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Berries are not just a treat for humans – they are also a vital resource for 
many animals. From small insects to large bears, creatures in temperate, 
boreal, and alpine habitats across the northern hemisphere rely on the 
nutritious bounty provided by berry-producing plants in the heather 
family. In return, animals help plants spread by moving and depositing 
seeds through their digestive systems. However, scientists have long 
been puzzled by the ‘reproductive paradox’ of the heather species bilberry, 
lingonberry, bog bilberry and crowberry. These species produce countless 
berries containing viable seeds, yet rarely seem to reproduce through 
seeds themselves. In this thesis, we show that seedling establishment 
of berry-producing species is actually relatively common when the 
behavior of animals is considered and that at least two pathways to sexual 
reproduction exist. By opportunistically consuming berries and carrion, 
scavenging animals provide seed dispersal directed towards carcasses, 
which during decomposition creates viable sites for seedling recruitment. 
Meanwhile, passerine birds direct seed dispersal towards perching points 
on tree stumps, another form of decomposing microsite that is a viable 
location for seedling establishment for berry-producing heather plants. 
Our findings add to the growing body of evidence that highlights the vital 
interdependence between animals and plants.

FACULTY OF BIOSCIENCES AND AQUACULTURE





 
 
 
 
 
 
 
 
 

 
Directed endozoochory: a hitchhiker’s  

guide to successful sexual reproduction in  
clonal ericaceous plants 

 
 
 
 

Mie Prik Arnberg 
 
 
 
 
 
 
 

A thesis for the degree of  
Philosophiae Doctor (PhD)  

 
PhD in Biosciences no. 52 (2023) 

Faculty of Biosciences and Aquaculture 



PhD in Biosciences no. 52 (2023) 
 
Mie Prik Arnberg 
Directed endozoochory: a hitchhiker’s guide to successful sexual reproduction in 
clonal ericaceous plants 
 
 
 Mie Prik Arnberg  
ISBN: 978-82-93165-51-4 
 
 
 
 
 
 
 
 
 
 
 
Print: Trykkeriet NORD 
 
Nord University  
N-8049 Bodø 
Tel:  +47 75 51 72 00 
www.nord.no 
 
 
 
All rights reserved. 
 
15T15T15TNo part of this book may be reproduced, stored in a retrieval system, or transmitted 
by any means, electronic, mechanical, photocopying or otherwise, without the prior 
written permission from Nord 15T15T15TUniversity. 
  



i 
 

Preface  

This thesis was submitted in fulfilment of the requirements for the degree of 

Philosophiae Doctor (PhD) at the faculty of Biosciences and Aquaculture (FBA), Nord 

University, Steinkjer, Norway. The presented original research was performed as part 

of the Stipendiat program. The candidate and project were funded by Nord University 

and Paper I was partially funded by a National Geographic Society’s (NGS) explorer 

grant.  

 

The PhD project team consisted of the following members: 

Mie Prik Arnberg, MSc, FBA, Nord University: PhD candidate 

Sam M. J. G. Steyaert, Associate Professor, FBA, Nord University: Main supervisor 

Amy E. Eycott, Associate Professor, FBA, Nord University: Co-supervisor 

Rakel Blaalid, Researcher, Department of Natural History, University Museum of 

Bergen: Co-supervisor 

Shane C. Frank, Wildlife Research Scientist, Colorado Parks and Wildlife: Co-

supervisor 

Kari Klanderud, Professor, Faculty of Environmental Sciences and Natural Resource, 

Management, NMBU: Co-supervisor 

 

 

 

 

 

Mie Prik Arnberg 

Steinkjer, March 2023   



ii 
 

  



iii 
 

Acknowledgments 

Throughout my PhD journey, I have come to deeply appreciate how exceptional my 

supervisor team has been, and feel grateful for having been chosen by them. Sam, I 

first met you during my bachelor studies when I joined your fieldwork expedition to 

what can only be described as the mountain of death. At the time I felt somewhat 

intimidated by you from listening to all of the ecological theories and ideas you, 

Rakel, and Shane casually bounced around by the evening campfire. As your PhD 

student my intimidation has transformed into admiration. Thank you for your 

enthusiasm for ecology, high level of standards, and ability to pose thought-

provoking questions that have expanded my thinking. You have been my toughest 

critic, and I mean that in the best way possible. Your constant guidance and support 

has helped me become the researcher I am today. Amy, thank you for your beautiful 

ability to always see the positive aspects of any situation even when I want to burn 

the world down. Your unparalleled empathy and your sense of adventure has meant 

more to me than you know. Rakel you are truly force of nature. Your directness in 

dealing with challenges, important questions or just life in general has been 

extremely inspiring to me. I admire your insight into scientific endeavours and am 

thankful for being in your wake. I am also grateful to my other co-supervisors Shane 

and Kari. Despite the distance you have given valuable input to my thesis.  

When I arrived in Steinkjer almost four years ago, I remember thinking ‘What 

have I done? There are no people under 40 here’ (sorry all that felt hit by that). But 

then our Steinkjer community slowly grew to incorporate many important people. To 

my fellow PhDs Gabriel, Maya and Annabel, thank you guys for all of the dinners, 

board game nights, long talks over a beer, or ten and being a constant support when 

life seemed hard. Quentin, you have been the best roommate and friend I could ever 

have wanted even when you ‘by accident’ eat all the good cheese. You have 

consistently made me laugh when life has ‘vacuumed the smile from me’ as you say. 

Celeste, thank you for brightening my day every time we met and for the countless 



iv 
 

and precious office decorations. Michael and Brittany for always being on my side, 

offering mostly fantastic advice, good conversations, or a much needed glass of wine. 

