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ABSTRACT 27 

1. Omnivorous waterbirds play an important role in aquatic ecosystems as dispersal 28 

vectors via direct ingestion, transportation and egestion of plant and invertebrate 29 

propagules (i.e. endozoochory). Predatory birds also have the potential to disperse 30 

plants and invertebrates that were first carried internally or externally by their prey 31 

animals. However, the potential contribution of predatory waterbird species to 32 

propagule dispersal in aquatic ecosystems remains understudied.  33 

2. We chose the grey heron Ardea cinerea (Ardeidae) to study the potential of predatory 34 

waterbirds to disperse propagules within and among aquatic ecosystems. We 35 

hypothesized that (1) herons disperse a wide variety of plant and invertebrate 36 

propagules, from different habitats, with different morphologies (i.e. dispersal 37 

syndromes), and including both native and alien species; (2) propagules are ingested 38 

with prey species that are primary dispersal vectors (i.e., herons are secondary 39 

dispersers); (3) heron pellets show a similar abundance and richness of propagules 40 

across their widespread range. We collected 73 regurgitated heron pellets containing 41 

undigestible remains from 12 locations across the United Kingdom and The Netherlands, 42 

and examined the taxonomic diversity of plant seeds, invertebrates and prey remains.  43 

3. Pellets were dominated by mammal hairs (99% by volume), and bones confirmed the 44 

ingestion of small mammals (prevalence of 38%, e.g. water voles Arvicola amphibius), 45 

fish (14%), and birds or amphibians (6%). A total of 266 intact plant seeds were 46 

recovered from 71% of the pellets, representing 50 taxa from 17 plant families, including 47 

the alien Cotula coronopifolia. The cumulative number of plant species dispersed was 48 

lower at higher latitudes. Eight plant species recorded had not previously been recorded 49 

as dispersed via waterbirds, and only three species have an “endozoochorous dispersal 50 

syndrome”. Plant taxa were dominated by Caryophyllaceae, Cyperaceae, Juncaceae and 51 

Poaceae, with 24 species from the littoral zone (Ellenberg moisture values of 7-12) and 52 

21 terrestrial species (Ellenberg moisture values of 4-6). Intact invertebrate propagules 53 

were found in 30% of the pellets, dominated by Cladocera (Daphniidae) and Bryozoa 54 

(including the alien Plumatella casmiana).  55 



4. Our results demonstrate that grey herons disperse plant seeds and aquatic 56 

invertebrates widely in north-western Europe. Herons regurgitate pellets that contain 57 

plant and invertebrate propagules from both aquatic or terrestrial habitats, for which 58 

secondary dispersal via ingestion along with prey is the likely underlying mechanism (i.e. 59 

propagules either attached to or in the digestive systems of the various prey). Our 60 

findings showcase the potential of predatory waterbirds as vectors of plants and 61 

invertebrates, and how they may facilitate connectivity between freshwater and 62 

terrestrial habitats. 63 

 64 

65 



INTRODUCTION 66 

To understand the ability of organisms to move in response to global change, it is vital 67 

to assess their capacity to disperse and to become established in new habitats (Tesson 68 

et al., 2015). As plants cannot move themselves, they rely on vectors such as wind, water 69 

or animals for their seed dispersal. Seed dispersal is considered the most important 70 

ecosystem service provided by birds (Sekercioglu, 2006), with most research focusing on 71 

dispersal of plant species bearing fleshy-fruits in terrestrial systems (Wenny et al., 2016). 72 

However, in aquatic ecosystems waterbirds act as key vectors for dispersal of a broad 73 

range of organisms (van Leeuwen et al., 2012; Green et al., 2016).  74 

Waterbirds can disperse a wide range of terrestrial, riparian and aquatic plant species, 75 

as well as a range of aquatic invertebrates (Green & Figuerola, 2005; Van Leeuwen et 76 

al., 2012; Soons et al., 2016). Their dispersal of propagules (i.e. any parts of organisms 77 

that can disperse and regenerate) occurs predominantly via ingestion, transport and 78 

egestion (endozoochory), but also by external attachment (epi- or ectozoochory). 79 

Within endozoochory, we can distinguish primary and secondary dispersal pathways. 80 

Secondary dispersal (a form of diplochory) via endozoochory can occur when a predator 81 

ingests a propagule that is already carried by an animal prey, and then carries it even 82 

further. Secondary dispersal can be an important complementary process to primary 83 

dispersal, especially if a predator is more mobile than its prey or moves to different 84 

habitats (Hämäläinen et al., 2017; Martín-Vélez et al., 2021a; Vander Wall et al., 2004). 85 

Secondary dispersal was studied experimentally by Darwin (1859) who showed that 86 

seeds inside fish can survive gut passage through piscivorous birds, and by Mellors 87 

(1975) who showed that Daphnia ephippia can hatch after passing through a black-88 

crowned night heron Nycticorax nycticorax. However, it remains relatively unstudied in 89 

general (Hämäläinen et al., 2017; Pérez-Méndez & Rodríguez, 2018).  90 

There is increased realization that secondary dispersal can play an important role for 91 

seed dispersal in terrestrial ecosystems (Hämäläinen et al., 2017). Several studies have 92 

discovered seed dispersal via multiple vector interactions, such as those between 93 

raptors and prey such as lizards, mammals or passerine birds (Kurek and Holeksa, 2015; 94 

