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ABSTRACT 34 

Broad-scale studies of species distributions and diversity have contributed to the emergence 35 

of general macroecological rules. These rules are typically founded on research using well-36 

known terrestrial taxa as models and it is thus uncertain whether aquatic macrophytes follow 37 

these macroecological rules. Our purpose is to draw together available information from 38 

broad-scale research on aquatic macrophytes growing in lakes, ponds, wetlands, rivers and 39 

streams. We summarize how different macroecological rules fit the patterns shown by 40 

freshwater plants at various spatial scales. Finally, we outline future actions which should be 41 

taken to advance macroecological research on freshwater plants. Our review suggested that 42 

some macroecological patterns are relatively well-evidenced for aquatic macrophytes, 43 

whereas little information exists for others. We found, for example, that the species richness-44 

latitude relationship follows a unimodal pattern, and species turnover prevails over species 45 

nestedness, whereas higher nestedness-related richness differences are found in low beta 46 

diversity regions. Contrary to terrestrial plants, climate or history seem not to be dominant 47 

determinants explaining these broad-scale patterns; instead local explanatory variables (e.g., 48 

water quality, such as alkalinity and nutrients, and hydromorphology) are often important for 49 

freshwater plants. We identified several knowledge gaps related, for example, to a smaller 50 

number of studies in lotic habitats, compared with lentic habitats, lack of spatially-adequate 51 

aquatic plant studies, deficiency of comprehensive species traits databases for aquatic 52 

macrophytes, and absence of a true phylogeny comprising most freshwater plant lineages. We 53 

hope this review will encourage the undertaking of additional macroecological investigations 54 

on freshwater plants across broad spatial and temporal scales. 55 

 56 
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 68 

1 INTRODUCTION 69 

  70 

Macroecology focuses on the relationship between organisms and their environment at broad 71 

spatial and temporal scales. It emphasizes the description and explanation of patterns in 72 

abundance, distribution and diversity (Brown, 1995). In recent decades, there has been an 73 

increasing number of studies using the macroecological approach (Smith et al., 2008). One of 74 

the reasons for the growth in popularity is that this approach has shown its potential in 75 

combining distinct disciplines like ecology, biogeography, palaeontology and evolutionary 76 

biology in characterizing broad-scale patterns in nature (Brown, 1995; Smith et al., 2008). 77 

Additionally, the regional, continental and global environmental problems, such as climate 78 

change, have created a need for broad-scale studies on biodiversity (Kerr et al., 2007).  79 

 80 

Macroecology has several predictive approaches, and their validity has been evaluated in 81 

various ecosystems using different biotas. They range, for example, from geographical 82 

diversity patterns (e.g., relationships of species diversity with latitude, altitude, and depth) to 83 

species-area relationships and species turnover patterns (e.g., assemblage compositional 84 

changes along environmental and spatial gradients). In addition to studies using solely 85 

taxonomic approaches, an increase in macroecological studies using trait-based and 86 

phylogeny-based approaches has occurred in recent years (Heino et al., 2013; Pacifici et al., 87 

2017). However, many of these investigations have been conducted in terrestrial ecosystems, 88 

and much less is known about macroecological patterns in freshwater systems (Heino, 2011; 89 

Heino et al., 2013). Broad-scale studies in inland waters have so far mainly focused on well-90 

known and economically valued taxa, such as fish (e.g. Leroy et al., 2019) and 91 

macroinvertebrates (e.g. Heino et al., 2018). As a result, our understanding of 92 

macroecological patterns in many freshwater taxa that have high ecological importance is 93 

largely missing. One such group is aquatic macrophytes, which play a structurally and 94 

functionally fundamental role in aquatic ecosystems (O’Hare et al., 2018).  95 

 96 

Within the freshwater realm (e.g., Beger et al., 2009), aquatic macrophytes are usually 97 

defined as “aquatic photosynthetic organisms, large enough to see with the naked eye, that 98 

actively grow permanently or periodically submerged below, floating on, or up through the 99 

water surface” of inland freshwater or brackish waterbodies, including a diverse set of both 100 

vascular (clubmosses, ferns and angiosperms) and non-vascular plants (bryophytes and some 101 
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macroalgae) (Chambers et al., 2008; Murphy et al., 2019). In this paper, we focus on the 102 

vascular plants of freshwater environments, and hereafter use the term “aquatic 103 

macrophyte(s)” solely in that context. Aquatic macrophytes have important functional and 104 

structural roles in inland waters: they provide habitats and shelter to other organisms, increase 105 

variation in the habitat structure of aquatic environments (Jeppesen et al., 1998), and are an 106 

important food source for a wide variety of other organisms (Jupp and Spence, 1977; 107 

Franceschini et al., 2020a,b). They also play an important role in the carbon and nutrient 108 

cycles (Carpenter and Lodge, 1986), and influence a range of hydrological and sedimentation 109 

processes in aquatic environments (Sand-Jensen, 1998).  110 

  111 

The main aim of this review is to bring together current advances made in macroecological 112 

research on freshwater macrophytes. Although individual overviews have been undertaken for 113 

aquatic macrophytes (e.g., in relation to local environment and climate gradients: Lacoul and 114 

Freedman, 2006a; Bornette and Puijalon, 2011), no previous review has explicitly 115 

summarized how general macroecological rules fit the patterns shown by aquatic macrophytes 116 

at various spatial and temporal scales. Here, we focus on broad-scale patterns related to 117 

species taxonomy, functional traits and phylogenetic relationships, seen for aquatic 118 

macrophytes in freshwater systems ranging from lakes, reservoirs, ponds and wetlands to 119 

rivers, streams, and artificially-constructed channels such as canals. Finally, we summarize 120 

where we are now in freshwater plant macroecology and address potentially fruitful future 121 

avenues of research.  122 

 123 

Owing to the scarcity of studies for aquatic macrophytes with regard to a number of different 124 

macroecological phenomena, it is impractical at this point in time to attempt a formal meta-125 

analysis of previous work on macroecological patterns in these plants. However, our review 126 

presents a first synthesis of the results to date of work on aquatic macrophytes in a broad-127 

scale context. Moreover, we are aware that different anthropogenic pressures modify aquatic 128 

macrophyte distributions at local scales (e.g., introduction of alien plant species, 129 

hydromorphological alterations of rivers, eutrophication and construction of dams) but they 130 

are not per se drivers of (classical) general macroecological patterns of species distributions 131 

and including their effects on broad-scale patterns of aquatic macrophytes is thus beyond the 132 

scope of this review.  133 

 134 

2 GENERAL MACROECOLOGICAL PATTERNS AND AQUATIC MACROPHYTES 135 
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In this part of the review, we focus on three main general macroecological patterns as shown 136 

by aquatic macrophytes (Fig. 1): geographical gradients in species diversity (2.1), species-137 

area relationship, (2.2) and community changes along environmental and spatial gradients 138 

(2.3). These main broad-scale patterns are examined with regard to more detailed organism-139 

environment relationships following commonly used classifications (e.g. Gaston, 2000; 140 

Heino, 2011).   141 

 142 

2.1 Geographical gradients in freshwater plant diversity 143 

 144 

2.1.1 Latitudinal gradient in species diversity  145 

 146 

The latitudinal gradient in species diversity is typically considered to decrease relatively 147 

linearly from the Equator towards the Poles (Gaston, 2000; Fig. 1a). Various contemporary 148 

explanations for this trend have been offered (e.g., less solar energy is available for high 149 

latitude areas compared to the tropics), but the observed trend may also stem from historical 150 

factors (e.g., variation in glacial coverage during the late Quaternary) and climate variations 151 

(Field et al., 2009). This pattern has primarily been evidenced using well-studied terrestrial 152 

taxa. However, considerable variation in the species diversity-latitude pattern has been found 153 

for various aquatic and terrestrial taxa at scales ranging from regional to global (Heino, 2002; 154 

Kerswell, 2006; Kindlemann et al., 2007).  155 

 156 
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 157 

Fig. 1. Examples of different macroecological patterns based on species richness and 158 

community changes for freshwater macrophytes.  159 

 160 

 161 

To some extent, there have been conflicting results for the diversity-latitude relationship of 162 

aquatic macrophytes at regional, continental and global scales. In a review focused explicitly 163 

on shallow lakes, the authors concluded that no clear pattern exists for plant species richness 164 

and latitude at regional or global scales (Meerhoff et al., 2012). Similarly, Kosten et al. 165 
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(2011) found a lack of latitudinal gradient in the species richness of submerged plants in 166 

shallow lakes across South America. On the other hand, Chambers et al. (2008) concluded in 167 

their global descriptive exercise that the highest number of vascular aquatic macrophytes is 168 

found in the Neotropics (see also Murphy et al., 2019). Chappuis et al. (2012) found evidence 169 

that aquatic vascular macrophyte richness peaked between 40°N and 50°N across Europe and 170 

North Africa. There was a unimodal pattern, as species richness was lower at higher and 171 

lower latitudes. Interestingly, the proportion of hydrophytes increased linearly from North 172 

Africa towards the North Pole (Chappuis et al., 2012). A recent study, also indicating a 173 

unimodal pattern in species richness-latitude relationship, suggested that the highest number 174 

of aquatic macrophyte species is found around 50-55°N in Europe and ~40°N in North 175 

America (Alahuhta et al., 2020a). Crow (1993) found limited evidence to suggest that aquatic 176 

macrophyte species richness was higher in temperate than in tropical regions. Perhaps most 177 

importantly, Murphy et al. (2019) showed in their global analysis that freshwater macrophyte 178 

species richness is highest in sub-tropical to low tropical latitudes (20-30°). Despite different 179 

study scales, the evidence clearly suggests that species richness of aquatic macrophytes does 180 

not linearly decrease from the Equator towards the Poles, but follows a unimodal latitudinal 181 

pattern. 182 

 183 

For other biodiversity measures, the diversity-latitude relationship is more complicated. In a 184 

global analysis Alahuhta et al. (2017a) found a weak positive linear pattern between 185 

lacustrine plant beta diversity (i.e., the spatial variation of species composition among sites 186 

across space, Anderson et al., 2011) and latitude. This finding suggested that freshwater plant 187 

beta diversity increases towards the high latitudes. Latitudinal climatic effects had some effect 188 

on beta diversity of lake plants across 16 regions worldwide, but their contributions were 189 

overshadowed by altitude (Alahuhta et al., 2018). Using the same set of lake plants in 16 190 

regions, Garcia-Giron et al. (2020a) discovered that multiple beta diversity facets clearly 191 

decreased with increasing latitude. Unfortunately, no similar studies exist for plants in lotic 192 

habitats.  193 

 194 

The correlates which have been found to explain the species diversity-latitude relationship 195 

stem not only from different spatial scales, but also from geographical variations in climate, 196 

geology and soil, water body and drainage characteristics, and land use. It is challenging to 197 

compare studies focused at different spatial scales (i.e., both resolution and extent), but the 198 

species richness-latitude pattern is relatively similar regardless of spatial resolution. In 199 
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general, important drivers (such as climate, land use and area of inland water) of plant 200 

biodiversity are not equally distributed across the earth (Murphy et al., 2019; Alahuhta et al., 201 