Emma, you and Manne were a late addition to the Steinkjer crew but one I didn’t 

know we needed.  

As I lived a life split between Steinkjer and Voss, many other people 

accompanied me on the PhD journey. To my ‘Farmely’ - Mia, Marie, Nick, Rob, 

Marielle, Tordenskjold, and friends in Voss - Lucie, Lee, Claire, Sophia, Saga, Tora, 

Nico, Marlene, Tessa, Julian and many more than I can mention here. Thank you for 

your friendship and keeping me in your lives, even when I disappeared for several 

months at the time. I cannot tell you how important that has been to me.  

Halfdan, you have been my partner, my best friend, and the most important 

person in my life for the past decade. Thank you for supporting me when I took a PhD 

position literally 800 kilometres away. You have been (mostly) patient when I have 

gallivanted around collecting data and reminded me when my head was too 

permanently stuck in my research. Thanks for keeping the farm together, I know it’s 

been a challenge and I appreciate it greatly. I cannot wait to continue our adventures 

together.  

Thanks to my family in Norway: Bodil, Asle, Tone, Per Anton, Mathea, and 

Kristian, and my family in Denmark: mor, far, Søs, Kenneth, Kasper, Stine, Jannick and 

Britt, Emma, Mikkel and all of the nephews and nieces you guys have given me. Even 

though dead things and animal poop are an acquired taste, you have shown 

unwavering support and genuine interest in my research. Gustav, I don't think I will 

ever find another person who shares my enthusiasm for animal bones I randomly 

found in the forest quite like you do. Thank you all for being an important part of my 

life.  



v 
 

Abstract 

Berry-producing ericaceous species are widely distributed in the northern 

hemisphere and they are a keystone resource across their temperate, boreal and 

alpine ranges. Species of the genera Vaccinium and Empetrum have long presented a 

‘reproductive paradox’. Every year they produce staggering amounts of berries 

containing viable seeds which are dispersed by a wide array of animals through 

endozoochory. Nevertheless such ericaceous species are reported to expand by 

clonal propagation almost exclusively. Their seeds are underrepresented in the soil 

seed bank and seedling establishment is thought to be rare. The apparent lack of 

sexual reproduction has been ascribed to a combination of microsite and dispersal 

limitation. That is, seedling establishment is constrained to small-scale disturbances, 

and even if such recruitment windows of opportunity (RWO) occurs, seeds fail to 

arrive at them. However, previous research on seedling recruitment in Vaccinium and 

Empetrum has been based on field experiments without considering endozoochorous 

seed dispersal. This thesis aimed to disentangle the reproductive paradox of clonal 

berry-producing ericaceous species by elucidating pathways of sexual reproduction. 

Specifically, we connect vertebrate disperser species which have the potential for 

directed endozoochory to viable recruitment windows for seedling establishment.  

Carrion has previously been identified as an endpoint of directed endozoochory 

by vertebrate scavengers at a mass-mortality site of 323 reindeer in the alpine tundra 

of south-eastern Norway. Within the same site, we showed that carrion 

decomposition created extensive disturbances in vegetation layers, also known as 

‘cadaver decomposition islands’ (CDIs), which were characterized by high soil cover 

and absence of conspecific adults. Further, the CDIs provided suitable RWOs for 

ericaceous species as the probability of seedling establishment was positively related 

to carcass density. Similarly, we showed that carrion from single-mortality events can 

facilitate sexual recruitment in ericaceous species in a boreal forest. However, the 

recruitment pathway was contingent on the nature of the carcass itself. Large 
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ungulate carrion (moose and reindeer carcasses and hunting remains) created a 

spatiotemporal hotspot of vertebrate activity. Importantly, 93 % of the observed 

activity was of vertebrates that are known to consumer and/or disperse ericaceous 

seeds through endozoochory. Subsequently, large carcasses generally created CDIs 

which were viable RWOs for ericaceous species. Seedlings were significantly more 

abundant in CDIs compared with sites that were mechanically disturbed (suitable 

microsite but limited seed rain) and control plots (unsuited microsite with limited 

seed rain). In comparison, smaller carcasses did not aggregate disperser species nor 

did they generate CDIs, and seedling establishment was not observed at those sites. 

Within forest habitats, large woody debris is another form of decomposing 

biomass which can offer a suitable microsite for seedling establishment of various 

plant species. We demonstrated that passerine birds (order Passeriformes) directed 

ericaceous seed dispersal towards cut stumps from forest management through their 

perching behaviour. Tree stumps were considerably more likely to have bird 

droppings compared to the forest floor and droppings consistently contained viable 

Vaccinium seeds. Finally, the decomposing stumps also served at viable RWOs with 

higher probability of seedling establishment compared with the forest floor. 

However, as with the carcass pathway, functionality of this pathway is rather 

contextual. The probability of scat deposition increased with higher complexity of the 

vertical forest structure and lower canopy cover, whereas seedling establishment 

required bryophyte cover and larger stumps, or alternatively smaller stumps with 

competition-free spaces.  