López-Darias & Nogales, 2016; Padilla et al., 2012). For example, Nogales et al (2007) 95 

discovered viable seeds of southern tea tree Lycium intricatum that had been ingested 96 



by a frugivorous lizard, which in turn were eaten by a Eurasian kestrel Falco tinnunculus 97 

in the Canary Islands. Likewise, viable seeds of the spotted knapweed Centaurea stoebe 98 

were recovered in great horned owl Bubo virginianus pellets after first being ingested 99 

by deer mice Peromyscus maniculatus (Pearson and Ortega, 2001).  100 

Despite a traditional focus on zoochory in terrestrial ecosystems, evidence is 101 

accumulating that aquatic plants and invertebrates also use animals as primary dispersal 102 

vectors. Traditionally, dispersal syndromes have been assigned to flowering plant 103 

species according to their morphology, and only plants with a fleshy-fruit are assumed 104 

to disperse by endozoochory. However, it is now clear that many non-frugivorous 105 

vertebrates (including ducks, shorebirds and other waterbirds) are key vectors for many 106 

plants assigned to other syndromes (Green et al., 2021). Primary dispersal by waterbirds 107 

is of cosmopolitan importance, carrying seeds over distances that greatly exceed those 108 

predicted by their dispersal syndromes (Reynolds & Cummings, 2016; Lovas-Kiss et al., 109 

2019; Green et al., 2021; Silva et al., 2021). However, our knowledge on secondary 110 

dispersal interactions in aquatic ecosystems is largely based on anecdotal observations 111 

(Sterbertz, 1992; Green et al., 2008). Recent work on the great cormorant Phalacrocorax 112 

carbo (Van Leeuwen et al., 2017) showed that secondary dispersal interactions via 113 

piscivorous birds can be important for plant seeds and invertebrates. However, great 114 

cormorants are pelagic predators and able to hold their breath under water in order to 115 

catch fishes (Cooper, 1986). Many other predatory waterbird species (e.g. herons) feed 116 

in the littoral zone and the aquatic-terrestrial boundary, where they ingest other prey 117 

species that potentially carry different plant seeds and invertebrates. The role of 118 

secondary dispersal by predatory waterbird species foraging in the littoral zone (e.g. the 119 

grey heron Ardea cinerea) could be even more relevant than that of pelagic predators, 120 

due to the wide variety of prey species they ingest (Cramp & Simmons, 1977; Draulans 121 

et al., 1987; Fasola et al., 1993; Jakubas et al., 2005).  122 

We studied the potential of the widespread grey heron to disperse plant seeds and 123 

invertebrates. The grey heron is the most abundant heron in north-western Europe 124 

(Cramp & Simmons, 1977), and is often considered a piscivorous species, but also feeds 125 

on rodents and other mammalian prey, as well as amphibians and reptiles (Draulans et 126 

al., 1987; Jakubas et al., 2005; Rodríguez et al., 2007). These prey ingest a broad variety 127 



of plant life-forms and invertebrates (Regos, 2011), and may also carry propagules in 128 

their fur (Waterkeyn et al., 2010). Hence, grey herons may potentially ingest a range of 129 

plant or invertebrate propagules along with their terrestrial as well as aquatic prey. After 130 

digestion, grey herons regurgitate pellets which contain a mass of undigested parts such 131 

as bones, fur and feathers (Draulans et al., 1987), and potentially also viable propagules 132 

of plants or invertebrates. Ring recoveries suggest that both young and adult grey 133 

herons can move up to 50 km in all directions on a daily basis (Christmas et al., 2010; 134 

Marquiss, 2002), and herons could be important connectors of aquatic habitats and 135 

terrestrial patches such as forests and grasslands.  136 

The main aim of this study was to assess the potential of the grey heron to disperse plant 137 

seeds and invertebrates via ingestion and egestion in pellets. We tested the following 138 

hypotheses: (1) grey herons disperse a wide variety of plant and invertebrate propagules 139 

in regurgitated pellets, including plant species from multiple habitat types, alien species 140 

and those a priori assigned to dispersal syndromes other than “endozoochory”; (2) grey 141 

herons feed on a wide variety of prey species which themselves carry propagules, so 142 

that herons are vectors by secondary dispersal, and prey type is a predictor of the 143 

richness of dispersed propagules; (3) the abundance and richness of plant and 144 

invertebrate propagules in regurgitated pellets of grey herons are similar across a 145 

geographically widespread area in NW Europe.  146 

 147 

MATERIAL AND METHODS 148 

Study species 149 

The grey heron is an abundant, widespread, highly mobile, partially migratory wading 150 

bird in Europe. The current population in Northern and Western Europe is an estimated 151 

263,000 - 286,000 individuals (Wetlands International, 2020). Migratory individuals 152 

travel hundreds or even thousands of kilometres between breeding and wintering areas, 153 

including multiple stop-overs (Newton, 2010). First year grey herons have been found 154 

to make more frequent and shorter visits to a variety of different foraging sites over a 155 

wide area, whereas adults are more faithful to specific foraging areas (Draulans et al., 156 

1987; Manikowska-Ślepowrońska et al., 2018). After feeding, indigestible prey remains 157 



are egested in regurgitated pellets that can be readily found in the roosting areas and 158 

breeding colonies (heronries). Like other wading birds such as white storks Ciconia 159 

ciconia, grey herons are likely to produce about one pellet a day, plus a greater mass of 160 

faeces (Kwieciński et al., 2006). Research on storks suggests that any small seeds or eggs 161 

found in pellets are also egested at greater frequency in faeces (Martín-Velez et al., 162 

2021b). However, faeces are largely liquid, are much harder to collect than pellets, and 163 

are prone to contamination from propagules on the substrate. For that reason, we 164 

focused our study on pellets. 165 

 166 

Field collection and sample processing 167 

Seventy-three regurgitated pellets were collected from 12 different heron colonies and 168 

roosting sites across four regions: North England (n = 20), South England (n = 30), 169 

Scotland (n = 2) and The Netherlands (n = 21) between April and June 2018 (Figure 1, 170 

Supporting Information Table S1). Pellets were sampled at least two metres apart to 171 

lower the chance of sampling pellets from the same individual. Samples were 172 

refrigerated at 4ºC in individual plastic bags until processing commenced in the 173 

laboratory. The first samples were processed in September 2018, after having been 174 

stored for five months in the refrigerator, and the last samples were processed in June 175 