2020a).  202 

  203 

2.1.2 Altitude influences freshwater plant diversity 204 

 205 

Species richness often decreases with increasing altitude (Gaston, 2000; Fig. 1b). Similar to 206 

latitude, altitude mirrors different current and historical environmental factors, as well as 207 

geographical, biotic and stochastic forces (Rahbek, 1995). At broad scales, the general trend 208 

is that freshwater macrophyte species richness decreases with altitude when a strong 209 

elevational gradient exists (e.g. Lacoul and Freedman, 2006a; 2006b). Studies focusing purely 210 

on altitudinal gradient effects on aquatic macrophytes are sparse and mainly done in 211 

mountainous areas, such as the Pyrenees (Chappuis et al., 2011; Pulido et al., 2014) or 212 

Himalaya (Lacoul and Freedman, 2006b). Yet, altitude has been shown to be a strong 213 

predictor of aquatic macrophyte diversity irrespective of geographical location (Tapia 214 

Grimaldo et al., 2016; Alahuhta et al., 2018). However, due to altitude’s potential as a 215 

surrogate for many abiotic characteristics (e.g. climate or physico-chemistry), it is unlikely to 216 

be the only important driver of aquatic macrophyte richness unless the study area has a wide 217 

elevational range (Jones et al., 2003; Chappuis et al., 2012; Fernández-Aláez et al., 2018). 218 

From a conservation viewpoint, studying altitudinal gradients is interesting especially in 219 

terms of climate change, because there are large climatic differences over short geographical 220 

distances. For example, endemic high-altitude species are particularly vulnerable to climate 221 

change (Chambers et al., 2008). In a wider context, altitude can be included in overall abiotic 222 

diversity measures, such as geodiversity indices (Toivanen et al., 2019). 223 

 224 

Altitude has also been used to divide a given study area into spatial and ecological units with 225 

similar natural characteristics (Baláži and Hrivnák, 2015) or to classify study sites into 226 

lowland and upland groups (Sun et al., 2019). The importance of different factors (e.g., land 227 

use) in promoting the establishment or hindering the maintenance of freshwater plant species 228 

and communities is likely to vary across elevational gradients (Sun et al., 2019). For example, 229 

land use can be a more important predictor at lower altitudes, whereas natural variation in 230 

nutrient concentrations or soil properties becomes more important at higher elevations 231 

(Fernández-Aláez et al., 2018).  232 

 233 
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Aquatic macrophytes have varying altitudinal ranges, with some covering a wide altitudinal 234 

gradient (e.g., Callitriche palustris) and others being extremely restricted (e.g., Isoëtes 235 

bolanderi) (Chambers et al., 2008; Fernández-Aláez et al., 2018). This makes determining 236 

aquatic macrophyte diversity across altitudinal gradients a complex endeavour, and it could 237 

be complemented by studies utilising information on species traits. For example, altitude has 238 

been observed to affect leaf trait variation in terrestrial plants, whereas biotic drivers were 239 

more important at low altitude and abiotic drivers at high altitude (Hulshof et al., 2013). At 240 

broad spatial scales, it has been suggested that the general trend in the freshwater realm is that 241 

abiotic geo-climatic factors (such as altitude and temperature) dominate over human impact 242 

factors (Feld et al., 2009). However, at coarse spatial resolution (10 × 10° latitude x 243 

longitude), in a global analysis of plant diversity (Murphy et al., 2019), altitude was 244 

overridden by the effect of latitude, land use and area of waterbodies, all of which are directly 245 

or indirectly related to climate (Dodds et al., 2019). Thus, even though altitude is widely used 246 

as a surrogate for many abiotic characteristics, it is also important to be able to separate the 247 

effects of different abiotic factors driving freshwater plant diversity. 248 

 249 

2.2 Species-area relationship 250 

 251 

Species richness-area relationship (SAR) have deep roots in classical ecological theories 252 

(Arrhenius, 1921), predicting that species richness should increase with increasing island area 253 

(Lawton, 1999; Fig. 1c). In the freshwater realm, evaluation of SAR is especially suitable in 254 

lentic systems, which can be viewed as aquatic islands in an uninhabitable matrix of terrestrial 255 

landscapes (Hortal et al., 2014). Similar to lakes and ponds, rivers and streams can also be 256 

viewed as “islands”. Aquatic ecologists early on grasped this topic, making SAR one of the 257 

most investigated ecological rules in macroecological studies of aquatic macrophytes. 258 

 259 

An increasing number of freshwater plant species with increasing ecosystem size has been 260 

demonstrated in several studies (Møller and Rørdam, 1985; Rørslett, 1991; Vestergaard and 261 

Sand-Jensen, 2000; Jones, Li and Maberly, 2003; Søndergaard, Jeppesen and Jensen, 2005; 262 

Alahuhta et al., 2017b). The positive effect of patch size on species richness can be attributed 263 

to the separate, but not mutually exclusive, effects of increased area per se and habitat 264 

diversity (Kohn and Walsh, 1994; Ricklefs and Lovette, 1999). Commonly, habitat diversity 265 

and area are strongly correlated because more habitats and microhabitats appear when area 266 

size increases. These two variables can thus be hard to tease apart. So far, direct attempts to 267 
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quantify the relative roles of habitat diversity and area for the species richness of aquatic 268 

macrophytes have been scarce. Vestergaard and Sand-Jensen (2000) suggested that increased 269 

water transparency, allowing for more vertical habitat variation with increasing depth, had 270 

larger effects on species richness than lake area. Fernández-Aláez et al. (2020) also suggested 271 

that species richness is higher in more heterogeneous ponds, caused by longer hydroperiod, 272 

but a similar pattern may not hold in lakes. These findings thus suggest that habitat diversity 273 

likely plays an important role for aquatic macrophyte species richness. The pure area effect 274 

has been attributed to the lowered extinction rates caused by large local population sizes 275 

(MacArthur and Wilson, 1967), but also to a positive effect of area on the immigration rate 276 

known as ‘the target area effect’ (Lomolino, 1990). For lakes, this latter effect is supported by 277 

a larger initial colonization rate into large re-established lakes (Baastrup-Spohr et al., 2016) 278 

compared to smaller ones (Søndergaard et al., 2018; Sø et al., 2020). 279 

 280 

The species richness of aquatic macrophytes does not always correlate strongly or at all with 281 

water body size (Vestergaard and Sand-Jensen, 2000; Chappuis, Gacia and Ballesteros, 2014; 282 

Nolby et al., 2015). Such deviations from the expected relationship have generally been 283 

attributed to overriding local environmental effects, variable degree of disturbance on water 284 

bodies and the difference between water body size and vegetated area within it. In lakes, the 285 

entire bottom is rarely covered with vegetation, because light limits the distribution of plants 286 

in deeper sites and wave action limits plant growth in exposed sites (Jupp and Spence, 1977). 287 

For instance, Vestergaard and Sand-Jensen (2000) found no significant effect of lake surface 288 

area on species richness, but when using estimates of vegetated area, they found a strong 289 

relationship between area and species richness. This idea is supported by the findings of 290 

Møller and Rørdam (1985), showing that species richness was more closely related to area of 291 

the littoral zone than the entire surface area of ponds.  292 

 293 

Theoretically, larger lakes, irrespective of vegetated area, should receive more propagules 294 

compared to smaller ones due to the target area effect. This effect is not only caused by a 295 

higher passive immigration rate to larger sites, but also by a more directed dispersal in the 296 

form of zoochorous dispersal due to larger populations of dispersal vectors, such as waterfowl 297 

(Brochet et al., 2009; Lovas-Kiss et al., 2019). Larger lakes also tend to have more inflows, 298 

therefore increasing probability of immigrations via hydrochory (Jones et al., 2003). These 299 

effects of area on immigration rate, and subsequently on species richness, have not been 300 

investigated to date for aquatic macrophytes. 301 
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 302 

The species richness-area relationship can also be modified or interfered with by natural 303 

environmental conditions, such as bicarbonate concentration, shaping the pool of species 304 

potentially able to inhabit individual locations (Vestergaard and Sand-Jensen, 2000; Iversen et 305 

al., 2019). In areas of northwestern Europe, for example, where the species pool is larger in 306 

bicarbonate-rich waters, a steeper relationship between species richness and area should be 307 

expected for bicarbonate rich lakes compared with areas having more species-poor low-308 

bicarbonate systems. Likewise, an increase in the slope of the species area relationship should 309 

be expected with increasing regional species richness (Qian et al., 2007). For aquatic 310 

macrophytes, this implies steeper SARs at lower latitudes, particularly in the Neotropics, 311 

where regional species richness is highest (Murphy et al., 2019). In sum, there is evidence for 312 

positive SARs for plants in lentic systems but details about their shape, causes and underlying 313 

mechanisms are still relatively unknown. 314 

 315 

For river plants, much less is known about SARs, although patterns similar to those seen in 316 

lentic systems could be expected in lotic ecosystems. For other aquatic organisms, an effect of 317 

stream area on species richness has been observed (e.g., Brönmark et al., 1984), but this 318 

pattern has been little-explored for river plants. However, when looking at single river 319 

stretches, Szoszkiewicz et al. (2014) found a significant effect of river width and water depth 320 

on species richness of aquatic macrophytes. In temperate small and intermediate-sized 321 

lowland streams, channel width also strongly affected plant species richness (Hachol et al., 322 

2019). Modelling river plants, Gillard et al. (2020) also found that river width was one of the 323 

main drivers of the distributions of different species. Yet, river plant diversity and 324 

distributions are often related less to stream width and water depth than to current velocity 325 

and flood-pulse factors, which further stem, for example, from a variable degree of 326 

precipitation (e.g., Chambers et al., 1991; Davidson et al., 2012; Varandas Martins et al., 327 

2013). However, all of these variables are usually both closely interrelated and associated 328 

strongly with stream order, which indicates the level of branching in a river system (e.g., 329 

