data sets. Similarly, we excluded hybrids, subspecies, and
genus level identifications when species from the same genus
were recorded from the data.

Elements of metacommunity structure (EMS) analysis
using site-by-species incidence matrices

Following the metacommunity framework originally pro-
posed by Leibold and Mikkelson (2002), and thereafter
expanded by Presley et al. (2010) and Henriques-Silva
et al. (2013), we analyzed which metacommunity structure
best fitted lake macrophyte data in each study region across
the globe. To do this, we adopted the “range perspective” in
our analyses (Presley et al. 2010). The metacommunity types
were assessed by analyzing aspects of coherence, species
range turnover and range boundary clumping of site-by-
species presence-absence matrices. Incidence matrices were
first ordinated via reciprocal averaging (CA). This procedure
allowed us to obtain a latent gradient in which sites were
ordered according to species composition and species were
ordered according to site occurrences. After rearranging the
data matrix, we tested the different metacommunity ele-
ments in a hierarchical way, that is, (i) coherence, (2) species
range turnover, and (3) range boundary clumping (Fig. 1b;
Table 1).

Coherence is based on calculating the number of embedded
absences (i.e., gap in a species range) in the ordinated empiri-
cal incidence matrix and then comparing the observed value
to a null distribution of embedded absences from 1000 simu-
lated matrices. A metacommunity is considered to be coherent
when the number of observed embedded absences is lower
than expected by chance. Significantly positive coherence
thus suggests that species distributions are responding simi-
larly to a common environmental gradient represented by the
ordinated site-by-species presence-absence matrix. Non-
significant coherence means that species are distributed at ran-
dom, suggesting that species are not responding to a common
environmental gradient (Leibold and Mikkelson 2002). For
metacommunities with positive and significant coherence, the
range turnover component was tested (Fig. 1b). Species range
turnover was measured as the number of empirical replace-
ments for each possible pair of species and for each possible
pair of sites in the ordinated matrix. Then, the number of

observed replacements was compared to a null distribution
that randomly shifts the entire ranges of species (Leibold and
Mikkelson 2002). Significantly negative turnover (i.e., the
observed replacement is lower than expected by chance) is
consistent with a nested structure (i.e., hyperdispersed species
loss, random species loss, and clumped species loss), whereas
significantly positive turnover (i.e., the number of observed
replacements are higher than expected by chance) indicates
evenly spaced, Gleasonian or Clementsian metacommunity
types. The cases of significant positive coherence and non-
significant turnover can be interpreted as quasi-structures
(Presley et al. 2010). We further analyzed range boundary
clumping using Morisita’s index of dispersion and a subsequent
χ2 test that compares the empirical distribution of range
boundaries to an expected uniform distribution. Index values
significantly larger than “1” indicate clumped range bound-
aries (i.e., Clementsian and clumped species loss structures)
and values significantly less than “1” suggest hyperdispersed
range boundaries (i.e., evenly spaced distribution and hyper-
dispersed species loss structures). Species distributions
that occur independently and idiosyncratically with respect
to each other (i.e., Gleasonian and random species loss
structures) are indicated by a non-significant χ2 test. Corre-
spondingly, quasi-evenly spaced, quasi-Gleasonian, quasi-
Clementsian structures, quasi-hyperdispersed species loss,
quasi-random species loss, and quasi-clumped species loss
can be separated by boundary clumping (Presley et al. 2010;
see Fig. 1b).

The significance of the index values for coherence and
range turnover was tested using the fixed-proportional null
model (Gotelli 2000), where the species richness of each site
is maintained (i.e., row sums are fixed) but species ranges
(i.e., columns) are filled based on their marginal probabilities.
Random matrices for the fixed-proportional null model were
produced by the “r1” method as implemented in the vegan
package (Oksanen 2016). Although the fixed-proportional
null model makes sense ecologically and is not highly sensi-
tive to type I or type II errors (Presley et al. 2009), this model-
ing approach does not involve shifting of ranges and
therefore our findings need to be treated with caution. We
also used a strict and conservative fixed–fixed null model
based on the “quasi-swap” method in the R package vegan to
find out if the null model used affected the results. In the
fixed–fixed null model, both species richness of each site and
species frequencies are maintained. We used 1000 simula-
tions to provide random matrices for testing coherence and
species range turnover. Elements of metacommunity struc-
ture were evaluated for each study region along the first
reciprocal averaging (i.e., correspondence analysis) axis
because we were interested in the most important species
compositional gradient. Analyses of coherence, species range
turnover and range boundary clumping were performed
using the metacom package (Dallas 2013) in the R environ-
ment (R Core Team 2018).
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We also used a Z-score or standardized effect size (SES) for
the indices of coherence and species range turnover for each
individual metacommunity:

SES =
obs−rnd:mean

rnd:sd

where obs is the observed index value, rnd.mean the mean
index value of the null distribution, and rnd.sd the standard
deviation of simulated index values (see Gotelli and
McCabe 2002).

Z-scores allow comparisons among data sets and can thus
subsequently be used in comparative analyses (see Heino
et al. 2015b). Basically, Z-scores between − 1.96 and 1.96 are
non-significant at α = 0.05 and, thus, Z-scores of coherence
and species range turnover can also be used to infer met-
acommunity structures. We also applied the traditional
approach to delineate metacommunity types based on statisti-
cal significance from the randomization tests of coherence
and species range turnover (see above).

Community-environment relationships
Community-environment relationships within the study

regions were compared based on a set of a priori determined
lake-level variables. Physico-chemical variables consisted of lake
area (km2), Secchi depth (m) and water total phosphorus con-
centration (mg L−1). These three physico-chemical variables
were chosen because they often account for significant varia-
tion in community structure of lake macrophytes (see Alahuhta
et al. 2018b), and correlate with other hydromorphological and
water chemistry variables that were not available for all study
regions (e.g., Kosten et al. 2009). Physico-chemical variables
were surveyed and determined following similar procedures
within each study region (Supporting Information Appendix
S1). Climate variables included atmospheric annual mean tem-
perature (!C), annual temperature range (!C), and annual pre-
cipitation (mm) defined for each study lake based on 30 years
average values (1 km resolution data) obtained from the
WorldClim (Hijmans et al. 2005). Climate variables were not
only a surrogate for thermal energy availability (Alahuhta
et al. 2017) and water-level fluctuation (Carpenter et al. 2011),
but also for nutrient and material loading from the catchment
(Sahoo et al. 2015).

Our main statistical method to explore community-
environment relationships within regions was canonical corre-
spondence analysis (CCA), which is a constrained extension
of reciprocal averaging (Legendre and Legendre 2012), thus
providing a link to the EMS analysis. We used the intraset cor-
relations between environmental variables and site scores
along the first two ordination axes to infer which factors were
best related to variation in community composition and com-
pare whether the same environmental drivers were important
in each study region (see Heino et al. 2015b). Note, however,
that we cannot associate a given metacommunity type

specifically to environmental drivers, not least because there is
no evidence that a particular mechanism can map onto a par-
ticular structure. CCAs were run with the “cca” function using
the R package vegan.

Comparative analyses
We used simple linear regression to analyze variation in the

Z-scores of coherence, the Z-scores of species range turnover
or the index of range boundary clumping with a set of ecologi-
cal correlates (i.e., predictor variables) describing met-
acommunity characteristics (see below). Standardized effect
sizes of each metacommunity element (Yi) were log-
transformed [min (Ymax + a = 1) ! log (Yi + a)] before analyses
to improve normality and reduce skewness.

We first summarized regional environmental information
within convex hulls encompassing the minimum area con-
taining all surveyed lakes within each region. For each study
region, we defined elevation range within the convex hull (m),
area of the convex hull (km2), latitude of the convex hull (from
centroid), longitude of the convex hull (from centroid), and esti-
mated the maximum lake age within a particular region (see
Supporting Information Appendix S1 and Table S1 for variable
information). These variables can indirectly affect lake macro-
phytes by indicating variation in habitat suitability (Alahuhta
et al. 2017), dispersal limitation (García-Girón et al. 2019b),
environmental heterogeneity (Downing and Rath 1988), and
temporal availability for colonization sources (Alahuhta
et al. 2018a). Second, we used matrix fill (i.e., the proportion
of “1 s” in the site-by-species incidence matrix) and species
richness because data set characteristics may have strong
effects in comparative analyses of metacommunities (Heino
et al. 2015b). Third, we considered several key functional traits
(Supporting Information Appendix S2, Table S2 and Fig. S2) to
provide information on multiple ecological aspects of each
metacommunity (Heino et al. 2015b) and to give a broad char-
acterization of the realized niche of the species. We then used
the mixed-variables coefficient of distance (i.e., a generaliza-
tion of Gower’s distance; Borcard et al. 2011) to extract a func-
tional distance matrix across the 16 data sets using the “daisy”
function in the R library cluster (Maechler et al. 2014). The
phylogenetic composition of each study region was addressed
using the phylogenetic fuzzy-weighting method implemented
in the PCPS package (Debastiani 2018). To do this, we used a
molecular-based phylogeny for aquatic macrophytes recently
developed by García-Girón et al. (2020) (for details on phylo-
genetic reconstruction, see Supporting Information Appendix
S3 and Fig. S3). Thereafter, the pairwise output values for the
functional distance matrix were synthesized into principal
coordinate analysis (PCO) following Duarte et al. (2012). The
scores of each single metacommunity along PCO1, PCO2,
PCPS1, and PCPS2 components were then used to indicate the
combined functional (i.e., PCO) and phylogenetic (i.e., PCPS)
features of each metacommunity (Supporting Information Appen-
dix S4 and Fig. S4).
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Results
The Z-scores of coherence from fixed-proportional

(i.e., “r1”) or fixed–fixed (i.e., “quasi-swap”) null models were
strongly correlated (rp = 0.93, p < 0.001), and the same was
true for the Z-scores of species range turnover (rp = 0.73,
p < 0.01). Accordingly, we focused on the results based on the
fixed-proportional method because most previous studies have
used it in the context of the EMS analysis (Heino et al. 2015b;
Gascón et al. 2016; Schlemmer-Brasil et al. 2017). There was
wide variation in the Z-scores of coherence, the Z-scores of
species range turnover, and the index of range boundary
clumping among the metacommunities (Table 2). However,
the EMS analysis showed consistent patterns among study
regions, resulting in three observed metacommunity types
(Fig. 2 and Table 2). We found that Clementsian structure
(n = 8) was the most common, followed by quasi-Clementsian
(n = 7) and clumped species loss (n = 1) metacommunity
types. In other words, most metacommunities were
responding to latent environmental gradients, here represen-
ted by the first CA axis; groups of species had coincident range
boundaries in each metacommunity; and species composition
changed consistently in similar places of the underlying envi-
ronmental gradient.