2019.  176 

All pellets were individually weighed using a precision balance (Sartorius MSE225P-100-177 

DA, d = 0.01 mg, Sartorious Lab Instruments, Goettingen, Germany), washed with 178 

deionized water over a 100 μm sieve, and divided using scissors into parts to facilitate 179 

extraction of propagules and prey remains. To carefully breakdown the pellets was a 180 

time-consuming task, as the pellets were mostly a mass of compact hair. Small parts of 181 

the pellets were divided into different petri dishes with deionized water and examined 182 

under a stereomicroscope (Stemi 2000-C, Carl-Zeiss, Jena, Germany) for plant seeds, 183 

invertebrates (including resting stages) and vertebrate prey remains.  184 

Intact retrieved propagules were photographed (with ZEN 2-2.0 software, Carl-Zeiss, 185 

Oberkochen, Germany) and identified to the lowest possible taxonomic level (Bojnanský 186 

& Fargašová, 2007; Cappers et al., 2012). Vertebrate remains were stored in 90% alcohol 187 



at 4ºC until identification. Identification of prey remains to the lowest possible level was 188 

carried out by taxonomists with reference to the species present in the sampling regions 189 

(Román, 2019; Mitchell-Jones et al., 1999). Unidentifiable spherical items that may also 190 

have been invertebrate propagules are not included in the results. Viability tests were 191 

carried out for intact plant and invertebrate propagules (see Supporting Information S4 192 

and Table S5 for details).  193 

The 73 pellets were divided into two categories based on the composition of their prey 194 

items, i.e. either “Mammal diet pellet” (only remains of mammal prey) or “Mixed diet 195 

pellets” (also containing remains of either fish, birds or amphibians). Sixty per cent of 196 

the pellets only contained fur but no bones.  197 

 198 

Propagule traits 199 

For each plant taxon, mean seed length, Ellenberg F-value for habitat moisture, and 200 

dispersal syndromes were retrieved from the LEDA traitbase (Kleyer et al., 2008), 201 

ECOFACT database (Hill et al., 1999) or the plant trait database BASEFLOR (Julve, 1998). 202 

Ellenberg F-value (the F for the German word “Feuchtigkeit”, Ellenberg et al., 1992) 203 

indicates the soil moisture preference of each plant species, and is scaled from one to 204 

twelve: lower values (4-6) represent dry soils, medium values (7-9) moist to wet soils, 205 

and the highest values (10-12) indicate plants that grow in wet or fully submerged 206 

habitats.  207 

 208 

Data analyses 209 

We considered propagule abundance as the total number of intact propagules found in 210 

the pellets (hereafter “abundance”) and the number of taxa as a measure of richness 211 

(hereafter “richness”). We assessed possible differences between plant seeds and 212 

invertebrates in abundance and richness per pellet using a Wilcoxon rank sum test 213 

(Hollander & Wolfe, 1973). To statistically assess possible relations of abundance and 214 

richness with ingested prey species (hypothesis 2) and geographical region (hypothesis 215 

3), we assessed how abundance and richness of plant seeds as dependent variables 216 



depended on heron diet (factor of two levels: Mammal diet, or Mixed diet) and the four 217 

sampling regions (factor: region). We included mass of the pellet as a continuous 218 

explanatory variable to account for the possibility that larger pellets contained more 219 

propagules or taxa merely because they were larger. Fitting these statistical models was 220 

possible for plant seeds, but the low numbers of invertebrate propagules prevented a 221 

similar analysis. 222 

For plant seeds, we applied two different generalized linear models (GLMs) with either 223 

abundance or richness as dependent variables, modelled as negative binomial error 224 

distributions with log link functions to account for the overdispersion in the count data 225 

(the AIC-values of the models for abundance and richness lowered by 179 and 10, 226 

respectively, as compared to fitting these with a Poisson distribution; Dunn & Smyth, 227 

2018). We checked for possible multicollinearity in the models by determining the 228 

Variance Inflation Factors (VIF) using the package “performance” (Lüdecke et al., 2021) 229 

in R version 3.6.3 (R Core Team 2020), which did not exceed 5.0. Normality of model 230 

residuals were visually assessed using quantile-quantile plots, and residuals were 231 

plotted against fitted values to detect possible outliers, heteroscedasticity or 232 

nonlinearity. We performed backwards model selection starting from the full models 233 

including all fixed terms and their interactions, to ensure that we also assessed the 234 

possible contributions of variables with limited explanatory power. Model selection 235 

(Supporting Information Table S2) was conducted by assessing model quality by means 236 

of Akaike Information Criteria for low sample sizes (AICc), as a method to compare the 237 

goodness-of-fit of the models while penalizing overly complex models (Akaike, 1974; 238 

Burnham, Anderson & Huyvaert, 2011). We used the package “glmmTMB” (Magnusson 239 

et al., 2017).  240 

The generalized linear models on plant richness per pellet suffered from low numbers 241 

of samples in some regions, hence restricting acceptance or rejection of hypothesis 3. 242 

To further explore the geographic variation, we performed (1) a rarefaction analysis to 243 

assess the effect of the number of samples in a region on plant richness, and (2) a non-244 

metric multidimensional scaling (NMDS) to visualize possible differences between 245 

dispersed plant communities among regions. For the rarefaction analysis, we used the 246 

total number of intact seeds per plant species and the total number of samples per 247 



region by means of the package “iNEXT” (Sanders, 1968; Hsieh et al., 2016), and assessed 248 

how species richness would likely have increased in three of the regions if we had been 249 

able to examine more samples. We excluded Scotland because of the limited value of a 250 

rarefaction analysis given the sample size of 2 pellets. The NMDS was performed with 251 

the metaMDS function from the package “vegan” (Oksanen et al., 2010). We selected 252 

two dimensions (K=2) to facilitate interpretation of the results, and used a Bray Curtis 253 

dissimilarity distance matrix because we used quantitative data to study community 254 

composition. The data were standardized (Wisconsin double standardization) as 255 

included by default in the metaMDS function and converged correctly after 34 256 

iterations, with a final stress score <0.1. For this analysis, we used the total number of 257 

intact plant seeds in each region.  258 

 259 

RESULTS 260 

Pellet and diet descriptions  261 

Dry mass of pellets was 14.77g ± 11.28 (mean ± SD, range of 1.84-59.73 g, n=73). Pellets 262 

mostly consisted of a hairy mass, with some hard invertebrate remains (e.g. beetle 263 

elytra, insect ovipositors) and plant parts (excluding seeds) in the surface layer. Mammal 264 

remains (fur, bones or teeth) were present in 72 (99%) of the pellets, and bones of fish 265 