Neiff et al, 2014; Morandeira and Kandus, 2015). For example, in a study of tropical rivers in 330 

Zambia, Kennedy et al. (2015) found that stream order was a major correlate of macrophyte 331 

richness and community composition. The general paucity of studies clearly illustrates that 332 

the SAR remains relatively unexplored for river plants and even basic patterns need to be 333 

better described, not to mention the underlying mechanisms.  334 

   335 
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2.3 Community changes along environmental and spatial gradients 336 

 337 

2.3.1 The effects of environmental and spatial gradients on species composition 338 

 339 

A highly popular approach for examination of whether environmental factors and biotic 340 

interactions or spatial processes (e.g., dispersal limitation and historical factors) structure 341 

biological communities is to partition the variation in community composition into 342 

environmental, spatial, and their joint effects (Fig. 1d). Spatial variables have often been 343 

derived from spatial eigenfunction analysis (e.g., Moran’s eigenvector maps) or from simple 344 

polynomials of geographical coordinates (Dray et al., 2012). Here, we discuss whether niche-345 

based or spatial processes are the dominant forces driving freshwater plant assemblages at 346 

different spatial scales.  347 

 348 

The variation partitioning approach to investigate the effects of environmental and spatial 349 

factors on plant communities has been more popular for lakes than rivers. In lakes, 350 

environmental filtering is typically more important than spatial processes in explaining plant 351 

community variation, especially in glacial-originated lakes. This has been shown, for 352 

example, for aquatic macrophyte communities in hundreds of US lakes (Capers et al., 2010; 353 

Mikulyuk et al., 2011; Alahuhta and Heino, 2013), for Fennoscandian and Siberian lakes 354 

(Alahuhta et al., 2013; Alahuhta et al., 2020b), and for plant species richness variation in 355 

European lakes (Alahuhta et al., 2013; Viana et al., 2014). However, joint effects of 356 

environment and space often override pure environmental effects due to strong geographical 357 

structuring of key water quality and hydromorphology variables, or because spatially-explicit 358 

environmental variables were missing from the studies (Mikulyuk et al., 2011; O’Hare et al., 359 

2012; Alahuhta et al., 2020b). In addition, spatial factors have often explained significant 360 

variation in lake macrophyte communities (Capers et al., 2010; Mikulyuk et al., 2011). For 361 

example, De Bie et al. (2012) found that spatial factors dominated over environmental factors 362 

across Belgium farmland ponds.  363 

 364 

So far, the most comprehensive assessments of environment vs. space were undertaken by 365 

Alahuhta et al. (2018) and García-Girón et al. (2020a) using the same set of lake plants in 16 366 

regions across the world. They reported that environmental factors were typically more 367 

important than spatial effects in structuring plant community composition, but spatial 368 

variables were also associated with lake plant community variation in some regions, and joint 369 
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effects were often high. It seems that spatial processes play an essential role in structuring 370 

freshwater plant communities especially in highly human-affected environments. 371 

Furthermore, spatial processes have been a dominant force explaining variation in plant 372 

communities in environmentally more unstable floodplain lakes (Padial et al., 2014; Alahuhta 373 

et al., 2018), Mediterranean lakes (García-Girón et al., 2020a), and semi-lentic environments 374 

(Hajek et al., 2011). These results suggest that environmental filtering is more important than 375 

spatial processes for lake plants not influenced strongly by human activities, but spatial 376 

processes may become increasingly important in more-fluctuating and human-influenced 377 

lentic systems.            378 

 379 

For river plants, the importance of environmental filtering and spatial processes seems to be 380 

more dependent on the studied region, making it challenging to draw uniform conclusions 381 

about these gradients. Tapia Grimaldo et al. (2016) found that spatial variables and spatially-382 

structured environmental variables contributed more than pure environment in explaining 383 

plant species richness and community composition in calcareous rivers of the UK and 384 

Zambia. On the other hand, environmental variables solely or mainly structured community 385 

composition of river plants in Finland (Alahuhta et al., 2015) and in Canada (Bourgeois et al., 386 

2016). Variation in lowland river plant communities was similarly explained by only local 387 

environment, whereas both the environment and space contributed to variation in headwater 388 

river plant communities in Denmark (Göthe et al., 2017). These few and rather contradictory 389 

findings highlight the need for further research to examine the relative roles of environmental 390 

filtering and spatial processes on river plant communities.   391 

 392 

Understanding of the influence of spatial scale in structuring freshwater plant communities is 393 

also poor. The importance of spatial processes should increase with increasing scale (Leibold 394 

et al., 2004). There has been some indication that the importance of spatial processes 395 

increases with increasing spatial scale for both lake (Alahuhta and Heino, 2013) and river 396 

(Tapia Grimaldo et al., 2016) plants. However, no other investigations exist in which multiple 397 

spatial scales were studied simultaneously for freshwater plant communities in this context. 398 

 399 

2.3.2 Distance decay 400 

 401 

How community similarity decreases with spatial or environmental distance has been a 402 

popular research question since the turn of the millennium (Nekola and White, 1999; Fig. 1e). 403 
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The correlation of similarity against distance incorporates several ecological mechanisms, 404 

thus providing a suitable perspective for investigating the spatial turnover across regions 405 

(Soininen et al., 2007). In general, steeper slopes of distance decay suggest higher beta 406 

diversity. When it comes to underlying mechanisms, this pattern suggests more restricted 407 

dispersal and/or stronger relation to local environmental conditions. Thus, distance-decay 408 

relationships may indicate how communities are structured by niche-based and neutral 409 

processes because community similarity often decreases with increasing environmental and 410 

spatial distance, respectively (Nekola and White, 1999; Soininen et al., 2007).  411 

 412 

Only a few studies of distance decay of freshwater plant communities exist. For example, in 413 

tropical Australia, Warfe et al. (2012) discovered no evidence for dispersal limitation (i.e., 414 

spatial distance-decay as a proxy) in connected river sites, and little dispersal limitation was 415 

reported in disconnected sites along a 480 km length of river. Community similarity 416 

decreased significantly with both geographical and environmental distance in four isolated 417 

Chinese wetlands with different agricultural drainage ditch densities (Lu et al., 2009). This 418 

finding suggests that distance decay rate decreases with increasing disturbance intensity. 419 

However, the lack of studies on distance decay of freshwater plant communities hinders the 420 

possibilities of further discussing the topic, let alone comparing any patterns found for aquatic 421 

macrophytes with other freshwater taxa. Moreover, future studies should consider whether 422 

observed patterns of distance decay are not only a result of drier areas having greater 423 

distances between aquatic habitats. These water bodies of drier areas are also often more 424 

turbid and have greater salinity, further affecting aquatic macrophyte distributions. 425 

 426 

2.3.3 Partitioning of beta diversity into distinct components 427 

 428 

Beta diversity refers to the variation in species composition among communities across space 429 

or time (Anderson et al., 2011), and it is fundamentally related to two processes (Legendre, 430 

2014): species turnover or replacement (i.e. one species replaces another with no change in 431 

richness), and species richness difference (i.e. one community may include a larger number of 432 

species than another) or nestedness (a special case of species richness difference: nestedness-433 

related species richness differences being due to species gain or loss). Mechanisms 434 

responsible for species turnover/replacement may originate from environmental filtering, 435 

competition and historical events (Anderson et al., 2011). In contrast, species richness 436 

differences originate from species thinning or from other ecological processes (Baselga, 2010; 437 
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Legendre, 2014), such as physical barriers or human disturbance. Beta diversity has been 438 

reported to decrease with latitude and increase with elevation and biome area (Anderson et 439 

al., 2011; Soininen et al., 2018). However, increasing evidence suggests that patterns in beta 440 

diversity depend on the studied ecosystem, organisms, geographical location and spatial 441 

extent (Legendre, 2014; Soininen et al., 2018). 442 

 443 

For freshwater plants, new insights into their beta diversity patterns have accumulated from 444 

various regions and scales. Based on these studies, it is evident that freshwater plant 445 

communities are primarily structured by species turnover (Alahuhta et al., 2017a; Murphy et 446 

al., 2020; Fig. 1e). Regarding temporal beta diversity patterns, Boschilia et al. (2016) studied 447 

changes in plant communities in a Brazilian reservoir and found high values of beta diversity 448 

with the prevalence of species turnover over the course of a decade. For the spatial beta 449 

diversity patterns, species turnover prevailed for lake plants across five regions in Europe 450 

(Viana et al., 2016) and between permanent and temporal agricultural ponds (Fernández-451 

Aláez et al., 2020). Murphy et al. (2020) found evidence for the existence of a latitudinal beta 452 

diversity gradient, which was only poorly explained by nestedness for the global distribution 453 

of range-sizes of 1083 freshwater plant species, suggesting that species turnover made a 454 

higher contribution to beta diversity. In a global analysis of freshwater plant beta diversity 455 

across 21 regions, Alahuhta et al. (2017a) showed that species turnover overrode nestedness 456 

in shaping aquatic macrophyte communities. This was most evident in regions with high 457 

overall beta diversity, whereas nestedness was highest, but still lower than species turnover, 458 

in regions with low beta diversity.     459 

 460 

 461 

3 FUNCTIONAL AND PHYLOGENETIC PERSPECTIVES 462 

 463 

The widespread appreciation that the interaction between an organism and its environment is 464 

primarily determined by biological traits, rather than taxonomic position (McGill et al., 465 

2006), has led to a rapid growth of the applications of the functional dimension in 466 

macroecology. Consequently, macroecological research has recently started to improve 467 

understanding of the mechanistic basis behind broad-scale patterns in biodiversity through 468 

focusing on the relationships between species traits and their distributions (Heino et al., 469 

2013). In this regard, species traits have shown their advantages in studies of several 470 

biological groups and different environments, for example, in climate change (e.g., Pacifici et 471 



 

16 

 

al., 2017), ecosystem functioning (Petchey and Gaston, 2006), and range shift contexts 472 

(Estrada et al., 2016). 473 

 474 

Whereas the traditional taxonomic approach requires only information on the geographical 475 

distributions of species, functional analyses require an additional suite of trait measurements 476 

for each species. Traditionally, studies with aquatic macrophytes have dealt with this 477 

functional dimension of biodiversity using different types of categorical divisions derived 478 

mainly from the growth form and the life form concepts (Vermaat et al., 2000; Willby et al., 479 

2000). However, some studies have utilized a broader range of morphological and 480 

physiological traits to characterize aquatic macrophyte species and communities in functional 481 

terms (Hills et al., 1994; Hills and Murphy, 1996; Garbey et al., 2004). Of the categorical 482 

divisions, the functional groups based on life form have probably been the most used (e.g., 483 