Overall, this thesis illustrates that seedling recruitment in clonal ericaceous 

species occurs relatively frequently when coupled with directed endozoochorous 

dispersal. Their wide disperser guild ensures at least two complementary pathways to 

sexual reproduction, elevating the probability of seedling establishment within 

landscapes. 
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Sammendrag på norsk  

Bærproduserende arter i lyngfamilien (Ericaceae) er vidt utbredte på den 

nordlige halvkule, og de er en nøkkelressurs på tvers av tempererte, boreale og alpine 

habitater. Arter av slektene Vaccinium og Empetrum har lenge dannet et 

‘reproduksjons paradoks’. Hvert år produserer de svimlende mengder med bær som 

inneholder mange spiredyktige frø, og disse spres av et bredt spekter av dyr via 

endozookori. Likevel er det rapportert at slike lyngarter nesten utelukkende brer seg 

via klonal vekst. Frøene deres er underrepresentert i jordfrøbanken, og det antas at 

frøspirende planter sjeldent forekommer. Den tilsynelatende mangelen på seksuell 

reproduksjon har blitt tilskrevet en kombinasjon av egnet mikrosteds- og 

spredningsbegrensning. Frøspiring er begrenset til småskala forstyrrelser, og selv om 

slike rekrutteringsvinduer oppstår, kommer frø ikke frem til dem. Tidligere forskning 

på rekruttering av frøspirende planter har imidlertid vært basert på felteksperimenter 

som ikke tok hensyn til endozookorisk frøspredning. Målet for denne avhandlingen 

var å belyse det reproduktive paradokset til klonale bær produserende lyngarter. 

Spesifikt kobler vi arter av virveldyr som har potensiale for å rette endozookorisk 

frøspredning mot rekruteringsvinduer som egner seg for frøspiring og etablering. 

Åtsler har tidligere blitt identifisert som et endepunkt for endozookorisk 

spredning fra åtseletere på et massedøds punkt for 323 rein i den alpine tundraen i 

Sørøst-Norge. På den samme plassen har vi vist at nedbrytingen av åtsler skapte 

omfattende forstyrrelser i vegetasjonslag, også kjent som ‘kadaver nedbryting-øyer’ 

(CDIs), som var karakterisert av høy forekomst av bar jord og fravær av voksne 

planter. Videre var CDI-ene egnede rekrutteringsvinduer for lyngarter siden 

sannsynligheten for etablering av frøspirende individer var positivt korrelert med 

kadavertetthet. Tilsvarende viste vi at åtsler fra enkeltdøds hendelser kan fasilitere 

rekruttering av frøspirende lyngplanter i boreal skog. Imidlertid var effekten av denne 

rekrutteringsveien avhengig av kadaveret. Store kadaver (elg- og reinkadavre og 

kadaverrester fra jakt) skapte en aggregering av virveldyr i rom og tid. Totalt var 93 % 
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av virveldyrs-observasjonene ved kadavrene av arter som er kjent for innta og spre 

lyngfrø via endozookori Samtidig genererte store kadaver generelt CDI-er som var 

gode rekrutteringsvinduer for lyngarter. Frøplanter var betydelig mer tallrike i CDI-er 

sammenlignet med mekaniske forstyrrelser (egnet mikrosted, men begrenset 

frøregn) og kontrollplott (uegnet mikrosted med begrenset frøregn). Til 

sammenligning aggregerte ikke mindre kadavre frøspredende virveldyr, genererte 

ikke CDI-er, og frøplantetablering ble ikke observert på disse stedene. 

Innenfor skogshabitater er dødt trevirke en annen form for nedbrytende 

biomasse som kan fungere som et egnet mikrosted for frøplantetablering av ulike 

plantearter. Vi påviste at spurvefugler (orden Passeriformes) rettet spredning av 

lyngfrø mot trestubber fra skogsdrift gjennom sin sitteatferd. Det var betydelig større 

sannsynlighet for å finne fugleeskrementer på trestubber sammenlignet med 

skogbunnen, og slike ekskrementer inneholdt oftest spiredyktige Vaccinium frø. 

Videre fungerte stubbene også som rekrutteringsvinduer med høyere sannsynlighet 

for etablering av frøspirende lyngplanter sammenlignet med skogbunnen. Imidlertid, 

som med kadaver-rekrutteringsveien, var funksjonaliteten av denne 

rekrutteringsveien kontekstuell. Sannsynligheten for avsetting av ekskrementer økte 

med høyere kompleksitet av den vertikale skogsstrukturen og lavere kronedekke, 

mens frøplantetablering krevde mosedekke og større stubber, eller alternativt 

mindre stubber med konkurransefrie områder. 

Samlet illustrerer denne avhandlingen at seksuell reproduksjon i klonale 

lyngarter forekommer relativt ofte når det tas høyde for endozoorisk frøspredning 

rettet mot rekruteringsvinduer. De mange dyrearter som utgjør frøspredningslauget 

til lyngarter sikrer minst to komplementære veier til seksuell reproduksjon, noe som 

øker sannsynligheten for etablering av frøplanter i landskapet. 
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1. Introduction 

1.1 Plant reproduction  

Reproduction is the singular process responsible for continuity of life and is 

directly linked to an organism’s fitness, survival and ecological success (Wiens and 

Worsley, 2016). In plants, recruitment of new individuals into a population is a 

spatially structured process that determines the distribution, dynamics and genetic 

structure of populations and communities (Schupp, 1995; Nathan and Muller-Landau, 

2000) 

Many plant species can reproduce through both asexual and sexual 

reproduction. In contrast to most animal species both reproductive modes usually 

occur simultaneously (Vallejo-Marín et al., 2010). The most common form of asexual 

reproduction in flowering plants (angiosperms) is vegetative reproduction, also 

referred to as clonal growth or clonal propagation (Harper, 1977). In fact, 

approximately 80 % of flowering plants are capable of clonal growth (Klimeš, 1997) 

where new ramets are produced by for example budding from stolons, rhizomes, 

roots or stems (Silvertown, 2008). This results in genetically identical individuals 

capable of independent growth and reproduction. 

In clonal species, the balance between the two reproductive modes is a trade-

off in resource allocation from a finite pool of resources (Zhang and Zhang, 2007). 