Community-environment relationships varied among indi-
vidual metacommunities and did not allow us to single out a
few environmental drivers among the set of available pre-
dictor variables (Fig. 3), suggesting that specific details of

community-environment relationships were largely context
dependent. For instance, Secchi depth had the highest effect
on variation in community composition in China (CCA1),
whereas temperature range and precipitation were strongly

Table 2. Results of the EMS analysis for each individual study region. These results were based on the fixed-proportional null model.
Interpretations followed Presley et al. (2010). Significant results (* p≤0.05; ** p≤0.01; *** p≤0.001) are marked in bold font.

Coherence Species range turnover Boundary clumping
InterpretationAbs Coh Z Sim mean Sim sd Rep Tur Z Sim mean Sim sd Index

Brazil, coastal lakes 122 −6.54*** 200 12 1480 0.73 1183 405 3.06*** Q-Clementsian
Brazil, Parana river floodplain 300 −2.18*** 468 77 2140 1.36 1843 219 1.65* Q-Clementsian
China 131 −4.87*** 204 15 2356 1.95 1459 458 1.63** Q-Clementsian
Denmark 495 −10.24*** 874 37 19,357 2.49* 14,406 1988 1.97*** Clementsian
Estonia 426 −8.05*** 619 24 10,238 1.53 7921 1513 1.47*** Q-Clementsian
Finland 566 −8.37*** 792 27 18,936 1.78 14,302 2606 1.28** Q-Clementsian
Florida 247 −7.68*** 439 25 8765 4.57*** 4460 942 2.47*** Clementsian
Hungary 336 −7.04*** 505 24 11,462 2.01* 8267 1592 1.37* Clementsian
Minnesota 472 −9.11*** 718 27 17,643 3.43*** 10,688 2027 1.75*** Clementsian
Morocco 158 −12.78*** 567 32 8599 1.71 7414 694 1.67*** Q-Clementsian
New Zealand 156 −9.91*** 384 23 7587 2.56* 5205 929 2.19*** Clementsian
Norway 168 −6.18*** 273 17 1911 −2.79** 3608 607 1.42*** Nested*
Poland 370 −7.32*** 575 28 7878 1.46 6137 1193 2.06*** Q-Clementsian
Spain 338 −7.79*** 595 33 13,473 3.08** 8657 1564 1.88*** Clementsian
Sweden 564 −9.05*** 890 36 27,480 3.78*** 17,343 2683 1.54*** Clementsian
Wisconsin 543 −12.3*** 912 30 26,894 2.31* 19,990 2985 1.38*** Clementsian

Abs, the number of embedded absences; Coh, coherence; Q, quasi; Sim mean, mean of the simulated null matrix; Sim sd, standard deviation of the simu-
lated null matrix; Rep, number of species replacements; Tur, species range turnover.
*Nested, clumped species loss (sensu Presley et al. 2010).

Fig 2. Metacommunity structures (Clementsian, circle; quasi-Clementsian,
square; clumped species loss, triangle) of the 16 study regions plotted in
the space of the Z-scores of coherence and species range turnover. Bub-
ble size denotes the index of range boundary clumping. Dashed lines indi-
cate Z-scores between − 1.96 and 1.96. See Fig. 1a for color scales
corresponding to the study regions.

García-Girón et al. Exploring macrophyte metacommunities

7



related to community composition in Wisconsin (CCA1) and
New Zealand (CCA2), respectively. Similarly, total phospho-
rus, lake area and mean temperature were particularly impor-
tant in Florida (CCA1), Morocco (CCA1), and Finland (CCA2),
respectively.

Simple linear regressions showed that no ecological feature
of metacommunities was significantly associated with varia-
tion in the Z-scores of coherence, the Z-scores of species range
turnover or the index of range boundary clumping (Table 3).
This indicated that the single components of the EMS analysis
were not necessarily strongly related to ecological correlates
describing metacommunity characteristics.

Discussion
While a relatively large number of studies have exam-

ined geographical variation in species richness across large
spatial resolutions and extents (e.g., Raes et al. 2018; Mur-
phy et al. 2019), fewer studies have examined species com-
positional variation worldwide based on local resolution

(e.g., a lake) in the freshwater realm. In this regard, our study
is unique in bringing together the three elements of met-
acommunity structure (i.e., coherence, species range turnover
and range boundary clumping) and the varying ecological set-
tings of multiple study regions to infer large-scale patterns
and community-environment relationships of lake macro-
phytes across the world. Such a combination of techniques
allowed us to better understand patterns in lake macrophyte
metacommunities and the factors governing these patterns
worldwide. We found mostly Clementsian (n = 8) and quasi-
Clementsian (n = 7) metacommunity structures in the regions
of our empirical data set, a finding which did not support our
hypothesis of geographical variation in metacommunity types
(H1). We also revealed highly context-dependent patterns
in the community-environment relationships between dif-
ferent study regions, confirming our second hypothesis
(H2). Unexpectedly (H3), our results also indicated that the
three elements of metacommunity structure were weakly
related to the predictor variables describing ecological fea-
tures of metacommunities.

Fig 3. Community-environment relationships along the first two CCA axes as evidenced by intraset correlations between each variable predictor
(a, Secchi depth; b, total phosphorus; c, lake area; d, mean temperature; e, temperature range; f, precipitation) and the ordination axes (CCA1, orange;
CCA2, green). See Fig. 1a for abbreviations.
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Local communities show clumped boundaries but respond
differently to environmental gradients

Species may experience environmental gradients as gradual
or more-or-less discrete boundaries depending on species-
specific characteristics (e.g., tolerance to abiotic factors and
habitat specialization; Valanko et al. 2015). In our present
study, Clementsian and quasi-Clementsian gradients were the
most commonly found metacommunity types within regions
along the ≈ 10,000 km latitudinal gradient. The idea of
Clementsian gradients suggests that there are two or more
groups of species (i.e., species associations) showing similar
responses to the environment (i.e., species distributions are
generally coherent), and that the responses differ among
groups (Clements 1916). Consequently, the quasi-
Clementsian structures observed here were probably the result
of an artifact because species niche breadth extended beyond
the range in which species turnover is significant (Presley
et al. 2010), affecting the identification of boundaries in some
study regions (Gascón et al. 2016). The Clementsian
(or sometimes the quasi-Clementsian) pattern is commonly
found in metacommunity studies conducted in aquatic sys-
tems, and both have already been reported in comparative
analyses of lake biotas (Heino et al. 2015a,b), as well as for
stream invertebrate metacommunities in Central Germany
(Tonkin et al. 2016), Amazonian stream damselflies
(Schlemmer-Brasil et al. 2017), soft-sediment benthic inverte-
brates from the Baltic Sea (Valanko et al. 2015), Hungarian
stream fishes (Er}os et al. 2014), and Mediterranean wetland

microcrustaceans (Gascón et al. 2016). However, it is still par-
ticularly striking that environmental variation has such an
important role in structuring lake macrophyte meta-
communities in different biogeographical realms of the Earth
(here, Palaearctic, Nearctic, Neotropical, Indomalayan, and
Australasian). This finding may be related to the fact that lake
systems and their drainage basin characteristics are inherently
highly heterogeneous (Downing et al. 2006) and, hence,
responses of macrophyte species groups to environmental var-
iation are typically more complex than a simple gain or loss of
species along major biologically-important thresholds (sensu
Heino et al. 2015a).

Behind such general convergence, the disagreement among
important community-environment relationships also high-
lights that no single mechanism (i.e., a single constraining
environmental factor) is enough to account for the complex
nature of compositional variation and metacommunity
organization. Instead, it appears that metacommunity
(i.e., regional) structuring of lake macrophytes is highly diffi-
cult to predict. This has been demonstrated in two recent
global-scale studies that showed variable patterns in the fac-
tors shaping species-based beta diversity (Alahuhta et al. 2017)
and community composition (Alahuhta et al. 2018a). What-
ever the case, our study results agree with previous works in
which climate and water quality were found to be primarily
related to variation in macrophyte community composition at
regional scales (Capers et al. 2010; García-Girón et al. 2019a,b;
García-Girón et al. 2020). However, these findings should be
interpreted with caution due to differences in sample timing
between macrophytes and lake-level environmental variables
in our study. Similarly, factors other than environmental fil-
tering may also affect metacommunity structure. For example,
connectivity among lakes and associated dispersal events may
interfere with the environment in determining community
composition by hindering species’ tracking of local and cli-
matic conditions (see García-Girón et al. 2019b). Nevertheless,
associating the effects of dispersal with the idealized met-
acommunity types may be difficult, even if they existed
(Meynard et al. 2013). Meanwhile, previous works using the
same test data set showed that environmental filtering over-
came the effects of potential connectivity in explaining local
communities across the globe (Alahuhta et al. 2018a; García-
Girón et al. 2020). We thus suggest that environmental differ-
ences between sites remain the main structuring force within
lake macrophyte metacommunities worldwide, although indi-
vidual metacommunities may respond differently to major
limiting or constraining environmental gradients.

Metacommunity characteristics are poorly related to
variation in coherence, species range turnover, and range
boundary clumping

We found that the three elements of metacommunity
structure were weakly correlated to the ecological variables
describing individual metacommunity characteristics. In a

Table 3. Results of simple linear regression models for the Z-
scores of coherence, the Z-scores of species turnover and the
index of range boundary clumping. Simple linear regressions
showed no significant relationships (p>0.05 in all cases).