Chappuis et al., 2012; Mormul et al., 2015; García-Girón et al., 2018). More recently, species 484 

traits have been utilized in broad-scale studies without categorical divisions of trait 485 

composition, but instead using continuous or experimentally quantified values (e.g., Göthe et 486 

al., 2017; Iversen et al., 2019). Over the last few decades, research has focused on several 487 

morphological, physiological and life-history traits that are related to plant morphology and 488 

hydrology, perennation (i.e., a species growing for a single or several years), use of carbon, 489 

photosynthetic efficiency, and dispersal vectors (e.g., De Wilde et al., 2014; Fu et al., 2014; 490 

García-Girón et al., 2019a,b, 2020a,b; Iversen et al., 2019; Lindholm et al., 2020a,b). This 491 

shift of focus has given new insights into patterns and processes of species distributions and 492 

community assembly that otherwise would be missed, or even misrepresented, from the 493 

standard taxonomic viewpoint. For example, Lukács et al. (2017) showed the importance of 494 

traits related to competitive ability (e.g., growth rate and leaf economics spectrum) during 495 

aquatic macrophyte invasions in Europe, while García-Girón et al. (2019b) showed that a 496 

trait-based approach could help explain the abundance structure of Mediterranean pond plant 497 

metacommunities, using dispersal vectors (i.e., wind- vs water-dispersed species) and trait-498 

environment relationships at different spatial scales. At global scale, Iversen et al. (2019) 499 

showed that functional composition (bicarbonate users vs CO2 users) of plant communities 500 

was structured by environmental bicarbonate concentrations. Despite these rather few new 501 

studies, the general shortage of studies at broad scales still hinders our ability to test and 502 

validate macroecological hypotheses, and consequently also affects our ability to answer 503 

questions about how the trait composition of aquatic macrophyte communities varies along 504 

geographical gradients and environmental gradients (see also Dalla Vecchia et al., 2020). For 505 
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the most part, this is due to the fact that very few studies (but see García-Girón et al., 2020a) 506 

have yet used the same analytical methods to examine community variation based on multiple 507 

traits in various geographical regions at global scale.  508 

 509 

Lack of comprehensive species trait information on aquatic macrophytes has also created 510 

further challenges (see Supporting Information for more discussion). In the absence of 511 

species-specific multi-trait data, plant researchers have tried to test the validity of predicting 512 

traits from congeneric or confamilial species, as has been recently done at regional (García-513 

Girón et al., 2019a) and continental scales (Alahuhta et al., 2017a; García-Girón et al., 514 

2020a). These evaluations are based on assessing the `phylogenetic niche conservatism´ (e.g., 515 

Blomberg et al., 2003) of the traits under study. This approach aims to determine whether 516 

similarity in the biological or ecological characteristics of the species is influenced by the 517 

effect of ancestor-descendant relationships (Roquet et al., 2013). For the moment, their 518 

outcomes have been somewhat contradictory, finding evidence of either some level of species 519 

niche conservatism (Alahuhta et al., 2017b) but also often low phylogenetic signal in traits 520 

(García-Girón et al., 2019a; García-Girón et al., 2020a). This hinders our ability to establish a 521 

general picture of whether traits are conserved or not in aquatic macrophytes, and to compare 522 

patterns found with other organisms. A likely reason is that the rather phylogenetically-distant 523 

nature of aquatic macrophytes causes difficulties for phylogenetic studies (Hu et al., 2017), as 524 

these plants are evolutionarily highly dispersed across the Tree of Life (Du et al., 2016), with 525 

at least 50 independent origins from their closest terrestrial relatives (Cook, 1990).  526 

 527 

To further understand how evolutionary history shapes the geographical distribution of 528 

aquatic macrophytes, we need accurate information on the phylogenetic relationships between 529 

plant species. To date, this has been performed using several methods of varying complexity 530 

and reliability, but the implementation of this new era of `ecophylogenetics´ (Mouquet et al., 531 

2012) to the macroecology of aquatic macrophytes is still facing a number of methodological 532 

challenges (Hu et al., 2017). As a first step, some studies have used taxonomic classification 533 

as a surrogate for evolutionary relatedness, as implemented recently by Alahuhta et al. 534 

(2017c) and García-Girón et al. (2019c), in order to develop proxies for aquatic macrophyte 535 

phylogenetic diversity. However, such an approach is rather unrealistic since it assumes that 536 

topological relationships (i.e., intrageneric relatedness) are equal for all genera (Roquet et al., 537 

2013). In other published works, phylogenetic inferences have been done by incorporating the 538 

topological information from published phylogenies. For example, De Wilde et al. (2014) 539 
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used the released compilation of angiosperm phylogeny based on Angiosperm Phylogeny 540 

Group III (2009) to determine whether phylogenetic position at family level controls the 541 

effects of dewatering on aquatic macrophyte performance. Although appealing, such an 542 

approach provides no estimates of branch lengths, i.e., quantitative evolutionary relationships 543 

of species. 544 

 545 

The super matrix approach (Roquet et al., 2013) has been recently proposed as an alternative 546 

method to simultaneously analyze large DNA sequence datasets from either nuclear, 547 

ribosomal or plastid regions, and thus estimate meaningful branch length values (see Hu et 548 

al., 2017 for instructions). However, when it comes to aquatic macrophytes, this super matrix 549 

approach has only been used in systematic studies (e.g., Cai et al., 2010 for Ranunculaceae; 550 

Chen et al., 2012 for Alismataceae; and Bernardini and Lucchese 2018 for Hydrocharitaceae), 551 

meaning that no accurate species-level phylogenetic tree exists for the diverse group of 552 

freshwater plants, thus imposing significant constraints upon current macroecological 553 

research. This is unfortunate considering the constant increase of available molecular data in 554 

GenBank, the growing number of algorithms for alignment, optimization and depuration (e.g., 555 

Tamura et al., 2011), and the recent improvements in freely available software (e.g., MEGA; 556 

GARLI; RAxML) able to handle extremely large data sets within a moderate amount of time. 557 

Recently, García-Girón et al. (2020a) advanced our understanding of the phylogenetic 558 

relatedness of freshwater plants by building the very first genus-level DNA-based phylogeny 559 

(i.e. the maximum likelihood on sequences from two chloroplast DNA regions) comprising 560 

most plant lineages (from Lycopodiopsida to Eudicotyledoneae). However, more accurate, 561 

fully resolved phylogenies are still needed to reduce possible artefacts due to data patchiness 562 

and improve historical inferences from current macroecological patterns of aquatic 563 

macrophytes.  564 

 565 

Globally, our review reveals that the basic functional and evolutionary biology of freshwater 566 

plants has been mostly ignored, highlighting the need for greater efforts to collect multi-trait 567 

and phylogenetic data and to make them available in a standard format using existing portals 568 

(e.g., TRY and GenBank) and digital repositories (e.g., Dryad and Figshare). 569 

 570 

4 WHERE TO GO FROM HERE? 571 

  572 



 

19 

 

Freshwater macrophyte research has lagged behind that for many other terrestrial, marine and 573 

freshwater groups with regard to investigation of different macroecological patterns. This 574 

derives from several reasons related to research community size, field surveys and research 575 

perspectives (Table 1). (i) The number of scientists working with aquatic macrophytes is 576 

small compared with terrestrial plants and most other freshwater groups, such as fish and 577 

macroinvertebrates. This means that fewer aquatic macrophyte ecologists are interested in 578 

macroecological research questions. (ii) Previous freshwater plant studies have often been 579 

conducted by botanists with completely different study aims compared to those of ecologists 580 

and biogeographers. The focus in many of these previous botany-related plant studies has 581 

been on local patterns and processes using data at fine scales and with a limited number of 582 

surveyed water bodies. (iii) A notable proportion of freshwater plant studies has focused on 583 

specific genera and/or invasive species. As a result, community composition of aquatic 584 

macrophytes has not always been surveyed, hindering our possibilities to investigate aquatic 585 

vegetation in a macroecological context. Fortunately, there has been an awakening in 586 

macroecological freshwater plant studies during recent years due to the improved quality and 587 

quantity of available data (both field and atlas data), GIS-programs and computer efficiency. 588 

However, we still need more aquatic macrophyte surveys to be carried out in geographically 589 

less-studied regions (e.g., Africa, Asia, Russia, North America [for river plants], South 590 

America and Oceania, in addition to the highest or lowest latitudes) in order to advance 591 

macroecological research on freshwater plants.  592 

 593 

In addition to these field survey and botanical research perspectives, our review revealed that 594 

most macroecological studies on plants have been done in lentic ecosystems (e.g., Alahuhta et 595 

al., 2018). Nevertheless, there are a few examples of moderately broad-scale river plant 596 

studies in this context, for both tropical (e.g., Kennedy et al., 2015) and temperate areas (e.g., 597 

Janauer et al., 2018). Recent studies suggest that lake and river plants may not respond 598 

similarly to the same ecological gradients. For example, alkalinity was found to be a highly 599 

important driver of plant distributions in lakes but less so in rivers (Iversen et al., 2019), and 600 

even the distributions of the same plant species can be explained by different environmental 601 

gradients in lakes and rivers (Gillard et al., 2020). Recent compilation of a global lake plant 602 

dataset has permitted an increase in macroecological studies on lentic plants, and we clearly 603 

need a similar worldwide database on river plants. This problem is more challenging to 604 

overcome with atlas data, where lentic and lotic ecosystems are rarely distinguished. More 605 

efforts to build a grid cell-based freshwater plant database, distinguishing also different water 606 
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body types, should be made. Current biodiversity databases (e.g., GBIF) can form the basis 607 

for this work and further promote finer-scale global databases of freshwater plants.  608 

 609 

Biases in studied macroecological questions were clear based on our overview. For example, 610 

latitudinal, altitudinal and area-related patterns in species diversity were relatively well 611 

studied, whereas only a few investigations had examined distance-decay relationships. The 612 

better scientific coverage of these well-investigated patterns partly stems from a longer 613 

tradition of studying such ecological phenomena. More research is required not only for less-614 

studied macroecological phenomena but also for better-recognized patterns in order to 615 

improve our knowledge of the causal mechanisms underlying these patterns in freshwater 616 

plants.  617 

 618 

Temporal studies in macroecological context are also mostly lacking for aquatic macrophytes 619 

(but see Sand-Jensen et al., 2000; Baastrup-Spohr et al., 2013). This shortage is mostly due to 620 

unavailable historical data. So far most temporal exercises have focused on single water 621 

bodies (e.g., Varandas Martins et al., 2013; Ceschin et al., 2009, 2010; Sand-Jensen et al., 622 