Regulation of the trade-off is linked to factors like plant age, soil moisture, 

disturbance, nutrient availability, air temperature, and population density (Zhang and 

Zhang, 2007; Silvertown, 2008; Fu et al., 2010). However, with increased resource 

allocation to asexual reproduction, allocation to sexual reproduction is 

correspondingly reduced, and vice versa (Thompson and Eckert, 2004; Van Drunen 

and Dorken, 2012). In general, clonality is often favored in habitats where sexual 

recruitment is restricted by unfavorable conditions for seed production (including 
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pollination and crossing incompatibility), germination or seedling establishment 

(Eckert, 2001; Vallejo-Marín et al., 2010; Barrett, 2015). 

Clonal growth has several important advantages which contribute to population 

maintenance, survival, and expansion at local scales. For example, lateral clonal 

growth can facilitate rapid, short-distance spread (Lenssen et al., 2004). Physiological 

integration allows ramets (shoots) of one clone to share resources such as water and 

nutrients in heterogenous environments (i.e. clonal foraging; Alpert and Mooney, 

1986; Hutchings and Wijesinghe, 1997; Liu et al., 2016). In turn, this also provides 

higher tolerance of genets to stress such as herbivory and drought (Zhang et al., 2012; 

Liu et al., 2020). Furthermore, clonal growth requires less energy and time (Wang et 

al., 2018) and can be a low-risk alternative to establishment from seed which is 

susceptible to seed predation, fungal decay and establishment failure (Aarssen, 2008). 

Despite the advantages of clonal growth, most clonal plants also reproduce sexually. 

Sexual reproduction promotes genetically diverse offspring through recombination, 

mutation and geneflow within and between populations. In addition, sexually 

produced propagules (seeds) are capable of dispersal over long distances and 

establishment in areas outside the range of clonal growth which usually aggregates 

around the mother ramet (Crawley, 1997). This further increases genetic variation 

within and between populations through potential long-distance dispersal. Theory 

predicts that genetic diversity increases adaptive potential to environmental variation, 

disease, insect outbreaks and disturbances (Silvertown, 2008; Yang and Kim, 2016). 

The most severe consequence of persistently relying on clonal reproduction is the 

total loss of sexual reproduction which could lead to extinction (Eckert, 2001). 

Studying sexual reproduction in clonal species can be challenging. Genets are 

usually very long-lived and when ramets are not physically integrated, determining 

the extent of a genet is challenging without applying genetic methods. Seedling 

establishment in clonal plants is often considered to be infrequent or irregular 

(Eriksson, 1992; Eriksson, 1993), with considerable variation in sexual reproduction 
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among clonal plants (Zhang and Zhang, 2007). Two end points on a recruitment 

strategy spectrum have been described for plants in which the main population 

expansion relies on clonal growth (Eriksson, 1993): Initial seedling recruitment (ISR) 

where populations consist of the original members from an initial colonization event; 

and repeated seedling recruitment (RSR) where genets are continuously recruited in 

local populations.  

Between these endpoints are plants that show spatial variation in recruitment 

among populations by switching between ISR and RSR in response to environmental 

pressure and species where seedling establishment occurs at ‘recruitment windows 

of opportunity’ (RWOs; Jelinski and Cheliak, 1992; Eriksson, 2011). Under a RWO 

strategy continuous seedling recruitment occurs within local conspecific populations 

but only under specific conditions that are spatially unpredictable (Eriksson and 

Fröborg, 1996; Eriksson, 2011). Irrespective of recruitment strategies, even 

occasional seedling recruitment can be sufficient for maintaining genetic diversity in 

long-lived clonal plant populations (De Witte et al., 2012; Watkinson & Powell, 1993). 

Thus, identifying constraints and pathways to sexual reproduction is important for 

understanding demography, life-history evolution, long-term persistence and 

population dynamics (Eriksson, 1993; Beckman and Rogers, 2013; Bonte and Dahirel, 

2017) 

1.1.1 Constraints to sexual reproduction in plants 

Sexual reproduction is a multi-stage process involving several sequential life-

history stages (i.e. reproductive adults, seeds, seedlings, juveniles). The stage 

between seed production and seedling establishment is a particular bottleneck in 

many plant populations, as it is characterized by high mortality (Clark et al., 2007; 

Terborgh et al., 2014). Many seeds lose their viability over time, decay in the soil or 

are eaten before germination (Kumari et al., 2018). If they do germinate, seedlings no 

longer have the ability to withstand harsh conditions tolerated by seeds, and are 

often much less robust than later life stages (Kitajima and Fenner, 2000). 
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Recruitment limitation, defined as the failure of a species to recruit new 

individuals (genets) in all available favorable sites, is a combination of factors limiting 

seed production, dispersal, germination, seedling emergence and establishment 

(Crawley, 1990; Nathan and Muller-Landau, 2000). These limiting factors can be 

partitioned into three major components: Source limitation, seed limitation and 

microsite limitation (Fig 1; Turnbull et al., 2000; Beckman and Rogers, 2013). Source 

and dispersal limitation are often grouped under the more general term seed 

limitation which is the failure of seeds to arrive at all microsites suitable for seedling 

establishment (Nathan and Muller-Landau, 2000; Beckman and Rogers, 2013). In 

source limitation, seed production is too low to reach suitable microsites even if 

seeds have the dispersal ability to reach all sites. In dispersal limitation, seeds do not 

reach suitable microsites even though seed production is plentiful (Eriksson and 

Ehrlen, 1992; Clark et al., 1998b). On the other hand, microsite limitation (also called 

site or establishment limitation; Beckman and Rogers, 2013) occurs when 

recruitment is constrained by the number or quality of available sites for germination, 

establishment and survival of seedlings (Clark et al., 1998b). The suitability of a 

microsite is species-specific and determined by abiotic and biotic conditions. Such 

local barriers to recruitment include seed predation (Calviño-Cancela, 2007; Garzon-

Lopez et al., 2022), competition from both conspecific and heterospecific plants 

(Garzon-Lopez et al., 2022), or pathogens (Wenny and Levey, 1998).  
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Sexual reproduction is for the most part determined by both seed and microsite 

availability although at varying degrees in heterogenous landscape (Myers and Harms, 

2009; Long et al., 2014). That is, sexual recruitment cannot occur without seed arrival 

yet seed arrival is no guarantee of recruitment. To establish a new individual via 

sexual reproduction, a seed must be deposited in a suitable microsite and germinate. 