Coherence Turnover
Boundary
clumpling

Elevation range
of convex hull

−0.23 0.12 −0.13

Area of convex hull −0.06 0.39 −0.19
Latitude of convex hull −0.25 0.00 −0.51
Longitude of convex hull 0.15 −0.15 −0.27
Estimated maximum
lake age within
convex hull

−0.39 0.05 0.22

Matrix fill 0.21 −0.26 −0.22
Species richness −0.44 0.35 −0.38
PCO1 0.12 −0.09 0.43
PCO2 −0.01 0.00 0.36
PCPS1 −0.06 −0.22 0.23
PCPS2 −0.38 0.08 −0.16

PCO1 and PCO2, axes describing the principal coordinates of the func-
tional distance matrix; PCPS1 and PCPS2, axes describing the principal
coordinates of phylogenetic structure.
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recent study, Heino et al. (2015b) suggested that the ecological
factors underlying variation in coherence, species range turn-
over, and range boundary clumping should not be inferred
too strongly in isolation, because it is their combined influ-
ence which distinguishes different metacommunity structures.
Previous studies suggested that accounting for trait and phylo-
genetic composition may provide more accurate predictions of
metacommunity organization by approximating species
niches similarities and evolution (Gianuca et al. 2018; García-
Girón et al. 2019a). This is because functional traits and evolu-
tionary legacy are key in determining diversity patterns within
and among communities and species replacement along envi-
ronmental gradients (de Bello et al. 2017). Interestingly, how-
ever, we found no general relationships between functional or
phylogenetic composition and metacommunity structures. A
reason for this lack of relationship may be that two or more
groups of species sharing a common response to underlying
environmental thresholds comprised either functionally dis-
similar or distantly related macrophyte taxa. This finding con-
tradicts our initial expectations and suggests that linking
multi-trait and evolutionary information to the elements of
metacommunity structure is not necessarily straightforward
(but see Meynard et al. 2013). Nonetheless, we cannot exclude
the possibility that future macrophyte studies decoupling trait
and phylogenetic information at the metacommunity level
will uncover hidden signals underlying species coexistence
and replacements along major environmental gradients (see
de Bello et al. 2017).

Conclusions
From a methodological perspective, our study shows

that the simultaneous evaluation of the elements of met-
acommunity structure (i.e., coherence, species range turnover,
and range boundary clumping) and the ecological settings of
metacommunities can enhance our ability to understand
large-scale patterns and community-environment relation-
ships across the globe. More specifically, we found that our
empirical data set fitted best Clementsian and quasi-
Clementsian metacommunity types within regions, suggesting
that lake macrophyte communities follow clumped species
replacement structures. This information is relevant to the
current debate about conservation of freshwater biodiversity,
and we advance the notion that it needs to capture environ-
mental variation at the metacommunity level (Socolar
et al. 2016). Behind such general convergence of met-
acommunity types, our results also provide evidence that
community-environment relationships are shaped by multiple
environmental factors within regions. This finding suggests
that individual metacommunities may respond differently to
major limiting or constraining environmental thresholds,
emphasizing the need to embrace the potential complexity of
ecological inferences in metacommunity organization world-
wide. We propose that future studies should examine the

effects of climatic conditions, historical events and vicariance
biogeography on species associations consistently occurring
and disappearing at similar locations along the latitudinal gra-
dient. Such an approach may not only provide insightful
information about the evolutionary or physiological trade-offs
associated with important ecogeographical thresholds (see
Heino and Alahuhta 2015), but also offer a means of testing
the very foundations of biogeographical regionalization and
inferring major breakpoints in lake macrophyte community
composition at global scale.
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7 Discussion 

 

7.1 Beyond the Big 4 typology of mutually exclusive metacommunity 

types: strong evidence for a multidimensional continuum of 

macrophyte community assembly dynamics 
 
Metacommunity ecology explains how networks of biological communities (here, 

metacommunities) result from the interplay of various deterministic (e.g. niche differences 

and environmental filtering) and stochastic processes (e.g. related to extinction dynamics and 

dispersal), which are collectively named “assembly scenarios” (Vellend 2010, Ovaskainen et 

al. 2019). These scenarios synthesise four perspectives, each arising from a different 

conceptual framework: neutral, patch dynamics, species sorting and mass effects paradigms 

(Leibold et al. 2004, Holyoak et al. 2005). Further, a major appeal of the theory of 

metacommunity organisation is that it potentially offers a predictive scheme with which to 

disentangle mechanistic relationships between different assembly scenarios, species’ traits 

and spatial scales (De Bie et al. 2012, Meynard et al. 2013).  

In this thesis, we applied a probabilistic approach based on trait selection to examine 

what kind of signatures the assembly processes left on macrophyte metacommunities in an 

extensive area within the Iberian Plateau (article I). Specifically, we found that the mixed 

scenario had the greatest standardised effect size, suggesting that dispersal limitation acted 

in concert with species sorting to influence the structure of local communities. These results 

are broadly in line with Capers et al. (2010), De Bie et al. (2012) and Grimaldo et al. (2016), 

who recently found that spatial structuring and species sorting together accounted for much 

of the variation in aquatic plant communities across Connecticut (northeastern US), Zambia 

and Belgium, respectively. So far, joint effects of the environment and space have often 

overridden those of pure species sorting on macrophytes due to strong geographical 

structuring of key water quality and hydromorphology variables or spatially–explicit 

environmental variables missing from the studies (O´Hare et al. 2012, Alahuhta and Heino 

2013, Alahuhta et al. 2013). Our results deviate slightly from those found for glacial–

originated lakes in the US states of Minnesota and Wisconsin (Mikulyuk et al. 2011, Alahuhta 
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and Heino 2013) and in the Fennoscandia (Alahuhta et al. 2013), and also for macrophyte 

species richness in European lakes (Alahuhta 2015, Viana et al. 2014). These partially 

inconsistent findings suggest that species sorting might be more important than dispersal 

limitation for aquatic macrophytes in true lake or pond ecosystems without strong human 

impacts, whereas mixed effects may govern in more fluctuating and human–influenced lentic 

systems, such as unstable floodplains, Mediterranean systems and semi–lentic environments 

(Padial et al. 2014, Hájek et al. 2011).  

Our deconstructive analysis further showed that the greatest effects of dispersal 

limitation were seen among anemochorous, zoochorous and autochorous taxa, particularly 

among wind–dispersed species. This finding challenged our premise that spatial effects are 

likely to be of major concern for those species that strongly rely on hydrological connections 

between habitat patches (De Bie et al. 2012), and agrees with the observation of Soomers et 

al. (2013), who found that dispersal distances of propagules in fragmented landscapes were 

many times longer due to water dispersal compared to wind dispersal. Therefore, 

anemochorous dispersal might further hinder aquatic macrophytes from reaching nearby 

habitat patches when little or no physical connection via flowing water exists between 

locations (Boedeltje et al. 2004). Given that many aquatic plant species are anemochorous 

and autochorous (Soons 2006), it seems reasonable to suggest that macrophyte dispersal 

may be dependent on functional traits, such as propagule size and the success of dispersal 

vectors, particularly wind, at overcoming geographical distances and habitat isolation at 

regional scales. On the other hand, the spatial codependence analysis confirmed our 

expectations that species’ traits are involved in determining abundance structure via two 

major trait–environment relationships (fruit size�nutrient status and growth form�mean 

depth) operating at different spatial extents (250–300 km). Specifically, these findings 

emphasise the role of dispersal mode groups (Heino 2013), energy–allocation strategies 

(Daoust and Childers 2004) and phenotypic plasticity (e.g. elongation of steams and increased 

above–ground biomass, Coops et al. 1996) in the metacommunity dynamics of aquatic 

macrophytes.  

Perhaps more importantly, our results suggest that the classification of community 

scenarios into the classical paradigms of metacommunity organisation reflects only part of 

the biological variation that the assembly processes create, re–emphasising the need to go 

beyond the traditional view of understanding environmental and spatial processes as two 

alternative and mutually exclusive scenarios of community assembly (Leibold et al. 2004, 
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Logue et al. 2011, Brown et al. 2017). Thus, the classical paradigms should be viewed only as 

special cases in the continuum spectrum of metacommunity dynamics generated by the 

varying assembly processes (Ovaskainen et al. 2019). Similarly, our results demonstrate that 

the best practice should be to apply different types of statistical routines simultaneously to 

gain complementary information on traits, environmental variables and spatial scales 

involved in community assembly. Thus, the most comprehensive evaluation of 

metacommunity dynamics might be obtained by combining different types of models, 

including metacommunity assembly modelling (Brown et al. 2018) and multivariate multi–

scale codependence analysis (Guénard and Legendre 2018). Together with the combination 

of data on species’ traits and community structure, these techniques should help ecologists 

and biogeographers to embrace the full power of metacommunity theory.  

 

7.2 Moving beyond Grinnellian views on the species sorting paradigm 

in lentic ecosystems: most animal groups are bottom–up regulated 

by aquatic macrophytes at the metacommunity level 
 
Biotic interactions are fundamental drivers governing biodiversity locally (Chase and Leibold 

2003), yet their effects on geographical variation in community composition and community 

structure at regional scales remain controversial. For example, fish�daphniid�phytoplankton 

trophic interactions strongly impact local species distributions and ecosystem functioning 

(Carpenter et al. 2001, Jeppesen et al. 2010). However, ecologists have only recently started 

to integrate different types of biotic interactions within the metacommunity framework 

(Borthagaray et al. 2014, Ohlmann et al. 2018), a theme that urgently merits further empirical 

attention and quantification. Luckily, lentic systems provide several examples of coupled 

biological systems (Trigal et al. 2014, Fernández–Aláez et al. 2018, Le Gall et al. 2018); for 

example, direct macrophyte control on invertebrate communities (Heino 2008), predator–

prey relationships (Steinmetz et al. 2008) and cascading effects (Carpenter et al. 2001). In this 

vein, empirical evidence suggests that these biological couplings could indeed produce 

spatial dependencies on the compositional variation of different organismal groups (e.g. 

aquatic plants, molluscs, beetles and odonates, Law et al. 2019; bacteria, diatoms and 

chironomids, Zhao et al. 2019). However, studies assessing the geographical structure of 

biotic interactions remain seldom due to the difficulties in compiling comprehensive multi–

trophic inventories and the expertise of individual scholars (Lee et al. 2019). In this thesis, we 
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applied the Graphical Lasso (Friedman et al. 2008, Mazumder and Hastie 2012) for dissecting 

the joint spatial structure of multiple organismal groups and the abiotic environment in 

metacommunity organisation (article II). This method builds on observed patterns of beta 

diversity (i.e. changes in species identities across sampled locations, Anderson et al. 2011a) 

to infer the conditional dependencies between pairs of organismal groups and with the 

abiotic environment, thus pinpointing potential biotic interactions and influential effects of 

environmental mechanisms on these groups (see Ohlmann et al. 2018 for details).  