2017), or are based on palaeolimnological approaches (e.g., Dieffenbacher-Krall and 623 

Jacobson, 2001; Sawada et al., 2003) but spatially-explicit temporal data founded on 624 

historical field surveys is needed for broad-scale studies (Lindholm et al., 2020a,b and 625 

references therein). Temporal macroecological investigations are especially important 626 

nowadays because of threats posed by global change to highly vulnerable and biodiversity-627 

rich freshwater ecosystems (Heino et al., 2020).   628 

 629 

Biotic interactions in individual water bodies have been intensively investigated at small 630 

spatial scales for decades. However, there is very little evidence about how biotic interactions 631 

affect communities among freshwater systems. For example, a high proportion of unexplained 632 

variation is often detected when variation partitioning analysis has been applied to freshwater 633 

plant communities (e.g. Alahuhta & Heino, 2013; Sun et al., 2019). This may be due to the 634 

lack of inquiry for biotic interactions in the study designs. In fact, García-Girón et al. (2020c) 635 

recently discovered that potential biotic interactions among pond plant species clearly 636 

overrode the environmental effects in explaining variation in Mediterranean pond 637 

communities. This finding may be very important considering not only the high ecological 638 

relevance of plants in the freshwater realm (O’Hare et al., 2018; Law et al., 2019), but also 639 

the degradative nature of certain invasive aquatic macrophyte species (Hussner, 2012; 640 
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Ceschin et al., 2020). However, further evaluations in different regions and different types of 641 

inland ecosystems are certainly needed.   642 

 643 

Finally, future research should consider the integration of functional traits with phylogenetic 644 

analyses for the extraction of well-curated aquatic macrophyte data among different 645 

geographical entities, including drainage basins, ecoregions and biogeographical realms. To 646 

achieve this, freshwater plant researchers will need to combine large trait databases, species-647 

level field and laboratory measurements, regional floras and botanical checklists with deep 648 

sequencing and comparative phylogenetics. By doing so, we should be able to build high-649 

quality functional and phylogenetic datasets for hypothesis testing, thereby permitting the 650 

validation and extension of macroecological patterns and understanding of underlying 651 

processes. We hope that our review will stimulate more macroecological research on 652 

freshwater plant across different geographical areas, scales and ecosystems.   653 

 654 

Table 1. Summary of known research gaps and suggestions for possible future research 655 

directions for macroecology of freshwater plants.  656 

Research gap Suggestion for future study direction 

Lack of spatially adequate 

freshwater plant surveys 

First, combining and harmonization of existing surveys (e.g., 

collected for ecological quality assessments and/or existing 

in different databases). Second, more complementary 

surveys with macroecological study focus should be carried 

out.  

Geographical biases in 

freshwater plant studies 

Europe and North America (the latter continent only for 

lakes though) are intensively surveyed. More studies are 

needed from, for example, Africa, different parts of Asia, 

Central and South America as well as Oceania. 

Investigations from both highest and lowest latitudes are also 

required.  

Scarcity of river plant studies Lentic ecosystems are predominantly represented in 

macroecological plant studies and more information about 

how river plants respond to ecological gradients at broad 

scales is required. In addition, species growing in lentic and 

lotic systems may respond differently to macroecological 

gradients, highlighting the need for further river studies. 

Bias in certain 

macroecological phenomena 

Certain phenomena are relatively well-studied (e.g., species 

diversity-latitude, diversity-altitude and diversity-area 

relationships, and environmental vs. spatial effects on 

community composition), but our knowledge is deficient for 

many others (e.g., patterns of abundance, functional 

diversity and phylogenetic diversity). More research is 

needed for understanding these less well-studied 

macroecological phenomena. 
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Lack of temporal studies with 

macroecological perspectives 

Majority of temporal investigations on aquatic macrophytes 

have focused on single (or few) water bodies but 

macroecological gradients cannot be studied with such a 

small number of lakes or rivers. More comprehensive 

temporal data is needed to better understand temporal 

macroecological patterns in aquatic macrophytes.   

Omission of biotic 

interactions in a spatial 

context 

Information on biotic interactions between pairs of 

freshwater plant species at among-water bodies scales is 

missing. A high amount of unexplained variation in 

community composition analyses can originate from species 

interactions, but this needs to be further addressed.   

Suitable species traits for 

macroecological studies 

Terrestrial plants dominate in many existing species trait 

databases, and the information therein is not often 

ecologically relevant for freshwater plants. Thus, new 

species trait measurements are needed from different 

regions. In addition, the high level of intraspecific variation 

in species traits should be accounted for in these 

measurements.    

Shortage of true phylogeny Efforts to construct true and comprehensive aquatic 

macrophyte phylogeny need to be undertaken. 

 657 

 658 

 659 

 660 

 661 

5 REFERENCES 662 

 663 

Alahuhta, J., Antikainen, H., Hjort, J., Helm, A. and Heino, J. (2020a) Current climate 664 

overrides historical effects on species richness and range size patterns of freshwater 665 

plants in Europe and North America. Journal of Ecology, 10, 1262-1275. 666 

Alahuhta, J., Rosbakh, S., Chepinoga, V. and Heino, J. (2020b) Environmental determinants 667 

of lake macrophyte communities in Baikal Siberia. Aquatic Sciences, 82, 39. 668 

Alahuhta, J., Lindholm, M., Bove, C.P., Chappuis, E., Clayton, J., de Winton, M., et al. 669 

(2018) Global patterns in the metacommunity structuring of lake macrophytes: regional 670 

variations and driving factors. Oecologia, 188, 1167-1182. 671 

Alahuhta, J., Kosten, S., Akasaka, M., Auderset, D., Azzella, M., Bolpagni, R., et al. (2017a). 672 

Global variation in the beta diversity of lake macrophytes is driven by environmental 673 

heterogeneity rather than latitude. Journal of Biogeography, 44, 1758-1769. 674 

Alahuhta, J., Ecke, F., Johnson, L.B., Sass, L. and Heino, J. (2017b) A comparative analysis 675 

reveals little evidence for niche conservatism in aquatic macrophytes between four 676 



 

23 

 

regions on two continents. Oikos, 126, 136-148. 677 

Alahuhta, J., Tolvanen, M., Hjort, J., Ecke, F., Johnson, L.B., Sass, L. and Heino, J. (2017c) 678 

Species richness and taxonomic distinctness of lake macrophytes along environmental 679 

gradients in two continents. Freshwater Biology, 62, 1194-1206. 680 

Alahuhta, J., Rääpysjärvi, J., Hellsten, S., Kuoppala, M. and Aroviita J. (2015) Species 681 

sorting drives variation of boreal lake and river macrophyte communities. Community 682 

Ecology, 16, 76-85. 683 

Alahuhta, J. and Heino, J. (2013) Spatial extent, regional specificity and metacommunity 684 

structuring in lake macrophytes. Journal of Biogeography, 40, 1572–1582. 685 

Alahuhta, J., Kanninen, A., Hellsten, S., Vuori, K.-M., Kuoppala, M. and Hämäläinen, H. 686 

(2013) Environmental and spatial correlates of community composition, richness and 687 

status of boreal lake macrophytes. Ecological Indicators, 32, 172-181. 688 

Anderson, M.J., Crist, T.O., Chase, J.M., Vellend, M., Inouye, B.D., Freestone, A.L., et al. 689 

(2011) Navigating the multiple meanings of bdiversity: a roadmap for the practicing 690 

ecologist. Ecology Letters, 14, 19-28. 691 

Angiosperm Phylogeny Group III (2009) An update of the angiosperm phylogeny group 692 

classification for the orders and familites of flowering plants: APG III. Botanical Journal 693 

of the Linnean Society, 181, 1-20.  694 

Arrhenius, O. (1921) Species and Area. Journal of Ecology, 9, 95-99. 695 

Baastrup-Spohr, L., Kragh, T., Petersen, K., Moeslund, B., Schou, J.C. and Sand-Jensen, K. 696 

(2016) Remarkable richness of aquatic macrophytes in 3-years old re-established Lake 697 

Fil, Denmark. Ecological Engineering, 95, 375-383. 698 

Baastrup-Spohr, L., Iversen, L. L., Dahl-Nielsen, J., and Sand-Jensen, K. (2013) Seventy 699 

years of changes in the abundance of Danish charophytes. Freshwater Biology, 58, 1682-700 

1693. 701 

Baláži, P. and Hrivnák, R. (2015) Bryophytes and macro-algal growths as a part of 702 

macrophyte monitoring in rivers used for ecological assessment. Knowledge and 703 

Management of Aquatic Ecosystems, 19. 704 

Barko, J.W., Adams, M.S. and Clesceri, N.L. (1986) Environmental factors and their 705 

consideration in the management of submersed aquatic vegetation: a review. Journal of 706 

Aquatic Plant Management, 24, 1–10. 707 

Baselga, A. (2010) Partitioning the turnover and nestedness components of beta diversity. 708 

Global Ecology and Biogeography, 19, 134-143. 709 

Beger, M., Grantham, H.S., Pressey, R.L., Wilson, K.A., Peterson,E.L., Dorfman, D., 710 



 

24 

 

Mumby, P.J., Lourival, R., Brumbaugh, D.R & Possingham, H.P. (2009) Conservation 711 

planning for connectivity across marine, freshwater, and terrestrial realms. Biological 712 

Conservation, 143, 565-575. 713 

Bernardini, B. and Lucchese, F. (2018) New Phylogenetic Insights into Hydrocharitaceae. 714 

Annali di Botanica, 8, 45–58. 715 

Blomberg, S.P., Garland, T. and Ives, A.R. (2003) Testing for phylogenetic signal in 716 

comparative data: behavioral traits are more labile. Evolution, 57, 717-745. 717 

Bornette, G. and Puijalon, S. (2011) Response of aquatic plants to abiotic factors: A review. 718 

Aquatic Sciences, 73, 1–14. 719 

Boschilia, S.M., Oliveira, E.F. and Schwarzbold, A. (2016) Partitioning beta diversity of 720 

aquatic macrophyte assemblages in a large subtropical reservoir: prevalence of turnover 721 

or nestedness? Aquatic Sciences, 78, 615-625. 722 

Brochet, A.L., Guillemain, M., Fritz, H., Gauthier-Clerc, M. and Green, A.J. (2009) The role 723 

of migratory ducks in the long-distance dispersal of native plants and the spread of 724 

exotic plants in Europe. Ecography, 32, 919-928. 725 

Bourgeois, B., Gonzalez, E., Vanasse, A., Aubin, I. and Poulin, M. (2016) Spatial processes 726 

structuring riparian plant communities in agroecosystems: implications for restoration. 727 