Further, the developing seedling must survive dynamic environmental conditions 

during later life history stages until it reaches sexual maturity (Schupp et al., 2010).  

  

Figure 1. Hinderances to sexual recruitment partitioned over the main limitations imposed at 
sequential life-history stages (i.e. adult, seed, seedling, juvenile). Recruitment limitation can result 
from low seed production in plants (source limitation), seeds failing to arrive at suitable microsites 
(dispersal limitation) or unsuitable conditions for germination and seedling establishment at the 
seed deposition site (microsite limitation). Figure adapted from Beckman and Rogers (2013) and 
Beckman et al. (2020). 
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1.2 Seed dispersal: a critical link in sexual reproduction 

Seed dispersal is the movement of seeds from the parent plant to another 

location where they might establish and reproduce (Schupp et al., 2010). The spatial 

pattern of seed deposition (i.e. seed shadow) creates the initial template for 

subsequent abiotic and biotic interactions that determine seed fate and influence 

seedling survival (Nathan and Muller-Landau, 2000; Levine and Murrell, 2003). As 

such, seed dispersal has profound effects on gene flow (Bacles et al., 2006), 

population dynamics and persistence (Kendrick et al., 2012; González-Castro et al., 

2022), community composition, and allows plants to shift or expand their geographic 

ranges (Clark et al., 1998a; LaRue et al., 2019). 

Since plants are sessile organisms, they rely on vectors (e.g. wind, water, 

animal) to disperse their seeds across the landscape. As a result, plants have adapted 

a myriad of different diaspore morphologies to enhance dispersal via specific vectors, 

such as wings and plumes, fleshy fruits, ballistic mechanisms or flotation devices (van 

der Pijl, 1982). For the large energy investment in flower, fruit, and seed production, 

plants can attain several advantages that increase the likelihood of seedling 

establishment: 1) escape higher density- and distance-dependent mortality near 

parents, such as pathogens, seed predators, and/or herbivores (Janzen–Connell 

mechanism, escape hypothesis); 2) seeds are randomly dispersed, allowing some to 

colonize newly available habitat patches (colonization hypothesis); or 3) non-random 

dispersal towards microsites with environmental conditions suitable for seedling 

establishment (directed dispersal hypothesis; Howe and Smallwood, 1982; Wenny, 

2001). These are not mutually exclusive; there are several examples of plant species 

which benefit from multiple advantages concurrently (Wenny, 2001). 

1.2.1 Endozoochory  

Worldwide, approximately 50-60 % of flowering plants have adapted to seed 

dispersal via animals or zoochory (Aslan et al., 2013; Rogers et al., 2021). Many of 

these produce fleshy fruits that attract and are consumed by animals. In this 
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mutualistic interaction, animals consume fruits for nutrient acquisition and 

simultaneously provide dispersal services for plants by transporting seeds across 

landscapes (i.e. ‘endozoochory’; Herrera, 2002). The mutualistic coupling between 

fleshy-fruited plants and their animal partners is in most cases characterized as 

‘diffuse co-evolution’ (Janzen, 1980). That is, frugivores consume fruit from several 

plant species and each fruit-bearing plant often has more than one disperser species, 

creating complex networks of interactions (Herrera, 1982; Bascompte et al., 2003; 

Bascompte and Jordano, 2007).  

From a plant’s perspective, not all animals are equally good partners and the 

effectiveness of a dispersal event will depend on the disperser’s relative contribution 

to plant fitness, namely the number of new reproductive adults to the population 

(Schupp et al., 2010; Schupp et al., 2017). As different animals show both inter- and 

intraspecific variability in morphology, physiology, and behaviour (Muller-Landau et 

al., 2008; Zwolak, 2018), seed dispersal effectiveness is context-dependent and 

influenced by how seed traits interact with disperser traits (Schupp et al., 2010). For 

instance, frugivores can exhibit differences in dietary preferences (Quintero et al., 

2020) and the amount of seeds ingested and dispersed per visit is positively 

correlated with body size (Jordano et al., 2007). Long gut retention time and large 

home ranges can facilitate dispersal over considerable distances (Dennis and 

Westcott, 2007), while treatment of seeds passing through the gut can affect 

germination (Traveset et al., 2007). Further, animal behaviour and habitat-use largely 

determines seed deposition patterns (Cortes and Uriarte, 2013; Escribano-Avila et al., 

2014; García-Cervígon et al., 2017) and thus the biotic and abiotic factors affecting 

seed fate in post-dispersal processes. Ultimately, seed dispersal effectiveness is the 

product of the quantity (visitation rate and seeds consumed) and the quality 

(probability of recruitment of a dispersed seed involving seed treatment, seed 

shadow, post-dispersal factors) of the dispersal event (Schupp et al., 2010).  
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In many complex endozoochorous systems, different animals or functional 

groups within disperser communities play complementary rather than redundant 

roles in plant recruitment (Jordano et al., 2007; McConkey and Brockelman, 2011; 

Escribano-Avila et al., 2014; Morán-López et al., 2020; García-Rodríguez et al., 2022). 