When applied to pond multi–trophic inventories, we were able support the notion that 

biotic interactions make crucial contributions to the spatial structure of metacommunities. 

This result implies that the overall ecological metacommunity was primarily driven by biotic 

interactions and, to a lower extent, by the abiotic environment. Similarly, we found that 

zooplankton and macroinvertebrate communities were bottom–up regulated by aquatic 

macrophytes. These findings clearly emphasise that ignoring the geographical variation of 

biotic interactions may compromise our understanding of the species sorting paradigm of 

metacommunity theory and decrease the accuracy and performance of predictive models. 

More specifically, although past studies have provided a comprehensive overview of the 

abiotic factors driving metacommunity structure in lentic ecosystems (see Heino et al. 2015a 

for a synthesis), these have failed to empirically test which part of the niche–based signal 

corresponds to species sorting by environmental vs. biotic constraints. This apparent 

omission partly reflects the limitations of the variation partitioning models that have hitherto 

been applied in modern ecology (Borcard et al. 1992), as the fraction characterising the 

individual contribution of biotic interactions is typically missing from this analytical approach 

(Soininen 2014). In this context, the high amount of unexplained variation that is often 

detected when variation partitioning analysis is applied to freshwater communities (e.g. 

Alahuhta and Heino 2013) may yield from the lack of inferred biotic interactions in this 

statistical routine. As a consequence, no general consensus has been reached on whether the 

species sorting signal in metacommunities primarily corresponds to environmental filtering 

or biotic interactions (Borthagaray et al. 2014). Our results, however, seem to support the 

central role of biotic constraints for the species sorting paradigm of metacommunity theory, 

thereby refuting Grinnellian ideas that species are primarily explained in terms of the 

resistance of biotas to prevailing abiotic environmental conditions (Chase and Leibold 2003), 

and raising the question of whether species interactions have been equally underappreciated 

in classical community–based assessments of aquatic and terrestrial ecosystems.  
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Our results should help to interpret a wide range of multi–trophic interactions and 

functional associations and yield new testable hypotheses in the freshwater realm. For 

example, the Graphical Lasso detected that geographical variation in the composition and 

structure of macrophyte communities was strongly correlated with that of filter–feeding 

zooplankton and predatory macroinvertebrates, re–emphasising the potential of aquatic 

plants to operate as ecosystem engineers in lakes and ponds (Fernández–Aláez et al. 2018). 

This result likely reflects the strong direct associations between invertebrates and plant 

architecture, since submerged macrophytes provide a refugee from predators and a variety 

of habitats and food sources (Lacoul and Freedman 2006, Heino 2008). Indeed, beetles and 

adult odonates use elodeid and helophyte leaves for egg–laying, perching and emergence, 

respectively (Le Gall et al. 2018, Law et al. 2019), whereas dragonfly larvae can benefit from 

plant diversity for foraging and shelter (Goertzen and Suhling 2013). These findings are 

relevant considering not only the high ecological relevance of macrophytes in inland waters 

(O’Hare et al. 2018, Law et al. 2019), but also the notorious nature of certain invasive 

macrophytes species (Hussner 2009, 2012, Lukács et al. 2017), which may be an additional 

point of major conservation concern for freshwater communities. Hopefully, we anticipate 

more basic and applied research to consolidate knowledge on the relationships of several 

feeding guilds and their associated feedbacks across ecosystems and at different spatial 

resolutions and extents. Such a mechanistic approach should help in elucidating the 

couplings between biotic and abiotic drivers in other landscapes where ecological 

information is still limited.  

 

7.3 Not every single species can disperse everywhere: genes dispel the 

mythology of environmental primacy in aquatic plants 
 
The common assumption that aquatic vascular plants show worldwide or continental ranges 

has often been used to conclude that dispersal means (chiefly bird–mediated dispersal) must 

be readily available (Barret et al. 1993, Jacobs and Wilson 1996, Santamaría 2002), allowing 

macrophytes to easily recolonise vacant habitat patches (Catford and Jansson 2014). More 

specifically, in contrast to terrestrial plants, many aquatic plant species disperse largely 

through vegetative parts such as rhizomes, stem fragments, stolons, tubers and turions 

(Sand–Jensen et al. 2000, Boedeltje et al. 2004, Umetsu et al. 2012). Similarly, evidence for 

endozoochorous dispersal of seeds by fish and waterfowl has been found in Europe (Pollux 
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et al. 2006), North America (VonBank et al. 2018) and South America (Anderson et al. 2011b), 

suggesting that macrophyte seeds can survive gut passage intact (Silva et al. 2018) and might 

disperse up to 3,600 km (Pollux 2007). Also, multiple and frequent short–distance dispersal 

events by wind and water should theoretically result in sufficient gene flow to prevent genetic 

differentiation within metapopulations (Jones et al. 2020). However, Wu et al. (2015, 2016) 

recently revealed strong correlations between population genetic divergence and 

geographical isolation for different widespread species of watermilfoils in China. A popular 

approach to study if dispersal limitation structure macrophyte community patterns is to 

perform eigenfunction spatial analyses (Peres–Neto and Legendre 2010) and simple 

polynomials of geographical coordinates (Dray et al. 2012) in combination with variation 

partitioning (Peres–Neto et al. 2006, Legendre and Legendre 2012). However, Clappe et al. 

(2018) recently suggested that this coarse interpretation of dispersal may overestimate the 

potential effects of species sorting under spurious species–environment relationships. These 

problems complicate examining the effects of dispersal limitation at scales pertinent to 

natural ecological systems. Here, we ran an analysis of geographical genetic variation in 

Myriophyllum alterniflorum DC. (2n = 14) to shed light on the dispersal architecture of 

macrophytes and disentangle if results obtained through population genetic methods match 

modern perspectives of metacommunity theory (article V). Although our study was limited 

to a single plant species, we strongly believe that the alternateflower watermilfoil offers an 

ideal model organism for generalisation purposes, not least because it occurs irrespectively 

in still or slow–moving waters of lakes, ponds and rivers, exhibits different mechanisms of 

mobility –anemochory, hydrochory and zoochory– and is distributed in different 

biogeographical realms of the Earth (Harris et al. 1992).  

In spite of the relatively short distances between the sampled locations (mean pairwise 

distance ~ 15 km), our results showed that populations clustered into genetic groups that 

mirrored their geographical patterns. More specifically, we found that gene flow was not 

sufficient to keep a single, panmictic, spatially extended metapopulation throughout the 

study range. This means that geographical limits should decrease the probability of effective 

dispersal among relatively distant populations and thus enhance differentiation through 

genetic drift (Sexton et al. 2014). Moreover, all the obtained genotypes were population–

specific, suggesting a high rate of recombination due to sexual reproduction and uncommon 

interpopulation dispersal of vegetative propagules (Kitamoto et al. 2005). This finding 

contradicts the common assumption that aquatic plants disperse largely through vegetative 
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parts (e.g. Umetsu et al. 2012), and agrees with recent palaeoecological reconstructions 

suggesting that macrophyte seeds are far more dispersed across the landscape than its 

vegetative propagules in lentic ecosystems (García–Girón et al. 2018a, 2018b).  

Classical studies on aquatic macrophytes using allozyme variability showed widespread 

monomorphism and weak population differentiation (e.g. Gornall et al. 1998, Gao and Hong 

2000). For example, the loss of sexual reproduction due to generalised apomixis in Lemna 

(i.e. seed production without fertilisation or meiosis) led to limited isozyme variation 

irrespectively of geographical distances among populations (Crawford et al. 2001). More 

recently, however, studies using DNA–based markers have detected considerably larger 

genotypic variation than isozyme studies in aquatic plants (e.g. Wu et al. 2015, 2016, Cao et 

al. 2017). This is probably because DNA markers, such as microsatellites, usually detect higher 

polymorphism than biochemical markers (Selkoe and Toonen 2006). Indeed, DNA studies 

using ISSR and SSR markers have indicated restricted gene flow (i.e. isolation by distance) 

among populations of several plant species, including Ceratophyllum demersum L. (Cao et 

al. 2017), Myriophyllum spicatum L. (Wu et al. 2015, 2016), Potamogeton lucens L. (Cao et al. 

2017), Potamogeton nodosus Poir. (Chen et al. 2009) and Stuckenia pectinata (L.) Börner 

(Abbasi et al. 2016). The threshold distance above which populations showed restricted gene 

flow is however variable, ranging from dozens of kilometres for M. alterniflorum in our study 

system to hundreds of kilometres for C. demersum in China (Cao et al. 2017).  

Perhaps more importantly, by using effective (genetic) estimates, our results are 

broadly in line with the metacommunity assembly models from the first article of this thesis, 

and argues in favour –at least partially– of the classical stepping–stone model in which 

effective dispersal is somehow restricted to nearby locations (Slatkin 1987). However, since 

most macrophyte metacommunities comprise dozens of species, including large multi–

species population genetic data and DNA barcoding of entire assemblages would provide a 

big step further towards integrating molecular genetics into the full inference space of 

metacommunity theory. Here, we stressed the importance of using different levels of the 

biological hierarchy –from genes to species– to understand major mechanisms shaping 

macrophyte species distributions in lentic ecosystems at a regional scale. We strongly believe 

that this empirical approach should provide an exciting frontier for metacommunity ecology 

and population genetics that may open up many advances of scientific inquiry. For the 

moment, ecologists and biogeographers can be reasonably sure that several aquatic 

macrophyte species cannot successfully disperse everywhere across the landscape.  
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7.4 Integrating the multiple dimensions of biodiversity to better 

understand the geographical distributions of aquatic macrophytes: 

patterns and mechanisms at regional and global scales 
 
The study of biodiversity has traditionally focused on mapping the geographical patterns of 

species diversity and quantifying the evolutionary and ecological mechanisms that have 

produced the observed patterns (Kraft et al. 2011, Myers et al. 2013). While evaluating the 

change in species identities across communities has a long tradition in community ecology 

(Rosenzweig 1995), recent work has highlighted the value of embracing many aspects of 

biological variation, including the spatial turnover in species functional and phylogenetic 

relationships (Graham and Fine 2008, Meynard et al. 2011, Chalmandrier et al. 2015). 