Ecological Application, 26, 2103-2115. 728 

Brown, J. H. (1995) Macroecology. Chicago, IL: University of Chicago Press. 729 

Brönmark, C., Herrmann, J., Malmqvist, B., Otto, C. and Sjöström, P. (1984) Animal 730 

community structure as a function of stream size. Hydrobiologia, 112, 73-79. 731 

Cai, Y., Li, S., Chen, M., Jiang, M., Liu, Y., Xie, Y., et al. (2010) Molecular phylogeny of 732 

Ranunculaceae based on rbc L sequences. Biologia, 65, 997-1003. 733 

Capers, R.S., Selsky, R. and Bugbee, G.J. (2010) The relative importance of local conditions 734 

and regional processes in structuring aquatic plant communities. Freshwater Biology, 55, 735 

952–966. 736 

Carpenter, S.R. and Lodge, D.M. (1986) Effects of submersed macrophytes on ecosystem 737 

processes. Aquatic Botany, 26, 341–370. 738 

Ceschin, S., Ellwood, N.T.W., Ferrante, G., Mariani, F. and Traversetti, L. (2020) Habitat 739 

change and alteration of plant and invertebrate communities in waterbodies dominated 740 

by the invasive alien macrophyte Lemna minuta Kunth. Biological invasions, 22, 1325–741 

1337. 742 

Ceschin, S., Salerno, G., Bisceglie, S. and Kumbaric, A. (2010) Temporal floristic variations 743 

as indicator of environmental changes in the Tiber River in Rome. Aquatic Ecology, 44, 744 



 

25 

 

93-100. 745 

Ceschin, S., Salerno, G. and Caneva ,G. (2009) Multitemporal floristic analysis of a humid 746 

area in Rome’s archaeological site as indicator for environmental change. Environmental 747 

Monitoring and Assessment, 149, 29-42. 748 

Chambers, P.A., Lacoul, P., Murphy, K.J. and Thomaz, S.M. (2008) Global diversity of 749 

aquatic macrophytes in freshwater. Hydrobiologia, 595, 9–26. 750 

Chambers, P.A., Prepas, E.E., Hamilton, H.R. and Bothwell, M.L. (1991). Current velocity 751 

and its effect on aquatic macrophytes in flowing waters. Ecological Applications, 1, 249-752 

257. 753 

Chappuis, E., Gacia, E. and Ballesteros, E. (2014) Environmental factors explaining the 754 

distribution and diversity of vascular aquatic macrophytes in a highly heterogeneous 755 

Mediterranean region. Aquatic Botany, 113, 72-82. 756 

Chappuis, E., Ballesteros, E. and Gacia, E. (2012) Distribution and richness of aquatic plants 757 

across Europe and Mediterranean countries: Patterns, environmental driving factors and 758 

comparison with total plant richness. Journal of Vegetation Science, 23, 985-997. 759 

Chappuis, E., Ballesteros, E. and Gacia, E. (2011) Aquatic macrophytes and vegetation in the 760 

Mediterranean area of Catalonia: Patterns across an altitudinal gradient. 761 

Phytocoenologia, 41, 35–44. 762 

Chen, L.Y., Chen, J.M., Gituru, R.W., Temam, T.D. and Wang Q.F. (2012) Generic 763 

phylogeny and historical biogeography of Alismataceae, inferred from multiple DNA 764 

sequences. Molecular Phylogenetics and Evolution, 63, 407–416. 765 

Cook, C.D.K. (1990) Aquatic Plant Book. SPB Academic Publishing, Amsterdam.  766 

Crow, G.E. (1993) Species diversity in aquatic angiosperms: latitudinal patterns. Aquatic 767 

Botany, 44, 229–258. 768 

Dalla Vecchia, A.l., Villa, P. and Bolpagni, R. (2020) Functional traits in macrophyte studies: 769 

Current trends and future research agenda. Aquatic Botany, 167, 103290. 770 

Davidson, T.A., Mackay, A.W., Wolski, P., Mazebedi, R., Murray-Hudson, M. and Todd, M. 771 

(2012) Seasonal and spatial hydrological variability drives aquatic biodiversity in a 772 

flood-pulsed, sub-tropical wetland. Freshwater Biology, 57, 1253–1265. 773 

De Bie, T., De Meester, L., Brendonck, L., Martens, K., Goddeeris, B., Ercken, D., et al. 774 

(2012) Body size and dispersal mode as key traits determining metacommunity structure 775 

of aquatic organisms. Ecology Letters, 15, 740-747. 776 

De Wilde, M., Sebei, N., Puijalon, S. and Bornette, G. (2014) Responses of macrophyte to 777 

dewatering : effects of phylogeny and phenotypic plasticity on species performance. 778 



 

26 

 

Evolutionary Ecology, 6, 1155-1167.  779 

Dieffenbacher-Krall, A. C. and Jacobson, G. L. Jr (2001) Post-glacial changes in the 780 

geographic ranges of certain aquatic vascular aquatic plants in North America. 781 

Proceedings of the Royal Irish Academy, 101B, 79–84. 782 

Dodds, W.K., Bruckerhoff, L., Batzer, D., Schechner, A., Pennock, C., Renner, E., Tromboni, 783 

Bigham, K. & Grieger, S. (2019) The freshwater biome gradient framework: predicting 784 

macroscale properties based on latitude, altitude, and precipitation. Ecosphere, 10, 785 

e02786. 786 

Dray, S., Pélissier, R., Couteron, P., Fortin, M. J., Legendre, P., Peres-Neto, P. R., et al. 787 

(2012) Community ecology in the age of multivariate multiscale spatial analysis. 788 

Ecological Monographs, 82, 257-275. 789 

Du, Z.Y., Wang, Q.F. and China Phylogeny Consortium (2016) Phylogenetic tree of vascular 790 

plants reveals the origins of aquatic angiosperms. Journal of Systematics and Evolution, 791 

54, 342-348.  792 

Estrada, A., Morales-Castilla, I., Caplat, P. and Early, R. (2016) Usefulness of species traits in 793 

predicting range shifts. Trends in Ecology and Evolution, 31, 190-203.  794 

Feld, C.K., da Silva, P.M., Sousa, J.P., de Bello, F. Bugter, R., Hering, G.D., et al. (2009) 795 

Indicators of biodiversity and ecosystem services: a synthesis acrossecosystems and 796 

spatial scales. Oikos, 118, 1862-1871. 797 

Fernández-Aláez, M., García-Criado, F., García-Girón, J., Santiago, F. and Fernández-Aláez, 798 

C. (2020) Environmental heterogeneity drives macrophyte beta diversity patterns in 799 

permanent and temporary ponds in an agricultural landscape. Aquatic Sciences, 82, 20. 800 

Fernández-Aláez, C., Fernández-Aláez, M., García-Criado, F., and García-Girón, J. (2018) 801 

Environmental drivers of aquatic macrophyte assemblages in ponds along an altitudinal 802 

gradient. Hydrobiologia, 812, 79–98. 803 

Field, R., Hawkins, B.A., Cornell, H.V., Currie, D.J., Diniz-Filho, J.A.F., Guegan, J.-F.,  et 804 

al. (2009) Spatial species-richness gradients acrossscales: a meta-analysis. Journal of 805 

Biogeography, 36, 132-147. 806 

Franceschini, C., Murphy, K.J., Moore, I., Kennedy, M.P., Martínez, S.F., Willems, F., De 807 

Wysiecki, M.L. and Sichingabula, H. (2020a) Impacts on freshwater macrophytes 808 

produced by small invertebrate herbivores: Afrotropical and Neotropical wetlands 809 

compared. Hydrobiologia, early view. Doi: 10.1007/s10750-020-04360-5 810 

Franceschini, C., Murphy, K.J., Kennedy, M.P., Martínez, S.F., Willems, F. and 811 

Sichingabula, H. (2020b) Are invertebrate herbivores of freshwater macrophytes scarce 812 



 

27 

 

in the tropics? Aquatic Botany, 167, 103289.  813 

Fu, H., Zhong, J., Yuan, G., Ni, L., Xie, P. and Cao, T. (2014) Functional traits composition 814 

predict macrophyte community productivity along a water depth gradient in a freshwater 815 

lake. Ecology and Evolution, 4, 1516-1532. 816 

Garbey, C , Murphy K.J., Thiébaut, G. and Muller, S. (2004) Variation in P-content in aquatic  817 

plant tissues offers an efficient tool for determining plant growth strategies along a 818 

resource gradient. Freshwater Biology, 49, 346-356. 819 

García-Girón, J., Fernández-Aláez, C., Nistal-García, A. and Fernández-Aláez, M. (2018) 820 

Plant macrofossil assemblages from surface sediment represent contemporary species 821 

and growth forms of aquatic vegetation in a shallow Mediterranean lake. Journal of 822 

Paleolimnology, 60, 495-509.  823 

García-Girón, J., Fernández-Aláez, C., Fernández-Aláez, M. and Alahuhta, J. (2019a) 824 

Untangling the assembly of macrophyte metacommunities by means of taxonomic, 825 

functional and phylogenetic beta diversity patterns. Science of the Total Environment, 826 

25, 133616.  827 

García-Girón, J., Wilkes, M., Fernández-Aláez, M. and Fernández-Aláez, C. (2019b) 828 

Processes structuting macrophyte metacommunities in Mediterranean ponds: Combining 829 

novel methods to disentangle the role of dispersal limitation, species sorting and spatial 830 

scales. Journal of Biogeography, 46, 646-656. 831 

García-Girón, J., Fernández-Aláez, M. and Fernández-Aláez, C. (2019c) Redundant or 832 

complementary? Evaluation of different metrics as surrogates of macrophyte biodiversity 833 

patterns in Mediterranean ponds. Ecological Indicators, 101, 614-622.  834 

García-Girón, J., Heino, J., Baastrup-Spohr, L., Bove, C.P., Clayton, J., de Winton, M.,  et al. 835 

(2020a). Global patterns and determinants of lake macrophyte taxonomic, functional and 836 

phylogenetic beta diversity. Science of the Total Environment, 723, 138021. 837 

García-Girón, J., Heino, J., Baastrup-Spohr, L., Clayton, J., de Winton, M., Feldmann, T., et 838 

al. (2020b) Elements of lake macrophyte metacommunity structure: Global variation and 839 

community-environment relationships. Limnology and Oceanography, doi: 840 

10.1002/lno.11559 841 

García-Girón, J., Heino, J., García-Criado, F., Fernández-Aláez, C. and Alahuhta, J. (2020c). 842 