(vertebrae and ribs) were present in 10 (14%). Remains of amphibians or birds were 266 

found in 4 (6%) of pellets (Table S3). 267 

A total of 59 (81%) pellets contained only remains of mammalian prey, whereas 14 (19%) 268 

had remains of at least one other vertebrate prey. Mammalian prey identified from 269 

bones were common vole Microtus agrestis (16% of pellets), European water voles 270 

Arvicola amphibius (15%) and European mole Talpa europaea (6%) (Table S3).  271 

 272 

Plant and invertebrate propagules  273 

The mean number of seeds and invertebrate propagules per pellet were 3.6±6.7 (mean 274 

± SD) and 2.2±12.4, respectively. A total of 52 (71%) and 22 (30%) of the pellets 275 



contained at least one intact seed or invertebrate propagule, respectively (Tables 1, 2; 276 

Fig. 2). Seeds were found in all four regions (Fig. 3), and invertebrates in three regions.  277 

A total of 266 intact plant seeds, representing 50 different taxa from 17 plant families, 278 

were recorded. These included plants from terrestrial, moist soil and fully aquatic 279 

habitats, as indicated by the Ellenberg F value (Table 1). Mean length of seeds ranged 280 

from 0.37 mm (Juncus bufonius) to 6.75 mm (Triticum aestivum) (Table 1). All seeds 281 

recovered were native to Europe except for one archaeophyte, the cultivar wheat, and 282 

the alien Brass Buttons Cotula coronopifolia (Table 1). For eight plant species, we are 283 

unaware of previous records of waterbird-mediated dispersal (Table 1). Dispersal 284 

syndromes among the plant taxa varied, with endozoochory assigned to three taxa, 285 

epizoochory to 16, and myrmecochory to one. Another 27 taxa were assigned to abiotic 286 

syndromes, notably barochory (i.e. unassisted dispersal, 13 taxa). Four of the plant 287 

species have previously also been recorded in the faeces of freshwater fish (Table 1). 288 

Seed abundance was highest in pellets from grey herons that contained only mammalian 289 

prey remains (effect of factor “type of prey” in Table 3a). This was likely related to their 290 

higher weight (mean weight mammal diet: 14.87±11.72 (SD), mean weight mixed diet: 291 

11.73±6.52), leading to an interaction between weight and pellet content in the model 292 

(Table 3a). Region was also included in the model, and seed abundance varied among 293 

regions, although these differences were not statistically significant (Table 3a).  294 

Species richness per pellet showed similar trends to seed abundance, with importance 295 

of pellet weight, diet type and their interaction, but no variable was statistically 296 

significant (Table 3b, Table S2). The Region variable was excluded from the best model. 297 

We conducted an NMDS to show how plant community composition overlapped across 298 

regions, with 32% of plant species dispersed in at least two regions, and the rest of 299 

species unique to one region (Fig. 3). A rarefaction analysis on species richness 300 

illustrated the dependency of our results on sample size, but also confirmed the 301 

expected tendency for plant richness to decrease with increasing latitude. South 302 

England and The Netherlands had higher richness than North England (Fig. 4).  303 

We identified 22 intact invertebrate propagules in 12 (26%) pellets from sites from North 304 

England, South England and The Netherlands, but not Scotland (Table 2). We recorded 305 



Cladocera from the Daphniidae (Daphnia magna, D. pulex, Ceriodaphnia sp. and 306 

Simocephalus sp.) and bryozoans from the Plumatellidae (Plumatella casmiana, P. 307 

repens and Plumatella sp.). All invertebrate propagules are considered native in Europe, 308 

except Plumatella casmiana (Table 2). The number of invertebrate propagules was too 309 

small to assess effects of region, type of diet or pellet weight. 310 

Plant species richness per pellet was higher than invertebrate richness across all regions, 311 

with a mean of 1.55±1.79 (SD) and 0.39±0.69 respectively (W = 3867.5, p < 0.005). 312 

Invertebrates were found in only 11% of pellets with a mixed diet, and 23% of those with 313 

a mammalian diet.  314 

 315 

DISCUSSION 316 

We documented dispersal of a wide variety of plant species and aquatic invertebrates 317 

by a predatory wading bird feeding in the littoral zone of wetlands. Grey herons were 318 

found to ingest a wide range of mammals, fish, birds and amphibians, and regurgitate 319 

their remains along with plant seeds and invertebrate propagules. Most likely, these 320 

propagules were initially ingested by, or attached to, these prey – implying a secondary 321 

dispersal mechanism. Grey herons are not known to feed on plants or zooplankton 322 

(Cramp & Simmons, 1977), and are unlikely to be primary dispersers. The fact that intact 323 

propagules were retrieved throughout all study sites in north-western Europe suggests 324 

this to be a widespread mechanism. Dispersed plant species are associated with a range 325 

of terrestrial, riparian and aquatic habitats, likely reflecting the broad range of ingested 326 

prey each differing in their habitat use and diets. Grey herons may potentially disperse 327 

a broader or distinct range of taxa in comparison with other waterbird species with a 328 

more limited diet such as shorebirds (Lovas-Kiss et al., 2019), or piscivorous birds feeding 329 

in pelagic zones (Van Leeuwen et al., 2017). We found greater abundance of seeds 330 