Specifically, dispersers with different movement behaviours, habitat use and faecal 

deposition patterns contribute to distinct parts of the seed shadow in space and time 

(Rother et al., 2016; Tochigi et al., 2022). For example, animals may move seeds over 

short and long distances contributing to both local and metapopulation dynamics of a 

plant (Jordano et al., 2007; Spiegel and Nathan, 2007). Seed dispersing animals may 

also consume seeds at different times during the fruiting season, ensuring dispersal 

through the whole season (García-Cervígon et al., 2017). 

Maybe the most important aspect of the dispersal service in complementary 

networks is the dispersal to many different microsites, as seed fate and recruitment 

depends on it (Nathan and Muller-Landau, 2000). As such, the most effective and 

functionally most important seed dispersers would disperse many seeds to microsites 

suitable for seedling establishment (Schleuning et al., 2015). In fact, it has been 

recently shown that the number of seeds ingested and dispersed (interaction 

frequency) is not correlated with seedling establishment. Rather, dispersal quality is 

determined by the microsite of seed deposition (Donoso et al., 2016; González-Castro 

et al., 2022). 

1.2.2 Directed endozoochory  

In directed dispersal, seeds are disproportionately deposited in particularly 

favourable microsites that results in increased seedling establishment and growth 

(Wenny, 2001). Animal-mediated dispersal is often non-random because animals use 

space in a non-random way (Nathan et al., 2008). For instance, animal behaviour or 

use of habitat structures (e.g. perches or latrines) contribute to aggregation points in 

the seed shadow that overlap with suitable microsites for seedling establishment 

(Wenny and Levey, 1998; Bravo and Cueto, 2020). However, this process is rarely 
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recognized as directed endozoochory (Brodie et al., 2009; Escribano-Avila et al., 2014; 

García-Cervígon et al., 2017), which has commonly been considered a rare process 

(Wenny, 2001). This could be due to factors such as secondary dispersal obscuring 

seed fate, temporally-dependent detection (the timing of observation), or that even 

directed dispersal performed by ‘high-quality’ dispersers can be subtle as most seeds 

die (Wenny, 2001; Mason et al., 2022). Also contributing to directed dispersal’s 

perceived rarity is the restrictive definition that plant adaptations should actively 

direct dispersal vectors to favourable microsites after propagule removal (active 

directed dispersal; Mason et al., 2022). Yet directed dispersal may occur in a ‘passive’ 

form where plant adaptations allow plants to take advantage of reliable vector 

behaviour to arrive in disproportionate numbers at suitable microsites (Mason et al., 

2022). 

In diffuse plant-animal mutualisms, passive directed dispersal is likely 

widespread with important implications for population dynamics as different 

dispersers within a community shape the overall seed shadow (Morán-López et al., 

2020; Mason et al., 2022). For example, small birds generally transport seeds over 

short distances and direct seed dispersal to perching points in closed canopy areas 

(Jordano et al., 2007; Escribano-Avila et al., 2014; González-Varo et al., 2017). In 

comparison, larger mammals can transport seeds over long distances and between 

habitat patches depositing seeds in favourable microsites both in open and forested 

habitat (Jordano et al., 2007; Tochigi et al., 2022). Recruitment will depend on a 

plants ability to utilize multiple vectors with varying behaviours and movement ability 

to arrive at favourable microsites in heterogenous landscapes (Mason et al., 2022). 

This demonstrates the importance of considering the contribution of multiple 

frugivores to plant recruitment and linking animal behaviour to suitable microsites for 

recruitment. Understanding the mechanisms and effects of directed endozoochorous 

dispersal on plant recruitment is critical for understanding plant population dynamics 

of endozoochorously dispersed species. Such dispersal pathways might be crucial for 
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species with limited seed availability to locate otherwise elusive microsites for 

regeneration in heterogenous landscapes. 

1.3 Ericaceous dwarf shrubs  

Ericaceae (the heath family) is a globally distributed and morphologically diverse 

family of mostly woody plants (trees, shrubs, lianas) that can be found in a variety of 

habitats (Stevens et al., 2004; Kron and Luteyn, 2005). Among the ericaceous species, 

dwarf shrubs (< 50 cm) dominate field layer vegetation in many habitats throughout 

temperate, boreal, alpine, and arctic regions of the northern hemisphere (Nilsson and 

Wardle, 2005; Nestby et al., 2019). Despite their small stature, they have large effects 

on ecosystem function both above and below ground. For example, in forested areas 

they exert strong filtering effects on tree seedling survival and subsequently forest 

succession and composition (Mallik, 2003; Nilsson and Wardle, 2005). Furthermore, 

ericaceous shrubs and their root-associated ericoid mycorrhizal fungi are key 

components to maintenance of microbial activity (Fanin et al., 2019), exerting direct 

control on processes regulating nutrient cycling, and carbon sequestration (Fanin et 

al., 2022). Perhaps most conspicuous is the keystone plant resource (Peres, 2000) 

from genera producing fleshy fruits (berries).  

Ericaceous berries have great trophic importance as they provide a reliable food 

source sustaining a wide diversity of frugivore species from large mammals, 

mesopredators and birds, down to insects (e.g. Guitian et al., 1994; Atlegrim and 

Sjoberg, 1996; Schaumann and Heinken, 2002; Wegge and Kastdalen, 2008; Hertel et 

al., 2018). For example, during peak fruiting season, berries can constitute up to 30 % 

of the diet in red fox (Vulpes vulpes; Needham et al., 2014). For brown bears (Ursus 

arctos), berries can account for as much as 82 % of food consumption (Dahle et al., 

1998) and constitute 68 % of their daily energy intake during fruiting season (Stenset 

et al., 2016).  
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The most frequent and abundant berry-producers of the boral and alpine 

biomes include three species of the genus Vaccinium (subfamily Vaccinioideae): 

bilberry (V. myrtillus), lingonberry (V. vitis-ideae) and bog bilberry (V. uliginosum), 

and one species of genus Empetrum (subfamily Ericoideae): crowberry (E. nigrum) 

(Fig. 2). These species have circumpolar distributions and wide natural ranges that 

stretch through temperate and boreal forests to alpine and arctic regions more or 

less continuously in northern and central Europe, northern Asia and North America. 