Biotic interactions hold the key to understanding metacommunity organisation. 843 

Ecography, 43, 1-11. 844 

Gaston, K. J. (2000). Global patterns in biodiversity. Nature, 405, 220–227. 845 

Gillard, M.B., Aroviita, J. and Alahuhta, J. (2020) Same species, same habitat preferences? 846 



 

28 

 

The distribution of aquatic plants is not explained by the same predictors in lakes and 847 

streams. Freshwater Biology, 65, 878-892. 848 

Göthe, E., Baattrup-Pedersen, A., Wiberg-Larsen, P., Graeber, D., Kristensen, E.A. and 849 

Friberg, N. (2017) Environmental and spatial controls of taxonomic versus trait 850 

composition of stream biota. Freshwater Biology, 397–413. 851 

Hachol, J., Bondar-Nowakowska, E. and Nowakowska, E. (2019) Factors Influencing 852 

Macrophyte Species Richness in Unmodified and Altered Watercourses. Polish Journal 853 

of Environmental Studies, 28, 609-622. 854 

Hajek, M., Rolecek, J., Cottenie, K., Kintrova, K., Horsak, M., et al. (2011) Environmental 855 

and spatial controls of biotic assemblages in a discrete semi- terrestrial habitat: 856 

comparison of organisms with different dispersal abilities sampled in the same plots. 857 

Journal of Biogeography 38: 1683–1693. 858 

Heino, J. (2011) A macroecological perspective of diversity patterns in the freshwater realm. 859 

Freshwater Biology, 56, 1703-1722. 860 

Heino, J. (2002) Concordance of species richness patterns among multiple freshwater taxa: a 861 

regional perspective. Biodiversity and Conservation, 11, 137–147. 862 

Heino, J., Schmera, D. and Erős, T. (2013) A macroecological perspective of trait patterns in 863 

stream communities. Freshwater Biology, 58, 1539-1555. 864 

Heino, J., Melo, A.S., Jyrkänkallio-Mikkola, J., Petsch, D.K., Saito, V.S., Tolonen, K.T., et 865 

al. (2018) Subtropical streams harbour higher genus richness and lower abundance of 866 

insects compared to boreal streams, but scale matters. Journal of Biogeography, 45, 867 

1983-1993. 868 

Heino, J., Alahuhta, J., Bini, L.M., Cai, Y., Heiskanen, A.-S., Hellsten, S., Kortelainen, P., 869 

Kotamäki, N., Tolonen, K.T., Vihervaara, P., Vilmi, A. & Angeler, D.G. (2020) Lakes in 870 

the era of global change: moving beyond single-lake thinking in maintaining biodiversity 871 

and ecosystem services. Biological Reviews, in press. DOI: 10.1111/brv.12647 872 

Hills, J.M., Murphy, K.J., Pulford, I.D. and Flowers, T.H. (1994) A method for classifying 873 

European riverine wetland ecosystems using functional vegetation groups. Functional 874 

Ecology, 8, 242-252. 875 

Hills, J.M. and Murphy, K.J. (1996) Evidence for consistent functional groups of wetland 876 

vegetation across a broad geographical range of Europe. Wetlands Ecology & 877 

Management, 4, 51-63. 878 

Hortal, J., Nabout, J.C., Calatayud, J., Carneiro, F.M., Padial, A., Santos, M.C., et al. (2014) 879 

Perspectives on the use of lakes and ponds as model systems for macroecological 880 



 

29 

 

research. Journal of Limnology, 73, 42-56. 881 

Hu, S., Li, G., Yang, J. and Hou, H. (2017) Aquatic Plant Genomics: Advances, Applications 882 

and Prospects. International Journal of Genomics, 6347874.  883 

Hulshof, C.M., Violle, C., Spasojevic, M.J., Mcgill, B., Damschen, E., Harrison, S., and 884 

Enquist, B.J. (2013) Intra-specific and inter-specific variation in specific leaf area reveal 885 

the importance of abiotic and biotic drivers of species diversity across elevation and 886 

latitude. Journal of Vegetation Science, 24, 921-931. 887 

Hussner, A. (2012) Alien aquatic plant species in European countries. Weed Research, 52, 888 

297-306. 889 

Iversen, L. L., Winkel, A., Baastrup-Spohr, L., Hinke, A. B., Alahuhta, J., Baattrup-Pedersen,  890 

A., et al. (2019) Catchment processes control the global species composition of 891 

freshwater plants. Science, 366, 878-881. 892 

Janauer, G., Gaberščik, A., Kvčt, J., Germ, M., and Exler, N. (eds.) (2018) Macrophytes of 893 

the River Danube Basin. Praha: Academia, 407 pp. 894 

Jeppesen, E., Søndergaard, M. and Christoffersen, K. (1998) The Structuring Role of 895 

Submerged Macrophytes in Lakes. Ecological Studies, vol. 131. Springer, New York, 896 

USA 897 

Jones, J.I., Li, W. and Maberly, S.C. (2003) Area, altitude and aquatic plant diversity. 898 

Ecography, 26, 411-420. 899 

Jupp, B. P. and Spence, D. H. N. (1977) Limitation of macrophytes in an eutrophic lake, Loch 900 

Leven, II. Wave action, sediments and waterfowl grazing. Journal of Ecology, 65, 431-901 

446. 902 

Kennedy, M.P., Lang, P., Grimaldo, J.T., Martins, S.V., Bruce, A., Hastie, A., et al. (2015) 903 

Environmental drivers of aquatic macrophyte communities in southern tropical African 904 

rivers: Zambia as a case study. Aquatic Botany, 124, 19-28. 905 

Kerr, J.T., Kharouba, H.M. and Currie, D.J. (2007) The macroecological contribution to 906 

global change solutions. Science, 316, 1581-1584. 907 

Kerswell, A.P. (2006) Global biodiversity patterns of benthic marine algae. Ecology, 87, 908 

2479-2488. 909 

Kindlemann, P., Schodelbauerova, I. and Dixon, A.F.G. (2007) Inverse latitudinal gradients 910 

in species diversity. In: Storch, D.,Marquet, P.A. and Brown, J.H. (eds.) Scaling 911 

Biodiversity, pp. 246–257. Cambridge University Press, Cambridge, UK. 912 

Kosten, S., Jeppesen, E., Huszar, V.L.M., Mazzeo, N., van Nes, E.H., Peeters, E.T.H.M. and 913 

Scheffer, M. (2011) Ambiguous climate impacts on competition between submerged 914 



 

30 

 

macrophytes and phytoplankton in shallow lakes. Freshwater Biology, 56, 1540-1553. 915 

Lacoul, P., and Freedman, B. (2006a). Environmental influences on aquatic plants in 916 

freshwater ecosystems. Environmental Reviews, 14, 89–136. 917 

Lacoul, P. and Freedman, B. (2006b) Relationships between aquatic plants and environmental 918 

factors along a steep Himalayan altitudinal gradient. Aquatic Botany, 84, 3-16. 919 

Law, A., Baker, A., Sayer, C., Foster, G., Gunn, I.D.M., Taylor, P., et al. 2019. The 920 

effectiveness of aquatic plants as surrogates for wider biodiversity in standing fresh 921 

waters. Freshwater Biology, 64, 1664-1675.  922 

Lawton J.H. (1999) Are there general laws in ecology? Oikos, 84, 177-192. 923 

Legendre, P. (2014) Interpreting the replacement and richness difference components of beta 924 

diversity. Global Ecology and Biogeography, 23, 1324-1334. 925 

Leibold, M.A., Holyoak, M., Mouquet, N. et al. (2004) The metacommunity concept: a 926 

framework for multi-scale community ecology. Ecology Letters, 7, 601-613. 927 

Leroy, B., Dias, M.S., Giraud, E., Hugueny, B., Jezequel, C., Leprieur, F., et al. (2019) 928 

Global biogeographical regions of freshwater fishes. Journal of Biogeography, 46, 2407-929 

2419. 930 

Lindholm, M., Alahuhta, J., Heino, J. and Toivonen, H. (2020a) No biotic homogenisation 931 

across decades but consistent effects of landscape position and pH on macrophyte 932 

communities in boreal lakes. Ecography, 43, 294-305. 933 

Lindholm, M., Alahuhta, J., Heino, J., Hjort, J. and Toivonen, H. (2020b) Changes in the 934 

functional features of macrophyte communities and driving factors across a 70-year 935 

period. Hydrobiologia 847, 3811–3827. 936 

Lomolino, M.V. (1990) The Target Area Hypothesis: The iInfluence of island area on 937 

immigration rates of non-volant mammals. Oikos, 57, 297-300. 938 

Lukács, B.A., Vojtko, A.E., Mesterházy, A., Molnár V, A., Süveges, K., Végvári, Z., et al. 939 

(2017) Growth-form and spatiality driving the functional difference of native and alien 940 

aquatic plants in Europe. Ecology and Evolution, 7, 950-963. 941 

Lovas-Kiss, Á., Sánchez, M.I., Wilkinson, D.M., Coughlan, N.E., Alves, J.A. and Green, A.J. 942 

(2019) Shorebirds as important vectors for plant dispersal in Europe. Ecography, 42, 943 

956–967. 944 

Lu, T., Keming, M.A., Zhang, Y., Ni, H. and Fu, B. (2009) Species similarity-distance 945 

relationship in wetlands: effect of disturbance intensity. Polish Journal of Ecology, 57, 946 

647-657. 947 

McGill, B.J., Enquist, B.J., Weiher, E. and Westoby, M. (2006) Rebuilding community 948 



 

31 

 

ecology from functional traits. Trends in Ecology and Evolution, 21, 178-185. 949 

Meerhoff, M., Teixeira-de Mello, F., Kruk, C., Alonso, C., Gonzalez-Bergonzoni, I., Pacheco, 950 

J.P. et al. (2012) Environmental warming in shallow lakes: A review of potential changes 951 

in community structure as evidenced from space-for-time substitution approaches. 952 

Advances in Ecological Research, 46, 259-350. 953 

Mikulyuk, A., Sharma, S., Van Egeren, S., Erdmann, E., Nault, M.E. and Hauxwell, J. (2011) 954 