(3.64±6.7, mean ± SD) and fewer invertebrate propagules (2.2±12.4) per pellet in grey 331 

herons than was recorded in pellets of pelagic feeding great cormorants (0.65±0.4 and 332 

2.7±12.4, respectively, Van Leeuwen et al., 2017), despite the larger size of heron 333 

pellets.  334 

 335 



Abundance and taxonomic richness of plant and invertebrate taxa  336 

In accordance with our first hypothesis, the wide variety of plants dispersed by heron 337 

endozoochory included seeds from many different moisture requirements and dispersal 338 

syndromes. Only three of the plant taxa had a fleshy fruit, i.e. the structure used to 339 

assign a plant to an “endozoochory dispersal syndrome”: danewort Sambucus ebulus, 340 

European black nightshade Solanum nigrum and bittersweet nightshade Solanum 341 

dulcamara. Danewort is an archeophytye, i.e. introduced in ancient times (Preston et 342 

al., 2004), whereas the two nightshades are native and widespread across Europe, and 343 

known to be dispersed by gulls and storks in Spain (Martín-Vélez et al., 2021b). For the 344 

16 plant taxa we recorded with an epizoochory dispersal syndrome, it is tempting to 345 

think these seeds were on the outside of primary vectors (e.g. in the fur of small 346 

mammals) ingested by herons. However, small seeds from other syndromes are also 347 

carried in fur, and seeds from the epizoochory syndrome are often dispersed more 348 

frequently by endozoochory (Green et al., 2021).  349 

The broad range of dispersed seeds is in line with the growing evidence that many small-350 

seeded plant species can be dispersed in waterbird guts. Waterbirds can provide 351 

relatively long dispersal distances for plants with dry seeds commonly assumed to only 352 

disperse via abiotic vectors (Costea et al., 2019, Martín-Vélez et al., 2021a). In a related 353 

study on the same species, Rodriguez et al. (2007) confirmed secondary dispersal of 354 

seeds from 12 plant species ingested by lizards that were eaten by grey herons in the 355 

Canary Islands. Both their and our studies found seeds of Chenopodiaceae, Rosaceae, 356 

Fabaceae and Poaceae families in heron pellets, from very different habitats. Only one 357 

plant species (European black nightshade) was recorded in both studies. Together, these 358 

studies suggest that herons can have an important role as plant vectors, which may 359 

differ from the role of non-predatory waterbird species feeding directly on seeds (e.g. 360 

ducks or shorebirds), both in the plant species dispersed and the nature of dispersal 361 

movements. Most of the plants we recorded from herons were from anemochory, 362 

hydrochory or barochory syndromes, and these abiotic mechanisms provide much 363 

shorter dispersal distances than avian vectors (Bullock et al., 2017), and are less likely to 364 

enable seeds to move between habitat patches (e.g. between wetlands in different 365 

catchments). It is noteworthy that, in contrast to cormorants (van Leeuwen et al., 2017), 366 



we did not find herons to disperse seeds of submerged plants, the most aquatic species 367 

being emergent plants (notably the spike rush Eleocharis palustris and mare´s tail 368 

Hippuris vulgaris).  369 

For 50% of the plant species whose seeds we recorded in heron pellets, their ability to 370 

germinate after passage through waterbird guts has been confirmed, and in other cases 371 

this is likely because the species has been recorded in few or no previous occasions. We 372 

were also able to confirm the germinability of seeds from 16% of the plant taxa we 373 

recorded, although our methods did not favour germination (see Supporting 374 

Information). We also recorded statoblasts of plumatellid bryozoans and ephippia of 375 

daphnid cladocerans in the pellets, providing field confirmation for previous 376 

experimental evidence that ephippia can survive gut passage by herons (Mellors, 1975). 377 

Both statoblasts and ephippia are able to survive gut passage through waterbirds, and 378 

their endozoochory has been reported in a variety of waterbirds and regions across the 379 

globe (Charalambidou et al., 2003b, Green et al., 2008; Van Leeuwen et al., 2012; Van 380 

Leeuwen et al., 2017; Okamura et al., 2019).  381 

 382 

Relations between propagules and prey species  383 

The digestive system of grey herons is very effective and only a small quantity of remains 384 

from ingested prey is regurgitated within pellets. Still, the retrieved remains showed 385 

that grey herons ingested a wide range of prey species – confirming earlier diet studies 386 

(Draulans et al., 1987; Jakubas et al., 2005; Rodríguez et al., 2007) – which may have 387 

contributed to the wide range of propagules they disperse. Our observation that pellets 388 

could be clearly separated into two types of diet, and that these distinct diets also 389 

resulted in different numbers of propagules in the pellets (Table 3a), suggests 390 

associations between prey type and ingested propagules. However, diet type did not 391 

significantly affect propagule richness (only a trend, Table 3b) so we cannot confirm 392 

hypothesis 2, and more future research is needed to clarify what propagules are carried 393 

in or on different prey species.  394 

The high frequency of remains of two vole species and moles in pellets suggests these 395 

species are preyed upon in large numbers by herons feeding along shorelines or even 396 



on land, and that voles could be important primary vectors for plant seeds. Both vole 397 

species are herbivores that feed on plant material and seeds (Lee & Houston 1993, 398 

Brzezinski et al., 2019). Even if seeds ingested by voles do not normally survive passage 399 

through the entire mammalian gut, they could still be in the mammalian foregut at the 400 

time of predation, or be carried in their fur (Cook, 1990). However, herons typically wash 401 

mammalian prey before ingestion, so it is possible that some floating propagules may 402 

attach to fur then. The widespread occurrence of water voles in UK samples is striking 403 

given their threatened status (Mathews et al., 2018; Leivesley et al., 2021). 404 

Although relatively few fish, bird or amphibian remains were found, these prey are likely 405 

to be under-recorded because the digestive system of herons is extremely efficient, and 406 

light bones and otoliths are usually fully digested (Vinokurov, 1960; Draulans et al., 407 