Specifically, functional distances focus on species’ niche similarities and have been used to 

address the assembly mechanisms of community composition (Thuiller et al. 2006, Sokol et 

al. 2011), whereas pairwise species’ phylogenetic distances measure divergence over 

evolutionary timescales and are often argued to be synthetic measures of species ecological 

differentiation (Webb 2000, Mouquet et al. 2012).  

In this thesis, we found no evidence for closely related species to resemble each other’s 

ecological traits more than species randomly drawn from different macrophyte phylogenies, 

which showed a relatively consistent trend at regional (articles III, IV) and global scales 

(article VI). For example, we observed that species and phylogenetic dimensions of 

macrophyte diversity exhibited a relatively high degree of spatial congruence, showing a 

strong latitudinal gradient similar to those found for a wide variety of organisms, both 

terrestrial and aquatic (see Hillebrand 2004, Heino 2011, and Kinlock et al. 2018 for reviews). 

Conversely, aquatic plants showed a higher degree of functional redundancy in tropical and 

high–latitude metacommunities, probably as a result of the ecological packing in tropical 

landscapes and the greater resource limitation near the Poles (Willig et al. 2003), thereby 

confirming Hutchinson’s (1975) intuition that aquatic plant communities are more 

functionally diverse at temperate latitudes. Assuming that species’ niches can be abstracted 

as multidimensional hypervolumes (Hutchinson 1959), ecological traits and phylogenetic 

identity might thus be interpreted as surrogates of different niche dimensions in aquatic 

plants. These rather weak phylogenetic niche signals are expectable for functional traits that 

are convergent in different lineages (e.g. growth form and reproduction mode, Barret et al. 

1993) and have high phenotypic plasticity (e.g. specific leaf area and seed length, Zhou et al. 
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2019). Perhaps more importantly, this spatial mismatch was consistent at different spatial 

scales (here, regional and global, Willis and Whittaker 2002) and using information on the 

phylogenetic relationships from several methods of varying complexity, i.e. taxonomic 

distinctness (Clarke and Warwick 2001, article III), the angiosperm phylogeny (sensu 

R20160415.new) based on APG IV (2016) (article IV), and a super matrix approach (Roquet 

et al. 2013) built on nucleotide sequences from two regions of the chloroplast DNA (rbcL and 

matK genes, article VI).  

Our results also showed that each biodiversity dimension responded slightly differently 

to the underlying environmental and spatial gradients, suggesting different community 

assembly scenarios. In this vein, taxonomic and functional beta diversity appeared to be 

partially spatially controlled in article IV, suggesting effective dispersal limitation at the 

regional scale, whereas phylogenetic measures were significantly sensitive to nutrient 

concentration and productivity in articles III and IV. This finding indicated that, as 

individualistic as the macrophyte species responses might be, there must be some 

evolutionary or physiological trade–offs associated with important environmental thresholds 

(Meynard et al. 2013), which translated into similar plant lineages occurring and disappearing 

at the same locations along the productivity gradient. For instance, these results let us 

suggest that aquatic macrophytes have labile functional traits constrained by dispersal 

processes and some evolutionary trade–offs that drive community assembly via species 

sorting (see Gianuca et al. 2018 for a similar reasoning on cladoceran zooplankton). More 

specifically, the idiosyncrasy in the context of multiple stable states (Scheffer et al. 1993) 

might further explain the lack of predictability of the non–linear relationships between 

community composition or functional traits to environmental gradients. Ultimately, our 

findings in articles III and IV agree with the pioneering aquatic plant study of Alahuhta et al. 

(2017a) and confirm robust ecological theory (Webb et al. 2002, McGill et al. 2006, Graham 

and Fine 2008, Swenson 2011), underlining the importance of considering different 

biodiversity dimensions to provide a complete picture of the idiosyncratic species distribution 

patterns and ecological mechanisms of lentic macrophytes at a regional scale.  

Consistent with our previous results, we found that environmental and spatial variables 

together accounted for species, functional and phylogenetic variation in different regions 

worldwide (article VI). Importantly, however, our findings suggested that climatic gradients 

overrode the effects of the local environment on community–weighted means at the largest 

spatial scales. This partially follows Poff’s (1997) idea that large–scale climatic variables, such 
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as atmospheric temperature and annual precipitation, first select organisms that have 

matching species–specific traits, and then these sets of species are subsequently sorted by 

small–scale environmental features (here, hydromorphological and water quality variables). 

In the across–regions approach, we found that elevational range together with latitude 

strongly affected the strength of community–environment relationships, further stressing 

that macroecological correlations –likely due to climate and habitat diversity– have left a 

strong footprint in the current geographical distributions of aquatic macrophytes on a global 

scale. The rationale behind this is that climate shows a clear geographical trend in relation to 

latitude (Willis and Whittaker 2002) and that greater variation in elevation usually leads to 

increasing climate harshness and habitat variability (Alahuhta et al. 2017b). Globally, our 

results suggest that regional and large–scale biodiversity assessments should benefit from 

integrative and pluralistic approaches connecting changes in species identities across 

communities and the functional and phylogenetic status of the species.  

 

7.5 Macrophyte species show clumped range boundaries but respond 

differently to major environmental thresholds across the globe 
 
While a relatively large number of studies have examined variation in species richness across 

large spatial resolutions and extents (Raes et al. 2018, Murphy et al. 2019), fewer studies have 

examined species compositional variation worldwide based on local resolution data (e.g. a 

lake). Fortunately, the elements of metacommunity structure (EMS, Leibold and Mikkelson 

2002) can be adapted to examine distributional patterns across regions at large 

biogeographical scales (Presley and Willig 2010, Heino and Alahuhta 2015, Schlemmer–Brasil 

et al. 2017). In this vein, a simultaneous comparison of multiple study regions should lead to 

a better understanding of main macroecological patterns and community–environment 

relationships (Meynard et al. 2013), helping to elucidate whether compositional variation is 

moulded predictably by a set of ecological settings or if that compositional variation is 

context–dependent (Tonkin et al. 2016). In this thesis, we expanded this approach from 

individual local communities to encompass aquatic macrophyte metacommunities surveyed 

across 16 regions from six continents. Such a combination of techniques allowed us to better 

understand the geographical patterns of aquatic macrophyte distributions and the controls 

governing these patterns worldwide.  
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Many previous studies on metacommunity structures using the EMS analysis have 

found highly variable patterns, ranging from random through nested to Clementsian (i.e. 

where subgroups of species show similar responses to environmental gradients) and 

Gleasonian (i.e. where species show individualistic responses to environmental gradients) 

metacommunity types (Presley et al. 2012, Dallas and Drake 2014, Heino and Alahuhta 2015, 

Heino et al. 2015b, 2017). Here (article VII), we found that Clementsian and quasi–

Clementsian gradients were by far the most commonly found metacommunity structures 

within regions, stressing that there were species groups (i.e. associations) showing similar 

responses to the environment and that the responses differed among groups (Clements 

1916). Importantly, this finding agrees with our previous results (articles III, IV) suggesting 

that macrophyte species must show some ecological trade–offs which translate into similar 

species associations occurring and disappearing at the same locations along major 

biologically–important thresholds (Presley et al. 2010, Meynard et al. 2013). However, it is 

particularly striking that these thresholds have such an important role in structuring aquatic 

macrophyte metacommunities in different biogeographical realms of the Earth (in this thesis, 

Palaearctic, Nearctic, Neotropical, Indomalayan and Australasian), providing empirical 

evidence that macrophyte responses to the environment are typically more complex than a 

simple gain or loss species (Heino et al. 2015a).  

Behind such general convergence of metacommunity types, we found that no single 

mechanism (i.e. a single constraining environmental driver) is enough to account for the 

complex nature of compositional variation worldwide. Indeed, our work indicates that 

metacommunity organisation remains difficult to predict and is riddled with contingency so 

complex that general patterns among regions are rare. Therefore, we re–emphasise that 

mechanisms governing freshwater metacommunities can still be highly context–dependent 

(Heino et al. 2012, Tonkin et al. 2016). As with community ecology (Lawton 1999), this context 

dependency in metacommunity organisation may emerge through differences in the 

characteristics of the ecological setting (Heino et al. 2015c), thereby stressing the need to 

embrace the potential complexity of mechanistic inferences in metacommunity theory. In this 

regard, our findings refer to a considerable regional specificity in metacommunity dynamics 

that could not have been revealed had the study been conducted in a single geographical 

region. We therefore suggest that making tentative extrapolations and developing 

macroecological rules from a single or a limited number of spatial scales and regions should 

be avoided (see Alahuhta and Heino 2013 for a similar reasoning). To overcome this situation, 
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we anticipate more empirical research in poorly–studied geographical areas (e.g. the 

Caribbean, Congo basin, Indonesia, Melanesia, southern Africa and western Amazon) across 

the globe, which we believe might benefit future macroecological research on aquatic plants. 

 

7.6 Guidelines for the conservation of aquatic macrophyte biodiversity 

at various spatial scales 

 
As we navigate the Anthropocene, humankind is reorganising the freshwater realm through 

processes ranging from moving alien species across biogeographical barriers to nutrient 

enrichment and habitat fragmentation (Scheffer et al. 2006, Moraes et al. 2014). Our 

understanding of the magnitude of biodiversity erosion strongly depends on the scale at 

which we measure it (McGill et al. 2015). For example, the United Nations Convention on 

Biological Diversity seeks to stem biodiversity change at regional, national and global scales 

(Secretariat of the Convention on Biological Diversity 2014), thereby emphasising that 

international efforts to conserve the biosphere must consider the organisation of biodiversity 

in space. Indeed, scale–dependence in biodiversity maintenance can even be apparent within 

single regions or study sites (Powell et al. 2013). Unfortunately, much of what we know in 

conservation science comes from local environmental assessments conducted in relatively 

small areas (Socolar et al. 2016). This gap partially reflects the failure of the applied fields of 

environmental research to incorporate a plethora of questions and concepts from 

metacommunity ecology and macroecology (Heino 2012), including the implementation of 

protected area networks and species range shifts in relation to global change (Brown et al. 