The relative role of environmental, spatial, and land-use patterns in explaining aquatic 955 

macrophyte community composition. Canadian Journal of Fisheries and Aquatic 956 

Sciences, 68, 1778-1789. 957 

Mormul, R.P., de Assis Esteves, F., Farjalla, V.F. and Bozelli, R.L. (2015) Space and 958 

seasonality effects on the aquatic macrophyte community of temporary Neotropical 959 

upland lakes. Aquatic Botany, 126, 54-59. 960 

Mouquet, N., Devictor, V., Meynard, C.N., Munoz, F., Bersier, L.F., Chave, J., et al. (2012) 961 

Ecophylogenetics: advances and perspectives. Biological Reviews, 87, 769-785.  962 

Møller, T.R. and Rørdam, C.P. (1985) Species numbers of vascular plants in relation to area, 963 

isolation and age of ponds in denmark. Oikos, 45, 8-16.  964 

Morandeira, N. S., and Kandus, P. (2015). Multi-scale analysis of environmental constraints 965 

on macrophyte distribution, floristic groups and plant diversity in the Lower Paraná 966 

River floodplain. Aquatic Botany, 123, 13-25. 967 

Murphy, K., Efremov, A., Davidson, T. A., Molina-Navarro, E., Fidanza, K., Crivelari Betiol, 968 

T. C., et al. (2019). World distribution, diversity and endemism of aquatic macrophytes. 969 

Aquatic Botany 158, 103127.  970 

Murphy, K., Carvalho, P., Efremov, A., Tapia Grimaldo, J., Molina-Navarro, E., Davidson, 971 

T.A., et al. (2020). Latitudinal variation in global range-size of aquatic macrophyte 972 

species shows evidence for a Rapoport Effect. Freshwater Biology, early view. doi: 973 

10.1111/fwb.13528. 974 

Neiff, J. J., Casco, S. L., Mari, E. C. K., Di Rienzo, J. A., and Poi, A. S. G. (2014). Do aquatic 975 

plant community compositions in the Paraná River change along the river’s length? 976 

Aquatic Botany, 114, 50-57. 977 

Nekola, J.C. and White, P.S. (1999) The distance decay of similarity in biogeography and 978 

ecology. Journal of Biogeography, 26, 867-878. 979 

Nolby, L.E., Zimmer, K.D., Hanson, M.A. and Herwig, B.R. (2015) Is the island 980 

biogeography model a poor predictor of biodiversity patterns in shallow lakes? 981 

Freshwater Biology, 60, 870-880. 982 



 

32 

 

O´Hare, M., Aguiar, F., Asaeda, T., Bakker, E., Chambers, P., Clayton, J., et al. (2018) Plants 983 

in aquatic ecosystems: current trends and future directions. Hydrobiologia, 812, 1-11. 984 

Pacifici, M., Visconti, P., Butchart, S.H.M., Watson, J.E.M., Cassola, F.M. and Rondinini, C. 985 

(2017) Species´ tratis influenced their response to recent climate change. Nature Climate 986 

Change, 7, 205-208.  987 

Padial, A.A., Ceschin, F., Declerck, S.A.J., De Meester, L., Bonecker, C.C., Lansac-Tôha, 988 

F.A., et al. (2014) Dispersal ability determines the role of environmental, spatial and 989 

temporal drivers of metacommunity structure. PLoS ONE, 9, 1-8. 990 

Petchey, O.L. and Gaston, K.J. (2006) Functional diversity: back to basis and looking 991 

forward. Ecology Letters, 9, 741-758.  992 

Pinto-Ledezma, J.N., Larkin, D.J. and Cavender-Bares, J. (2018). Patterns of beta diversity of 993 

vascular plants and their correspondence with biome boundaries across North America. 994 

Frontiers in Ecology and Evolution, 6, 194. 995 

Pulido, C., Riera, J.L., Ballesteros, E., Chappuis, E. and Gacia, E. (2014) Predicting aquatic 996 

macrophyte occurrence in soft-water oligotrophic lakes (Pyrenees mountain range). 997 

Journal of Limnology, 74, 143-154. 998 

Qian, H., Fridley, J.D. and Palmer, M.W. (2007) The latitudinal gradient of species-area 999 

relationships for vascular plants of North America. American Naturalist, 170, 690-701. 1000 

Rahbek, C. (1995) The elevational gradient of species richness: a uniform pattern? 1001 

Ecography, 18, 200-205. 1002 

Ricklefs, R.E. and Lovette, I.J. (1999) The roles of island area per se and habitat diversity in 1003 

the species–area relationships of four Lesser Antillean faunal groups. Journal of Animal 1004 

Ecology, 68, 1142-1160. 1005 

Roquet, C., Thuiller, W. and Labergne, S. (2013) Building megaphylogenies for 1006 

macroecology: Taking up the challenge. Ecography, 36, 13-26.  1007 

Sand-Jensen, K. (1998) Influence of submerged macrophytes on sediment composition and 1008 

near-bed flow in lowland streams. Freshwater Biology, 39, 663-679. 1009 

Sand-Jensen, K., Bruun, H. H. and Baastrup-Spohr, L. (2017) Decade-long time delays in 1010 

nutrient and plant species dynamics during eutrophication and re-oligotrophication of 1011 

Lake Fure 1900–2015. Journal of Ecology, 105, 690-700. 1012 

Sand-Jensen, K., Riis, T., Vestergaard, O., and Larsen, S. E. (2000) Macrophyte decline in 1013 

Danish lakes and streams over the past 100 years. Journal of Ecology, 88, 1030-1040. 1014 



 

33 

 

Sawada, M., Viau, A. E. and Gajewski, K. (2003) The biogeography of aquatic macrophytes 1015 

in North America since the Last Glacial Maximum. Journal of Biogeography, 30, 999-1016 

1017. 1017 

Smith, F.A., Lyons, S.K., Ernest, S.K.M. and Brown, J.H. (2008) Macroecology: the division 1018 

of food and space among species on continents. Progress in Physical Geography, 32, 1019 

115-138. 1020 

Soininen, J., McDonald, R. and Hillebrand, H. (2007) The distance decay of similarity in 1021 

ecological communities. Ecography, 30, 3-12. 1022 

Soininen, J, Heino, J, Wang, J. (2018) A meta‐analysis of nestedness and turnover 1023 

components of beta diversity across organisms and ecosystems. Global Ecology and 1024 

Biogeography, 27, 96-109. 1025 

Sø, J.S., Sand-Jensen, K. and Baastrup-Spohr, L. (2020) Temporal development of 1026 

biodiversity of macrophytes in newly established lakes. Freshwater Biology, 65, 379-1027 

389. 1028 

Søndergaard, M., Jeppesen, E. and Jensen, J.P. (2005) Pond or lake: does it make a 1029 

difference. Archiv Fur Hydrobiologie, 162, 143-165. 1030 

Søndergaard, M., Lauridsen, T.L., Johansson, L.S. and Jeppesen, E. (2018) Gravel pit lakes in 1031 

Denmark: Chemical and biological state. Science of the Total Environment, 612, 9-17. 1032 

Sun, J., Hunter, P.D., Tyler, A.N., and Willby, N.J. (2019) Lake and catchment-scale 1033 

determinants of aquatic vegetation across almost 1,000 lakes and the contrasts between 1034 

lake types. Journal of Biogeography, 46, 1066-1082. 1035 

Szoszkiewicz K., Ciecierska, H., Kolada, A., Schneider, S.C., Szwabińska, M. and 1036 

Ruszczyńska, J. (2014) Parameters structuring macrophyte communities in rivers and 1037 

lakes – results from a case study in North-Central Poland. Knowledge and Management 1038 

of Aquatic Ecosystems, 415, 08. 1039 

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M. and Kumar, S. (2011) MEGA 5: 1040 

molecular evolutionary genetic analysis using maximum likelihood, evolutionary 1041 

distance, and maximum parsimony methods. Molecular Biology and Evolution, 28, 1042 

2731-2739. 1043 

Tapia Grimaldo, J., Bini, L.M., Landeiro, V.L., O’Hare, M.T., Caffrey, J., Spink, A., et al. 1044 

(2016) Spatial and environmental drivers of macrophyte diversity and community 1045 

composition in temperate and tropical calcareous rivers. Aquatic Botany, 132, 49-61. 1046 

Toivanen, M., Hjort, J., Heino, J., Tukiainen, H., Aroviita, J. and Alahuhta, J. (2019) Is 1047 

catchment geodiversity a useful surrogate of aquatic plant species richness? Journal of 1048 



 

34 

 

Biogeography, 46, 1711-1722. 1049 

Varandas Martins, S., Milne, J., Thomaz, S.M., McWaters, S., Mormul, R.P., Kennedy, M.P. 1050 

and Murphy, K. (2013) Human and natural drivers of changing macrophyte community 1051 

dynamics over twelve years in a Neotropical riverine floodplain system. Aquatic 1052 

Conservation: Marine and Freshwater Ecosystems, 23, 678-697. 1053 

Vermaat, J.E., Santamaría, L. and Roos, P.J. (2000) Water flow across and sediment trapping 1054 

in submberged macrophyte beds of contrasting growth form. Archiv fur Hydrobiologie, 1055 

148, 549-562.  1056 

Vestergaard, O. and Sand-Jensen, K. (2000) Aquatic macrophyte richness in Danish lakes in 1057 

relation to alkalinity, transparency, and lake area. Canadian Journal of Fisheries and 1058 

Aquatic Sciences, 57, 2022-2031. 1059 

Viana, D.S., Figuerola, J., Schwenk, K., Manca, M., Hobæk, A., Mjelde, M., et al. (2016) 1060 

Assembly mechanisms determining high species turnover in aquatic communities over 1061 

regional and continental scales. Ecography, 38, 1-8. 1062 

Viana, D.S., Santamaria, L., Schwenk, K., Manca, M., Hobaek, A., Mjelde, M., Preston, C.D., 1063 

Gornall, R.J., Croft, J.M., King, R.A., Green, A.J. and Figuerola, J. (2014). Environment 1064 

and biogeography drive aquatic plant and cladoceran species richness across Europe. 1065 

Freshwater Biology, 59, 2096-2106. 1066 

Warfe, D.M., Pettit, N.E., Magierowski, R.H., Pusey, B.J., Davies, P.M., Douglas, M.M. and 1067 

Bunn, S.E. 2012. Hydrological connectivity structures concordant plant and animal 1068 

assemblages according to niche rather than dispersal processes. Freshwater Biology, 28, 1069 

292-305.  1070 

Willby, N.J., Abernethy, V.J. and Demars, B.O.L. (2000) Character-based classification of 1071 

European hydrophytes and its relationships to habitat utilization. Freshwater Biology 43, 1072 

43-74. 1073 

 1074 