The populations grow predominantly on acidic, nutrient poor substrates such as 

mountainous mineral heath, organic forest soils, and peat bogs (Bell and Tallis, 1973; 

Nestby et al., 2019). They have extensive horizontal creeping subterranean rhizome 

systems which produce ramets. Clones form discrete patches with multiple 

‘individual’ shrubs (i.e. ramets) which can be relatively large, in some cases extending 

over 30 meters (Persson and Gustavsson, 2001; Albert et al., 2003; Bienau et al., 

2016). They are slow growing and long-lived. Although actual life-span is unknown, 

genet age has been estimated to between 100 and 750 years (Flower-Ellis, 1971; 

Bienau et al., 2016). Bilberry, lingonberry, bog bilberry and crowberry usually coexist 

within habitat patches (Hultén and Fries, 1986; Jacquemart, 1996) although the 

relative abundance of each species is determined by various abiotic and biotic factors 

(Nilsson and Wardle, 2005).  
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Figure 2. Species distribution maps of (a) bilberry (Vaccinium myrtillus), (b) Bog bilberry (Vaccinium 
uliginosum), (c) lingonberry (Vaccinium vitis-idaea) and (d) black crowberry (Empetrum nigrum) in 
the northern hemisphere. The maps were created using occurrence data from the Global 
Biodiversity Information Facility (GBIF) database. The true distributions of these species are likely 
larger than displayed in the maps. Note that observations in the southern hemisphere are not shown 
here. 
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1.3.1 From seed to seedling - the ericaceous reproductive paradox 

Clonal ericaceous berry-producing species present an intriguing ‘reproductive 

paradox’ (Vander Kloet and Hill, 1994). Most clonal plants that rely mainly on clonal 

propagation exhibit lower energy allocation for sexual reproduction (Eckert, 2001). 

However, berry-producing ericaceous species invest heavily in sexual reproduction by 

producing numerous berries during summer that contain viable seeds (Ranwala and 

Naylor, 2004; Miina et al., 2009). The seeds are endozoochorously dispersed in large 

numbers by a wide animal community every fruiting season (García-Rodríguez et al., 

2022). Further, a large proportion of seeds remain viable after passage through the 

gastro-intestinal system of disperser species (Honkavaara et al., 2007; Steyaert et al., 

2018). In fact, germination rates can be significantly higher when seeds are defecated 

by frugivores compared with seeds embedded within berries (i.e. undispersed; 

Schaumann and Heinken, 2002; García-Rodríguez et al., 2021). Despite this, these 

species are reported to expand by clonal propagation almost exclusively (Hautala et 

al., 2001; Welch et al., 2000). Their seeds are underrepresented in the soil seed bank 

even when they dominate the field layer (Hester et al., 1991; Vander Kloet and Hill, 

1994; Welch et al., 2000) and seedling recruitment is rarely observed under 

conspecific stands (Hester et al., 1991; Eriksson and Fröborg, 1996).  

The discrepancy between seed production, soil seed bank formation and 

realized seedling establishment becomes even more bewildering when considering 

the magnitude of their annual seed production. On average, berries of the Vaccinium 

species contain 12-66 viable seeds (Jacquemart, 1996; Nuortila et al., 2002; Ranwala 

and Naylor, 2004; Nuortila et al., 2006; Manninen and Tolvanen, 2017), while E. 

nigrum contain fewer (7-8) but larger viable seeds (Bell and Tallis, 1973; Manninen 

and Tolvanen, 2017). Although seed yield is affected by variation in pollination 

dynamics (Fröborg, 1996; Nuortila et al., 2002) and climatic conditions (Krebs et al., 

2009), ericaceous berry-producing plants can generate between 1200 to 12 000 seeds 

per m2 (Vander Kloet and Hill, 1994; Hill et al., 2012). In productive stands, V. myrtillus 

can produce nearly 20 000 viable seeds per m2 (Ranwala and Naylor, 2004).  
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There are two major contributors to the apparent lack of sexual regeneration in 

such species. Firstly, ericaceous species are microsite limited (Graae et al., 2011; 

Manninen and Tolvanen, 2017). Niche requirements for seedlings and established 

adults differ, which has implications for sexual regeneration (Eriksson, 2002; Auffret 

et al., 2010). The seedlings are weak competitors with very slow growth (Ritchie, 

1955; Ritchie, 1956). Even after four years growth under natural conditions seedlings 

may not be taller than 4 cm (Eriksson and Fröborg, 1996) and thus typically do not 

survive competition from established adults. Eriksson and Fröborg (1996) showed 

that clonal ericaceous shrubs follow a recruitment strategy where seedling 

establishment occurs in spatially unpredictable RWOs within stands of mature 

conspecifics. Such recruitment windows consist of disturbances that remove barriers 

to recruitment such as field- and ground-layer vegetation and have moist soil with 

high organic content (Eriksson and Fröborg, 1996; Graae et al., 2011). Secondly, 

despite large seed production, seeds are not available or do not reach viable 

recruitment windows (i.e. dispersal limitation; Manninen and Tolvanen, 2017). Burial 

experiments have shown that seeds can retain high levels of viability over many years 

in the soil (Granstrøm, 1987; Vander Kloet and Hill, 1994; Hill and Vander Kloet, 2005). 