1987). For this reason, we could not clearly define an interaction network of propagules, 408 

primary and secondary vectors (unlike van Leeuwen et al., 2017), and this limits our 409 

capacity to characterise secondary dispersal pathways – and reject or confirm that our 410 

propagules were ingested together with prey items instead of separately. It is possible 411 

that an important fraction of the propagules we found were first ingested by freshwater 412 

fish, as there is overlap between plant taxa found in pellets and those recorded inside 413 

fish in The Netherlands (Boedeltje et al., 2019). Similarly, the zooplankton and bryozoan 414 

propagules may have been ingested by fish, although they may also be carried in fur 415 

(Vanschoenwinkel et al., 2008). A fruitful future direction is to use metabarcoding 416 

analysis of eDNA from pellets, which would likely provide a more complete overview of 417 

the various prey species ingested by predatory waterbirds, and would enable detection 418 

of possible associations with propagules (Galan et al., 2017).  419 

 420 

Spatial variation in seed dispersal 421 

Comparing the richness per pellet of dispersed plants and invertebrates among the 422 

study regions indicated no significant differences among the studied geographical 423 

regions. This implies that dispersal by grey herons is not restricted to particular 424 

geographical regions. Region seemed to have an effect on seed abundance based on 425 

model selection criteria, but the contrasts among locations were not statistically 426 



significant. Considering our low samples size, these trends require further research with 427 

larger sample sizes. We found many species to be dispersed in all studied regions, which 428 

may partly be explained by strong regional overlap in source plant community 429 

compositions (according to the extensive distribution areas of most of the plant species 430 

we recorded, BSBI & BRC, 2016). Our NMDS analysis suggests that similar species are 431 

dispersed across north-western Europe, but also revealed several plant species that 432 

were uniquely found in only one region. This may be explained by limitations in our 433 

sample size. The rarefaction analysis suggests that with increasing sampling effort, many 434 

more species would have been detected per region. Geographical variation at a more 435 

detailed level may therefore have remained undetected. Grey herons likely disperse a 436 

much larger (i.e. >> 50) set of plant species in north-west Europe. Nevertheless, based 437 

on our results we can already conclude that grey herons seem capable of dispersing 438 

propagules from a wide range of aquatic and terrestrial species, and that this occurs 439 

across a wide geographical area. This dispersal is not strongly limited by propagule 440 

morphology or the niche of plants along the aquatic-terrestrial gradient.  441 

Our rarefaction analysis provided evidence for a latitudinal trend in the overall species 442 

richness of plants dispersed by herons. As can be expected, plant richness seemed lower 443 

at higher latitudes, and some of the plants we recorded (e.g. Cyperus fuscus, Rumex 444 

maritimus, R. palustris) only occur in southern regions (BSBI & BRC, 2016). This trend is 445 

in line with a latitudinal gradient in the richness of plants dispersed by European 446 

dabbling ducks (Brochet et al., 2009). Increased sampling effort could further reveal 447 

what fraction of local, regional or national floras are dispersed by predatory waterbirds. 448 

With over 2300 native vascular plant species in The Netherlands and 2951 in United 449 

Kingdom (NDFF & Floron, 2021), there are ample opportunities to further explore the 450 

role of waterbirds in their dispersal. It is noteworthy that the species we recorded in 451 

several regions (i.e. those associated with multiple regions in the NMDS) tend to be 452 

species previously found to be dispersed by other waterbirds and even fish (see 453 

references in Table 1 for details). This suggests there may be a series of “super-454 

dispersers” (e.g. Betula pendula, Poa annua, Ranunculus sceleratus) that, despite being 455 

placed in abiotic dispersal syndromes, are predictably dispersed by endozoochory by 456 

multiple vectors.  457 



The movement patterns of grey herons suggest that their dispersal of plants and 458 

invertebrates may be relevant at both local and broader spatial scales. Grey herons fly 459 

at 12.7±1.71 m/s, travel up to 50 km daily between roosting and foraging sites, and 460 

migrate to other suitable habitats after the breeding season (Kushlan and Hancock, 461 

2005; Pennycuick et al., 2013). Although the UK population of grey herons is partly 462 

resident (Kushlan and Hancock, 2005), long distance recaptures include one individual 463 

ringed in Cheshire (North England) and recovered in midwinter in Iceland (Mead & Clark, 464 

1993). Chicks ringed at one of our sampling sites in North England were generally 465 

recovered elsewhere in the UK, and up to 138 km away (Christmas et al., 2010). 466 

Propagule dispersal is therefore likely both during daily movements and migration, and 467 

provides connectivity between similar wetland habitats, or between different habitats 468 

(e.g. from shores of a lake to a more terrestrial site).  469 

Whether or not seed dispersal leads to successful plant establishment is a critical 470 

question that has barely been investigated for waterbird vectors (Green et al., 2016). In 471 

the case of herons and similar wading birds, at least one pellet is produced per day at 472 

least several hours after prey ingestion. Seeds egested in pellets are likely to be directed 473 

to habitats used for roosting and nesting, which are likely to be most suitable for 474 

nitrophilic terrestrial plants (Kolb et al., 2015). Since pellets consist largely of a hard mass 475 

of hair, it is unclear how often they break down quickly enough under natural conditions 476 

to allow germination and seedling growth. However, comparative studies of pellets and 477 

faeces produced by gulls and storks feeding on crayfish suggest herons are likely to 478 

disperse the same propagules we reported from pellets in their faeces, and in greater 479 

quantities (Martín-Vélez et al., 2021b). Faeces are also likely to be egested more widely 480 

in other habitats, including those used for feeding and those overflown by moving 481 

herons. Hence, compared to those in pellets, propagules in faeces may be more likely to 482 

be deposited in habitats suitable for aquatic species, and terrestrial species that require 483 