2011). Similarly, current conservation policies and goals are intuitively drawn to protect rarity, 

endemism and distinctiveness (Myers et al. 2000, Kier et al. 2009). From ecological 

perspectives, however, functional and phylogenetic diversities were both recently advocated 

as two important facets of biodiversity for conservation planning at different spatial scales 

(Lee and Jetz 2008, Devictor et al. 2010). This is reasonable since society values biological 

diversity in a variety of ways, with concerns ranging from local provision, conservation history, 

and ecosystem services and functioning (Gamfeldt et al. 2008).  

When managing lakes and ponds, a catchment scale has historically predominated. It 

follows directly from classical limnological studies which identified catchment sources of 

nutrients as critical causes of habitat degradation across the world (e.g. Vollenweider 1968). 

More recently, multi–scale approaches, which typically combine local, regional and global 
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scales (Fig. 4a), indicated the need for conservation actions focused on larger spatial scales 

than individual catchments (Decklerk et al. 2006, Akasaka et al. 2018). As this thesis suggests, 

local environmental conditions remain an issue and so regional management continues to 

have an important role. However, our findings also suggest that it should be augmented by 

continental and global scale approaches to be able to cross multiple regional species pools 

and capture environmental variation over large biogeographical areas. Similar approaches 

have been advocated for freshwater ecosystems using a combination of ecoregional 

classifications and local environmental conditions, such as nutrient concentration and water 

depth (e.g. Soranno et al. 2010). In practice, we suggest that a useful first step when managing 

aquatic macrophytes at different spatial scales is to do an integrative analysis as we have 

performed here, connecting population genetics, metacommunities, biotic interactions and 

macroecology (Fig. 4b). We strongly believe that this could be used to support and reach 

holistic, multi–scale conservation goals in the near future.  
 

 

Figure 4. (a) Conceptual representation of the multi–scale approaches typically applied in conservation science, which 
combine local, regional and global spatial scales. (b) Simplistic scheme of spatial scales at which different approaches 
studying aquatic plant biodiversity –from genes to species– operate. In practice, holistic conservation targets cross multiple 
regional species pools and capture environmental variation over large biogeographical areas. Here, the footprints of 
macroecological mechanisms on current macrophyte diversity patterns were studied across different continents. Similarly, 
metacommunity analyses were applied to regional and global biological survey data to detect the geographical patterns 
of compositional variation and community–environment relationships. At smaller spatial scales, community assembly was 
represented as a network of interacting organismal groups, whereas molecular tools were used to study how dispersal 
limitation interferes with the local environment in determining genetic divergence in natural populations. Together, these 
complementary approaches provided useful guidelines for the conservation of aquatic macrophyte biodiversity in the face 
of global change.  
 

Planning for macrophyte biodiversity management and conservation is challenging, 

not only because aquatic plants are threatened by multiple factors (e.g. pollution, land 

drainage, urban development and intensive cultivation, Chambers et al. 2008), but also 

because –as we highlight in this thesis– macrophyte diversity itself is maintained by multiple 
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environmental and spatial mechanisms. Therefore, conservation science should ideally be 

based on information derived from varying levels of complexity, i.e. from genes to species 

and from local to global scales. For example, we found that dispersal limitation acts in concert 

with species sorting to influence the structure of local communities, and that gene flow is not 

sufficient to keep a single, panmictic, spatially extended metapopulation at a regional scale. 

In this scenario, maximising protected area and not biodiversity representation is key to 

maintaining species and gene diversity in the long run (Economo 2011). This could be 

attained by performing species translocations (i.e. assisted colonisation) and by increasing 

between–site connectivity via corridor creation from a network of irrigation channels (Socolar 

et al. 2016), thereby reducing the likelihood of local and regional extinction debts. Similarly, 

the use of the sediment seed bank (Nishihiro et al. 2006) might help to mitigate the impacts 

caused by dispersal limitation. By contrast, removing a connected node would probably lead 

to cascading secondary effects on biodiversity persistence in the study region. We therefore 

encourage first zoning the area based on the geographical configuration of the study sites, 

and then selecting connecting nodes as conservation priority sites within each area. This is 

information is relevant to the current single large or several small (SLOSS) debate (Saunders 

et al. 1991, Tjørve 2010) on nature reserve design, and we advance the notion that it needs 

to maximise protected area and capture the environmental and connectivity gradients at the 

regional scale.  

Another key goal in conservation science lies in identifying the spatial scales at which 

biotic interactions are meaningful (Kissling et al. 2012). Traditionally, biotic couplings have 

been considered to affect spatial patterns of species distributions at local scales (reviewed in 

Holomuzki et al. 2010), but beyond this fine–grained approach they have been dismissed as 

unimportant (Silknetter et al. 2020). Our findings, however, emphasise the importance of the 

spatial dependencies between pairs of organismal groups at the metacommunity level, and 

suggest that identifying and protecting these interactions should be imperative to move 

forward in conservation biology. In this vein, recent studies such as Briggs et al. (2019) and 

Law et al. (2019) showed how the conservation of a few aquatic macrophyte species provides 

an efficient means of benefitting multiple molluscan, dragonfly and beetle taxa. Moreover, 

biotic interactions can also be key features of species invasions (Silknetter et al. 2020). Indeed, 

invasive ecosystem engineers, including some macrophyte species, can have strong effects 

on the invaded ecosystem, facilitating some species to the detriment of others. For example, 

the invasive plant Elodea canadensis Michx. exerts an immense impact on the interactions 
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between fish and its invertebrate prey communities in European lakes, leading to a significant 

decrease in the biomass of euplanktonic crustaceans (Kornijów et al. 2005). Since our results 

suggest that animal communities were bottom–up regulated by aquatic plants, conservation 

actions prioritising the development of species–rich and structurally diverse macrophyte 

communities will be likely to benefit wider freshwater biodiversity. By doing this, 

conservationists should be able to embrace Wallace’s (1878) intuition that “biotic interactions 

are one of the main agents in developing the greatest variety of forms and filling up every 

vacant place in nature” and, at the same time, avoid Janzen’s (1974) prophecy that “the 

extinction of ecological interactions will be the most insidious kind of extinction” (authors’ 

emphasis).  

Additional conservation dilemma may arise from the spatial mismatch between 

taxonomic, functional and phylogenetic diversity that we found at different spatial scales in 

this thesis. For instance, our findings revealed that taxonomic and phylogenetic beta diversity 

exhibited a relatively high degree of spatial congruence on a global scale, especially as 

compared to functional beta diversity, both decreasing from the Equator to the Poles. Thus, 

although preserving taxonomic diversity per se might also indirectly preserve evolutionary 

legacies, the spatial incongruities that were observed between taxonomic and functional 

diversity at regional and global scales highlight the need for an integrated approach to 

macrophyte diversity conservation (Devictor et al. 2010, Strecker et al. 2011). Indeed, 

environmental managers and policy makers should incorporate systematic conservation 

targets for the optimal and efficient allocation of limited resources, including complementary 

information on the multiple facets of biodiversity. Also, given that macrophyte diversity was 

strongly related to climate along latitudinal and elevational gradients, current trends of 

increasing temperatures are likely to modify aquatic floras worldwide. For example, although 

we could not provide direct tests of the changes, we can tentatively suggest that phylogenetic 

diversity is likely to reach higher average values in temperate regions with climate warming, 

not least as a result of invasions by subtropical species that are distantly related to each other 

(see Heino et al. 2015d for a similar reasoning). In practice, we suggest that creating corridors 

along climate gradients may aid the movement of aquatic macrophytes within and across 

regions, thereby reducing the potential homogenising effect of climate change. Because 

macrophyte associations respond differently to the environment, identifying the local and 

climate correlates of the clumped species replacement structures across the globe could help 

conservationists to optimise the location and orientation of such corridors.   
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Taken together, our results should be encouraging for conservation practitioners, as 

they suggest that careful planning and management can create a functional lakescape that 

promotes considerable opportunities for aquatic plants in different biogeographical realms 

of the Earth, while also helping to mitigate the impacts of global warming and habitat 

degradation at different spatial scales. In the European context, for example, this multi–scale 

approach is likely to find immediate applications as almost all member states of the European 

Union are now directed to restore a variety of freshwater ecosystems (European Commission 

1992, 2000). Hopefully, this could result in an unprecedented macrophyte conservation 

programme at a Pan–European scale. We strongly believe that joint efforts among entities 

that mainly work at different spatial scales (i.e. international non–governmental organisations, 

national and local governments, grassroots movements, conservation groups and freshwater 

managers) will be key to assist conservation planning in freshwaters and protect aquatic 

macrophyte diversity worldwide.  
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8 Conclusions 

 
This study examined patterns and mechanisms of geographical variation in the diversity of 

aquatic macrophytes at regional and global scales. To do this, we used different levels of the 

biological hierarchy, from genes to species.  

 

The overall conclusions of this thesis are presented below, in accordance with the study aims 

and results:  

 

1. Metacommunity ecology needs to go beyond the traditional species–based analysis 

of community turnover and the predominant thinking of considering spatial and 

environmental processes as two alternative and mutually exclusive scenarios of community 

assembly.  

⎯ Dispersal limitation acts in concert with species sorting to influence macrophyte 

community assembly processes underlying selection for particular traits in functional niche 

space. The role of spatial processes and niche differences, however, depends on the success 

of dispersal vectors at overcoming geographical distances and habitat isolation. In addition, 

species’ traits are involved in determining abundance structure via two major trait–

environment relationships (fruit size–nutrient status and growth form–water depth) that 

operate at regional spatial extents (250–300 km). Article I. 

⎯ Biotic interactions make crucial contributions to the species sorting paradigm of 

metacommunity theory, thereby refuting Grinnellian ideas that species distributions are 

primarily explained in terms of the resistance of biotas to prevailing abiotic environmental 

conditions. In this context, variation in the composition and structure of aquatic macrophyte 

communities is strongly correlated with that of filter–feeding zooplankton and predatory 

macroinvertebrates, suggesting that lentic faunas are bottom–up regulated by plants via 

different functional relationships. Article II.  