nutrient poor soils (Martín-Vélez et al., 2021a).  484 

 485 

 486 

 487 



Conclusions and future research 488 

Grey herons in Europe disperse a wide variety of plant seeds and invertebrate 489 

propagules, likely ingested along with their prey. More research is needed into how 490 

secondary dispersal by predatory waterbirds (e.g. the world’s 66 species of Ardeidae) 491 

provides connectivity between plant and invertebrate metacommunities between 492 

different habitat patches, including their role in gene flow and dispersal to new habitats 493 

and latitudes in response to global change. Future studies could focus on propagules 494 

carried by different heron prey, and use pellet metabarcoding to better identify prey, in 495 

order to investigate the networks of interactions between primary and secondary 496 

vectors and dispersed species.  497 
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Table 1: Details of intact seeds recovered in heron pellets in The Netherlands (NL), South England (SE), North England (NE) and Scotland (SCT). Information is provided on 766 
dispersal syndromes (anemochory is dispersal by wind, barochory by gravity, endozoochory by animal ingestion, epizoochory by external attachment to animals, hydrochory 767 
by water, and myrmechocory by ants); alien/native status; Ellenberg F values (4-6 represents dry to moist, 7-9 moist to wet and 10-12 wet or submerged habitats); seed 768 
length; total number of intact seeds (TD); numbers of pellets; numbers of colonies where they were found. V identifies species whose seeds have previously been shown to 769 
be viable after waterbird gut passage indicated by “†”, and seeds found viable in our study as indicated by “‡” (Supporting Information S4, Table S5). Species marked in bold 770 
were not previously shown to be dispersed via waterbirds (according to Soons et al., 2016; Van Leeuwen et al., 2017; Lovas-Kiss et al., 2018a; Lovas-Kiss et al., 2019; Martín-771 
Vélez et al., 2021b). 1: Species also recorded in fish faeces by Boedeltje et al., 2019.  772 

 773 

  Plants    Pellet (N=73)      

            

Family Species Syndrome Status Ellenberg F Length(mm) Sampling locations TD  V Pellets Colonies 