⎯ The combination of different biodiversity facets is vital to provide a complete picture 

of aquatic macrophyte distributions and their responses to major environmental forces at 

regional scales. These facets include the variation in the identities of species among 

communities and the functional and phylogenetic status of species. Article III.  
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⎯ Multi–trait and phylogenetic dimensions strongly increase the amount of variation 

in beta diversity that can be explained by degree of environmental filtering and dispersal 

limitation, suggesting that species niche differences and evolutionary relationships help to 

explain idiosyncratic patterns of aquatic macrophyte distributions. Moreover, aquatic 

macrophytes have labile functional traits constrained by spatial processes and some 

evolutionary trade–offs that drive community assembly via species sorting. Article IV.  

 

2. Alternateflower watermilfoil populations cluster into genetic groups that mirrored 

their geographical distributions. This means that geographical limits decrease the probability 

of effective dispersal among relatively distant populations and thus enhance differentiation 

through genetic drift.  

⎯ Gene flow estimations are not sufficient to keep panmictic, spatially extended 

metapopulations at regional scales. In addition, genetic variation is strongly correlated with 

geographical distance, which essentially requires that gene flow occurs primarily between 

nearby populations. Article V.  

⎯ Genetic dispersal estimates are broadly in line with the metacommunity assembly 

model from the first chapter of this thesis, and re–emphasise that dispersal limitation 

interferes with environmental filtering by hindering macrophyte species’ tracking of local 

habitat conditions. Although the alternateflower watermilfoil offers an ideal model organism 

to test general ecological hypotheses on aquatic macrophytes, including large multi–species 

population genetic data and DNA barcoding of entire assemblages is still necessary for 

further integrating molecular genetics into the full inference space of metacommunity 

ecology. Article V.  

 

3. The heuristic evaluation of different analytical routines that have been more 

typically applied in the context of metacommunities (i.e. variation in local community 

composition and ecological pattern detection) can enhance our ability to understand large–

scale patterns and processes in aquatic macrophyte diversity.  

⎯ Taxonomic and phylogenetic beta diversities follow the typical latitudinal trend with 

higher diversity in the Tropics, whereas aquatic macrophyte communities are more 

functionally diverse at temperate latitudes. Presumably, this spatial mismatch is consistent 

with the rather weak phylogenetic niche signals that we find at different spatial scales, which 

show a consistent trend globally. In addition, large–scale processes along latitudinal and 
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elevational gradients have left a strong footprint in the current diversity patterns and 

community–environment relationships of aquatic macrophytes worldwide. Article VI.  

⎯ Most aquatic macrophyte metacommunities follow clumped range boundaries, 

suggesting that two or more species groups are responding similarly within regions. 

Underlying such general convergence, metacommunity organisation of aquatic plants 

remains difficult to predict and is riddled with contingency so complex that general 

community–environment relationships among regions are rare. Article VII.  

 

4. Holistic conservation targets should embrace a multi–scale approach –including 

local, regional and global scales– to cross multiple regional species pools and capture 

environmental variation over large biogeographical areas. In practice, a useful first step when 

managing aquatic plants at different spatial scales is to do an integrative analysis connecting 

population genetics, metacommunities, biotic interactions and macroecology.  

⎯ Conservationists need to maximise protected area and capture environmental and 

connectivity gradients at regional scales. This could be attained by first zoning the area based 

on the geographical configuration of the study sites, and then selecting connecting nodes as 

conservation priority sites within each area. In addition, assisted colonisation, the use of 

sediment seed bank and corridor creation might help to mitigate the likelihood of local and 

regional extinction debts caused by dispersal limitation. Perhaps more importantly, since 

animal communities are bottom–up regulated by aquatic plants, these conservation actions 

prioritising the development of species–rich and structurally diverse macrophyte 

communities will be highly likely to benefit wider freshwater biodiversity.  

⎯ Although preserving species diversity per se might also indirectly preserve 

evolutionary legacies, the spatial incongruities between taxonomic and functional facets at 

regional and global scales highlight the need for an integrated approach to macrophyte 

diversity conservation. To do this, conservationists should incorporate systematic and 

integrative programs for the optimal allocation of limited resources, including information 

on the multiple facets of biodiversity and considering the current trends of climate change 

that are likely to modify the clumped range boundaries of aquatic floras worldwide.  

⎯ Overall, joint efforts from a plethora of social agents working at different spatial 

scales –from supranational bodies to grassroots movements– will be key to assist 

conservation planning in the long run and protect aquatic macrophyte diversity across the 

world.  



 



Geographical variation of aquatic macrophyte biodiversity 
 

 - 189 - 

 

8 Conclusiones 

 

En esta tesis doctoral se han examinado los patrones y mecanismos de la variación geográfica 

en la diversidad de los macrófitos acuáticos utilizando diferentes niveles de organización 

biológica y múltiples escalas espaciales.  

 

Las conclusiones generales de esta investigación se presentan a continuación conforme al 

orden establecido en los objetivos:  

 

1. La ecología de metacomunidades debe trascender tanto los análisis clásicos 

basados en el reemplazo de especies como la concepción generalizada que considera a los 

procesos espaciales y ambientales como dos escenarios alternativos y recíprocamente 

excluyentes de la organización metacomunitaria.  

� Los fenómenos asociados a la limitación de la dispersión y a la clasificación de 

especies actúan conjuntamente sobre la estructura de las comunidades basada en la 

selección de rasgos funcionales en el espacio multidimensional del nicho ecológico. Sin 

embargo, el papel de estos mecanismos depende de la capacidad individual de los vectores 

dispersivos a la hora de superar las distancias geográficas entre las localidades de estudio. 

Así mismo, los rasgos funcionales de las especies determinan la estructura de las abundancias 

en las comunidades macrofíticas mediante dos importantes relaciones (tamaño del fruto–

contenido de nutrientes del agua y forma de crecimiento–profundidad de la lámina de agua) 

que operan a escala regional (250–300 km). Artículo I. 

� Las interacciones bióticas juegan un papel central en la dinámica metacomunitaria, 

lo que nos permite refutar las concepciones Grinnellianas, que defienden que la distribución 

espacial de la biodiversidad viene determinada por la resistencia de las especies a las 

condiciones ambientales predominantes en cada localidad. En este sentido, cabe destacar 

que las variaciones en la composición y estructura de las comunidades del zooplancton 

filtrador y los macroinvertebrados depredadores se encuentran fuertemente reguladas por 

la heterogeneidad espacial de las comunidades macrofíticas a través de varias relaciones 

funcionales asociadas a los efectos bottom–up de la cascada trófica. Artículo II. 
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� La combinación de las diferentes facetas de la biodiversidad es vital para 

comprender la distribución espacial de los macrófitos y sus respuestas a los factores 

ecológicos a escala regional. Estas facetas comprenden la variación geográfica en la identidad 

de las especies entre diferentes comunidades y el status funcional y filogenético de la flora 

acuática. Artículo III. 

� Las dimensiones funcional y filogenética incrementan nuestra capacidad de explicar 

y predecir empíricamente la variabilidad espacial de la diversidad beta. Este hallazgo enfatiza 

la necesidad de considerar las diferencias en los nichos de las especies y sus relaciones 

evolutivas a la hora de valorar los patrones idiosincrásicos en la distribución geográfica de la 

vegetación acuática. Artículo IV. 

 

2. Las poblaciones de Myriophyllum alterniflorum DC. se agruparon en clústeres que 

reflejaron la distribución geográfica de las localidades estudiadas. Este resultado enfatiza que 

la distancia geográfica limita la dispersión efectiva entre poblaciones más o menos distantes 

y, de esta manera, incrementa la deriva genética a nivel metapoblacional. 

�  Nuestras estimaciones sugieren que el flujo genético no es suficiente para 

mantener metapoblaciones panmícticas e interconectadas a escala regional. En este sentido, 

también encontramos que la variación genética se encuentra fuertemente correlacionada con 

las distancias geográficas, de forma que la migración de genes ocurre preferentemente entre 

poblaciones próximas. Artículo V. 

� Los resultados obtenidos mediante herramientas moleculares concuerdan con los 

hallazgos señalados en el primer capítulo de esta tesis doctoral. Se enfatiza así la importancia 

del aislamiento geográfico sobre el desplazamiento de propágulos entre localidades que 

reúnen las condiciones mínimas de habitabilidad para las diferentes especies de macrófitos. 

No obstante, aunque M. alterniflorum posee las características esenciales para ser 

considerado un organismo modelo a la hora de contrastar diversas hipótesis ecológicas en 

plantas acuáticas, sigue siendo necesario incorporar en estos análisis un mayor número de 

taxones y linajes para poder generalizar estos resultados a nivel metacomunitario con mayor 

seguridad y precisión. Artículo V. 

 

3. La evaluación sistemática y heurística de diferentes rutinas analíticas utilizadas 

habitualmente en ecología de metacomunidades (la variación geográfica en la composición 

de las comunidades y los elementos de estructura metacomunitaria) mejora nuestra 
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capacidad para estudiar y comprender los mecanismos responsables de los patrones 

espaciales de los macrófitos acuáticos a escala macroecológica.  

� Las diversidades taxonómica y filogenética alcanzan sus valores máximos en los 

Trópicos, mientras que las comunidades de plantas acuáticas son funcionalmente más 

diversas en latitudes templadas. Este desajuste geográfico es además coherente con las 

pobres señales filogenéticas que encontramos en el nicho ecológico de las especies de 

macrófitos a diferentes escalas espaciales, las cuales muestran una tendencia global 

coherente. Así mismo, los mecanismos macroecológicos asociados a los gradientes 

latitudinales y de elevación han dejado una huella perceptible en los patrones globales de la 

diversidad macrofítica, así como en las relaciones entre sus comunidades y el medioambiente 

circundante. Artículo VI. 

� La mayoría de las metacomunidades de plantas acuáticas a lo largo y ancho de 

planeta poseen límites agrupados para diferentes mecanismos de control, lo que sugiere la 

existencia de grupos de especies con respuestas similares a los factores ecológicos 

predominantes, si bien estas respuestas difieren entre grupos distintos. No obstante, la 

organización de estas metacomunidades está sujeta a un alto grado de incertidumbre, hecho 

que no permite extraer conclusiones generales sobre las relaciones entre las comunidades 

macrofíticas y sus factores de control en regiones localizadas en distintas áreas del planeta. 

Artículo VII. 

 

4. Las estrategias destinadas a la conservación de la flora acuática deben adoptar una 

perspectiva holística e integral que asuma un criterio multi–escala –incluyendo las escalas 

local, regional y global– que, a su vez, permita capturar un mayor pool de especies y reflejar 

la heterogeneidad ambiental de grandes áreas biogeográficas. Un primer paso para la 

implementación práctica de este tipo de programas enfocados a múltiples escalas espaciales 

es conectar conceptual y empíricamente la genética de poblaciones, las metacomunidades, 

las interacciones bióticas y la macroecología. 

� Los gestores ambientales deben maximizar la superficie total protegida y capturar 

los gradientes ambientales y de conectividad a escala regional. Para ello, sugerimos, en 

primer lugar, delimitar el área de estudio en función de la configuración geográfica del 

terreno y, posteriormente, seleccionar las localidades o nodos más conectados por procesos 

dispersivos como lugares prioritarios de conservación. Así mismo, la introducción benigna 

de especies (migración asistida), el manejo del banco de semillas del sedimento y la creación 
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de corredores naturales podrían ayudar a mitigar las extinciones locales y regionales 

derivadas del aislamiento geográfico y la limitación de la dispersión. Además, en tanto que 

las comunidades animales se encuentran reguladas a nivel metacomunitario por procesos 

bottom–up ligados a la cascada trófica, los esfuerzos y acciones enfocados a la conservación 

y desarrollo de comunidades macrofíticas ricas y estructuralmente diversas podrían también 

garantizar e impulsar la conservación de los elementos faunísticos de lagos y lagunas.  

�  Aunque las estrategias destinadas exclusivamente a maximizar la riqueza regional 

protegen indirectamente el legado evolutivo de las especies, el desajuste geográfico entre 

las facetas taxonómica y funcional a diferentes escalas espaciales subraya la necesidad de 

establecer y desarrollar enfoques holísticos a la hora de garantizar la conservación integral 

de los macrófitos. Para ello, los gestores ambientales y los responsables políticos deben 

diseñar y poner en marchas programas sistemáticos que permitan distribuir de forma óptima 

los recursos económicos y humanos disponibles, incorporar la dimensión multifacética de la 

biodiversidad macrofítica y considerar los patrones actuales de cambio climático que pueden 

dar lugar a una modificación de los rangos de distribución de la flora acuática a lo largo y 

ancho del planeta.  

� Para garantizar y estimular la implantación de este tipo de estrategias a largo plazo 

será necesaria la colaboración conjunta de múltiples agentes sociales –desde entidades 

supranacionales a agrupaciones populares– con un ámbito de actuación centrado en 

diferentes escalas espaciales. A nuestro juicio, este paso será fundamental si lo que se 

persigue es la protección integral de la diversidad macrofítica a nivel global.  
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9 Roadmap for future research 

 
The general goal of understanding the causal mechanisms underlying macrophyte 

biodiversity patterns on Earth will be difficult to achieve. Seemingly simple tasks such as 

compiling comprehensive inventories of the world’s aquatic plant species proved daunting, 

and even obtaining large–scale observational data of macrophyte communities has been a 

challenge (Alahuhta et al. 2017, 2018, 2020). Fortunately, there has been an awakening in 

studies focusing on the geographical patterns of aquatic macrophytes during recent years, 

partly due to the theoretical and empirical success of metacommunity ecology (e.g. Capers 

et al. 2010, Alahuhta and Heino 2013, Padial et al. 2014, Alahuhta et al. 2015, Fernández–

Aláez et al. 2020). We followed this patch and examined patterns and mechanisms of aquatic 

macrophyte diversity at regional and global scales using genetic and species data. However, 

there are still many questions to be answered in future ecological and biogeographical 

research on aquatic plants. When it comes to macrophyte metacommunities, for example, we 

suggest that further studies should concentrate on the following issues: direct 

characterisation of dispersal rather than using proxies, designing a combination of 

experimental approaches to disentangle directly the role of mass and neutral effects on 

metacommunity organisation, incorporating the temporal aspect on metacommunity 

dynamics rather than basing conclusions on single snapshot surveys, taking the spatial 

arrangement of rivers and streams into consideration, and applying statistical and 

mathematical approaches innovatively.  

Government agencies are actively pursuing ecologists to take advantage of next–

generation sequencing methods for biomonitoring purposes (Stein et al. 2013), thereby 

replacing the routine morphological identification of dozens of species. While more work is 

needed before the methods become established standards for detecting the identity and 

abundance of aquatic plants in a given waterbody (Veldkornet et al. 2019), an exciting 

development could be their use on addressing fundamental metacommunity questions. 

Similarly, future research should step forward from neutral genetic diversity markers and also 

identify and monitor loci under selection, i.e. loci that may be directly involved in phenotypic 

variation. Indeed, tracking the fate of these loci under different environmental and 

geographical settings may allow a more direct assessment of dispersal–ecological 
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specialisation trade–offs at the metacommunity level. Another goal for the future study of 

aquatic macrophyte metacommunities should be experimental investigations. In this regard, 

experimental studies should allow for stronger inferences regarding the mechanisms that 

produce community homogenisation via mass effects and random speciation, extinction, 

migration and immigration. We believe that freshwater macrophytes are particularly suited 

for these experimental studies, not least because the different parts of the ecosystems they 

inhabit can be examined, measured and controlled for relatively easily (see Hortal et al. 2014). 

On the other hand, when replicate samples are available in time, future research should also 

address if and how local communities change, either through predictable successional 

pathways such as priority effects (Chase 2003) or through stochastic ecological drift (Dickie 

et al. 2012). Drawing on the newly developed hierarchical modelling of species communities 

(Ovaskainen et al. 2017), an extension of joint species distribution models, ecologists should 

be able to derive a new take on temporal species associations and seek community–level 

patterns in how aquatic plants respond to the environment or relate to their niches and 

phylogeny. In addition, the novel combination of the temporal beta diversity index (Legendre 

2019) with machine learning algorithms (e.g. boosted regression trees, Elith et al. 2008) 

should be of value to identify exceptional locations in space–time surveys and study the 

effects of natural and anthropogenic changes on freshwater metacommunities, particularly 

those related to climate warming. Finally, recent studies suggest that lentic and lotic 

macrophytes might not respond similarly to identical ecological gradients. For example, 

alkalinity is a highly important mechanism explaining macrophyte distributions in lakes but 

not in rivers (Iversen et al. 2019), and even same aquatic plant species can be explained by 

different mechanisms (Gillard et al. 2020). These inconsistencies highlight the need to further 

explain community assembly processes on river macrophytes more extensively.  

We strongly believe that beyond increasing theoretical knowledge, future 

metacommunity studies will be of paramount importance to stimulate macroecological 

research across different geographical areas, spatial scales and ecosystems. Hopefully, there 

will be an increase in the quality and quantity of field surveys beyond botanical research 

perspectives –especially in geographically less–studied regions (e.g. Africa, eastern Europe, 

southern Asia and Oceania)– that should allow further evaluations of macroecological rules 

in aquatic macrophytes. For example, more work is clearly needed to explain the reasons for 

the prevalence of small geographical ranges in most macrophyte lineages and, at the same 

time, examine whether closely–related species tend to maintain ranges of similar extent (i.e. 
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range size conservatism). Using congeneric species data and climatic niche hypervolumes, it 

would also be fruitful to study whether or not interspecific competition has hindered post–

glacial range expansion of some plant species into deglaciated areas (i.e. founder effect). 

These ecological phenomena have fundamental ecogeographical and evolutionary causes 

and consequences (Mouillot and Gaston 2007), emphasising the importance of this research 

topic. The identification of biogeographical regions in aquatic macrophytes is also urgently 

required at continental and global scales, as it is also a crucial step in addressing the spatial 

evolution of biodiversity (Ficetola et al. 2017). In addition, the integration of the new era of 

ecophylogenetics (Mouquet et al. 2012) into regionalisation analyses should allow to further 

identify evolutionary trajectories and different events of isolation and diversification. This 

research agenda may not only provide insightful information about the evolutionary and 

physiological trade–offs associated with important macroecological thresholds, but also 

offers a means of testing the very foundations of vicariance biogeography for aquatic plants 

and inferring major compositional breakpoints at global scales. Moreover, since rare species 

are orders of magnitude more likely to go extinct than common taxa (Enquist et al. 2019), it 

is becoming increasingly urgent to quantify the continental and global patterns of 

macrophyte rarity and assess how current patterns of human footprint and future climate 

change scenarios may affect aquatic plant diversity via impacts on rare and common species. 

To achieve all of this, however, future research should first refine current continental and 

global macrophyte grid cell data (Murphy et al. 2019, Alahuhta et al. 2020). Available 

biodiversity databases (e.g. GBIF and EOL) might form the basis for this work. In addition, 

ecologists and biogeographers will need to collect and share well–curated functional and 

phylogenetic data among different geographical entities, including drainage basins, 

ecoregions and biogeographical realms. By doing so, we will be able to forge an exciting new 

frontier in aquatic macrophyte research that should enable us to step forward from the 

prevailing local and regional approaches in ecology.  
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“Humans did not weave the web of life – we are 

merely a strand in it. Whatever we do to the web, 

we do to ourselves” 

 

—Gregg Braden (1954—), 

FIVE–TIME NEW YORK TIMES BEST–SELLING AUTHOR 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



FACT  Global change is threatening freshwaters more severely than other natural 
ecosystems in the Anthropocene 

 

FACT  Aquatic macrophytes are the dominant element of most lakes and ponds, 
playing a key functional role in lentic ecosystems  

 

FACT  Ecological generalities evidenced using terrestrial plants can rarely be used 
to explain the geographical distributions of aquatic macrophytes 

 
 
 
 
 

tudies on species distributional patterns and diversity have generated a number of 
ecological and biogeographical hypotheses and rules across space and time. 

However, these hypotheses and rules are typically founded on well–known, and often 
charismatic, terrestrial vertebrates and woody plants. Unfortunately, this research 
program is still in its infancy when it comes to freshwater biotas. Here, for the first time, 
we simultaneously examined patterns and mechanisms of aquatic macrophyte diversity 
and distributions at regional and global scales using distinct levels of organisation, from 
genes to species. By doing so, we forged an exciting new frontier in freshwater research 
that may allow us to step forward from the shadows of terrestrial domain.  
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