Adoxaceae Sambucus ebulus Endozoochory Archaeophyte  5 2.75 SE 1   1 1 

Asteraceae Cirsium palustre Anemochory Native 8 3.83 SE 1  ‡ 1 1 

Asteraceae Cotula coronopifolia Anemochory Alien 7 1.08 NE 1  † 1 1 

Betulaceae Alnus glutinosa Anemochory Native 8 2.82 SE,NE,NL 6   5 4 

Betulaceae Betula pendula1 Anemochory Native 5 3.2 SE,NE,NL 11  † 8 4 

Betulaceae Betula pubescens Anemochory Native 7 1.58 SE,NE 8   5 3 

Caryophyllaceae Cerastium fontanum Anemochory Native 5 0.74 NE 1  † 1 1 

Caryophyllaceae Cerastium glomeratum Anemochory Native 5 0.43 NL 10   3 2 

Caryophyllaceae Myosoton aquaticum Barochory Native 8 0.9 SE,NL 2   2 2 

Caryophyllaceae Stellaria media Barochory Native 5 1.02 NL 7  †‡  4 3 

Caryophyllaceae Stellaria pallida  Barochory Native 4 0.73 SE,NL 15   4 2 

Caryophyllaceae Stellaria palustris  Barochory Native 8 1.38 SE,NL 2   2 2 

Chenopodiaceae Chenopodium album Barochory Native 5 1.29 SE,NL 13  † ‡ 6 3 

Chenopodiaceae Chenopodium polyspermum Barochory Native 6 0.85 SE 1   1 1 

Cyperaceae Carex acutiformis Hydrochory Native 8 2.25 SE 2   2 2 

Cyperaceae Carex flacca Hydrochory Native 5 1.77 SE 1   1 1 

Cyperaceae Carex hirta Epizoochory Native 7 3.24 SE 20   2 2 

Cyperaceae Carex pulicaris  Barochory Native 7 2.87 NL 1   1 1 



Cyperaceae Cyperus fuscus Barochory Native 8 0.9 SE 2  † ‡ 2 2 

Cyperaceae Eleocharis palustris Epizoochory Native 10 1.87 NE 14  † 1 1 

Fabaceae Trifolium dubium Epizoochory Native 4 1.15 SE 1   1 1 

Fabaceae Trifolium repens Epizoochory Native 5 1.16 NE,NL 2  † 2 2 

Juncaceae Juncus bufonius Epizoochory Native 7 0.37 SCT,NL 7  † 4 3 

Juncaceae Juncus conglomeratus  Epizoochory Native 7 0.53 NL 34  ‡ 1 1 

Juncaceae Juncus effusus1 Epizoochory Native 7 0.46 NE 22  † 8 4 

Juncaceae Juncus inflexus Epizoochory Native 7 0.51 NE 1   1 1 

Juncaceae Juncus maritimus Epizoochory Native 8 1 SE 1  ‡ 1 1 

Juncaceae Luzula campestris  Myrmecochory  Native 4 0.91 SCT 4   1 1 

Lamiaceae Lycopus europaeus Hydrochory Native 8 1.44 NE,NL 4  † 4 2 

Lamiaceae Scutellaria galericulata Hydrochory Native 8 1.48 NL 1   1 1 

Plantaginaceae Plantago major1 Barochory Native 5 1.58 NL 1  ‡ 1 1 

Poaceae Cyonodon dactylun -  - - 1.82 SE 1  ‡ 1 1 

Poaceae Holcus mollis  Epizoochory Native 6 2.5 SE,NE 2   2 2 

Poaceae Milium effusum  Barochory Native 5 1.81 NL 1   1 1 

Poaceae Poa annua Barochory Native 5 1.6 SE,NL 17  † ‡ 9 6 

Poaceae Triticum aestivum Epizoochory Cultivate 5 6.75 SE 1   1 1 

Poaceae Festuca rubra Epizoochory Native 5 3.83 NE 1  † 1 1 

Polygonaceae Polygonum aviculare Barochory Native 5 1.9 SE,NL 3  † 3 3 

Polygonaceae Rumex maritimus Epizoochory Native 9 1.25 SE 1   1 1 

Polygonaceae Rumex palustris Epizoochory Native 8 2.53 NL 1   1 1 

Ranunculaceae Ranunculus repens Epizoochory Native 7 2.53 NL 2   1 1 

Ranunculaceae Ranunculus sceleratus Hydrochory Native 8 0.84 SE,NL 3  † 2 2 

Rosaceae Potentilla reptans  Barochory Native 5 0.8 NL 1   1 1 

Scrophulariaceae Hippuris vulgaris Hydrochory Native 10 1.85 SCT 14   1 1 

Solanaceae Solanum dulcamara Endozoochory Native 8 2.28 NL 1  † 1 1 

Solanaceae Solanum nigrum Endozoochory Native 5 1.88 NL 1  † 1 1 

Urticaceae Urtica dioica1 Epizoochory Native 6 1.21 SE,NE 16  † 7 5 



Lamiaceae Mentha aquatica Hydrochory Native 8 0.9 SE 1  † 1 1 

Caryophyllaceae Cerastium sp.     NL 1   1 1 

Poaceae Poa sp.     NL 1   1 1 

  TOTAL           266   115 89 

774 



Table 2: Details of intact invertebrate propagules recovered in heron pellets in The Netherlands (NL), South England (SE) and North England (NE). Information is given about 775 
total number of intact propagules, propagules previously found viable after waterbird gut passage (indicated by “†”, Supporting Information S4), and numbers of pellets and 776 
colonies where they were found. The species marked in bold is alien to Europe.  777 

 778 

 779 

 780 
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 788 
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 790 
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 793 

Invertebrates      Pellet (n=73)   

Family Species 
Sampling 
locations 

Total intact 
Viable 

Pellets Colonies 

Daphniidae Ceriodaphnia sp. NL 1  1 1 

Daphniidae Daphnia magna NE 1 † 1 1 

Daphniidae Daphnia pulex agg. NE, NL 9 † 7 4 

Plumatellidae Plumatella casmiana SE 2  1 1 

Plumatellidae Plumatella repens  NL 1 † 1 1 

Plumatellidae Simocephalus sp.  UK, NL 3  3 2 

Plumatellidae Plumatella sp SE, NE, NL 5 † 5 5 

             

 TOTAL  22  19 15 



Table 3: Results of generalized linear models with negative binomial error distributions testing for the effects of pellet content, pellet weight and region on (a) seed 794 
abundance and (b) taxon richness per sample. For the explanatory variables, North England (only for seed abundance models) and a diet of mammals were set as the 795 
intercepts. The table shows the response variable (seed abundance and richness), explanatory variables, and contrasts for categorical variables (as obtained by a Tukey’s 796 
range test for multiple comparisons). Results of the model are indicated by Estimates, Error, standardized effect sizes (Z value), and the significance for each explanatory 797 
variable (P-value). In the best models compared to null models, residual deviance declined from 100.6 (73 df) to 79.7 (67 df) for seed abundance; and from 85.8 (73 df) to 798 
79.6 (70 df) for seed richness.  799 

 800 

 
GLM 

Response 
variable Explanatory variable Contrasts Estimate Error Z-value P-value 

 

a Seed Abundance Intercept  2.34 0.90  2.61 0.009  ** 

  Type of diet  -2.40 0.97 -2.47 0.01 * 

  Region NE-SE -0.39 0.39 -1.03 0.49  
   NE-SCT 1.68 0.94 1.79 0.30  
   NE-NL 0.64 0.44 1.44 0.45  
   SE-SCT 2.08 0.92 2.26 0.11  
   SE-NL 1.04 0.41 2.51 0.07  
   SCT-NL -1.05 0.90 -1.16 0.49  
  Weight  0.03 0.01 2.21 0.03 * 
  Type of diet x weight  0.14 0.06 2.22 0.03 * 

b Seed Richness Intercept  0.34 0.22 1.54 0.12  

  Type of diet  -1.31 0.73 -1.79 0.07  

  Weight  0.008 0.01 0.73 0.47  

  Type of diet x weight  0.09 0.05 1.9 0.06  

         



Figure 1: Location of the 12 sampling sites across Scotland, North England, South England and The 801 

Netherlands. Numbers refer to: % pellets containing ≥1 plant seed / % pellets containing ≥1 intact 802 

invertebrate propagule. The number of samples collected in each site is given in brackets. 803 

 804 

Figure 2: Cyperus fuscus L. seed and seedling (a, b), Daphnia pulex ephippia (c), and Plumatella casmiana 805 

statoblast (d) extracted from heron pellets. See Supporting Information for details of germination tests. 806 

 807 

Figure 3: Non-metric multidimensional scaling (NMDS) plot showing the relationship between plant seeds 808 

dispersed in regurgitated pellets across four sampling regions. NMDS1 and NMDS2 represent the 809 

coordinates obtained from Bray Curtis matrix distances. Each plant species is assigned two coordinates in 810 

the two-dimensional space, which visualizes possible associations or contrasts among plant species. By 811 

drawing polygons for the different sampling regions, the degree of geographical overlap becomes visible. 812 

The stress value for this analysis is 0.08 (data fitted with stress score < 0.2). The names of plant species 813 

that overlap between regions are indicated in black, whereas names of species unique to one region 814 

follow the colours indicated in the legend.  815 

 816 

Figure 4: Rarefaction analysis showing the accumulated number of plant taxa recorded in heron pellets 817 

according to the number of samples studied. Error bars represent 95% confidence intervals. Scotland is 818 

not shown because of the small number of samples studied (n = 2), but the corresponding line would be 819 

below the other three. 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 



 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

Figure 1 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 



 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

Figure 2 876 
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