Yet, most seeds die between deposition and incorporation into the soil column due 

to factors such as germination in unsuited microsites or ineffective defense against 

fungal attack (Welch et al., 2000). Hence, if a disturbance occurs, ericaceous seeds 

are not available unless deposited directly into it. That is, in disturbances, ericaceous 

species grow and recover mainly clonally without additional seed rain (Hautala et al., 

2001). 

To date, research has focussed on mechanical disturbances with seed addition 

experiments (e.g. Eriksson and Fröborg, 1996; Hautala et al., 2001; Eriksson, 2002; 

Manninen and Tolvanen, 2017) to assess recruitment dynamics in clonal ericaceous 

species. However, such sites are unlikely to attract disperser species. This becomes 

problematic when recruitment is dependent upon dispersing seeds reaching suitable 

sites for germination, seedling establishment and survival.  
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A recruitment window was proposed by Steyaert et al. (2018), who observed 

directed seed dispersal by vertebrate scavengers towards carcasses of large 

ungulates. Carcass decomposition can generate discrete vegetation-denuded 

disturbances also called ‘cadaver decomposition islands’ (CDI; Towne, 2000; Carter et 

al., 2007). In addition, CDIs have previously been linked to seedling establishment in 

long-lived clonal trees (Bump et al., 2009). Further, Eriksson and Fröborg (1996) 

observed seedling establishment on decomposing woody debris and hypothesized 

that such substrates could be possible regeneration microsites for ericaceous species. 

Neither Steyaert et al.’s (2018) observations of directed seed dispersal, nor Eriksson 

and Fröborg’s (1996) observations of seedlings on decomposing wood provide a 

complete and definitive picture of viable recruitment pathways. In combination they 

provided the motive for this thesis: that vertebrate dispersal vectors direct 

endozoochorous dispersal towards suitable microsites which facilitates seedling 

establishment in for berry-producing ericaceous species (Figure 3).  
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Figure 3. Schematic diagram showing directed seed dispersal by endozoochorous dispersal vectors 
towards favorable microsites as a pathway to successful sexual reproduction in clonal berry-
producing ericaceous shrub species. Non-directed dispersed seeds have a limited encounter rate 
with temporally and spatially unpredictable recruitment windows of opportunity. By linking the 
endozoochorous dispersal capacity of frugivorous vertebrates and disperser-attractive microsites, 
dispersal limitation is overcome at ideal microsites due to (1) vectors facilitating their (2) directed 
dispersal (i.e. enhanced seed rain) into (3) favorable microsites for seedling establishment. Figure 
adapted from Arnberg et al. (2022). 



17 
 

2. Objectives 

The overall objective of this thesis was to disentangle the ericaceous 

reproductive paradox by elucidating pathways of sexual reproduction (i.e. 

recruitment from seed) in clonal berry-producing ericaceous species. Specifically, we 

aimed to connect vertebrate disperser species which have the potential for directed 

endozoochory to viable recruitment windows for seedling establishment (Figure 3). 

This thesis focuses on two possible regeneration pathways: 1) Vertebrate scavengers 

provide directed dispersal towards cadaver decomposition islands by 

opportunistically consuming both ericaceous berries and carrion, and 2) Frugivorous 

passerine birds, also known as perching birds (order Passeriformes) direct seed 

dispersal towards perching points in the landscape, which can be suitable microsites 

for seedling establishment of ericaceous plants. Both recruitment pathways entail 

that seed deposition sites also accommodate seedling establishment. 

The goal of Paper I was to extend the findings of Steyaert et al. (2018). In an 

alpine ecosystem, the authors found that scavenging birds and mammalian 

mesopredators provided directed seed dispersal towards a mass die-off site where 

323 tundra reindeer had been killed by a lightning strike. Furthermore, animal feces 

consistently contained viable seeds from the ericaceous shrub Empetrum nigrum. 

Within the same mass die-of site, we used a permanent grid of survey plots spanning 

a gradient from high carcass-induced disturbance to intact vegetation, surveying 

environmental variables and seedling establishment concurrently. Specifically, this 

paper investigated I) if seedling establishment was associated with decomposing 

carcasses and II) the influence of other microsite conditions important for seedling 

establishment such as reduced competition. 

Although mass mortality events are not necessarily rare (Fey et al., 2015), the 

majority of mammal carcasses are distributed individually across landscapes as most 

die from predation, hunting, starvation, or disease (Barton et al., 2019; Moleón et al., 

2019). Paper II aimed to characterize the role of single mortality events in sexual 
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reproduction of ericaceous species in a boreal forest ecosystem. Specifically the aim 

was to elucidate links between carcass-induced disturbances in the vegetation, the 

scavenger community (i.e. documented dispersal vectors), and seedling 

establishment of keystone ericaceous species. By using a experimental control-

intervention study design with control, mechanically disturbed and carcass plots, this 

paper assessed how carcass size and time of death influenced the I) vertebrate 

disperser community, II) development of CDIs (i.e. recruitment windows); then 

testing III) if seedling establishment was more abundant in CDIs compared to 

mechanical disturbances and control plots which have little disperser incentive. 

Decomposing wood is an important habitat and regeneration site for many 

forest-associated plant species (Harmon et al., 1986; Santiago, 2000; Bače et al., 

2012; Chmura et al., 2016). Within intensively-managed boral forest, cut stumps 

constitute the majority of large woody debris (Rouvinen et al., 2002). Although 

passerines have not been directly associated with such man-made woody debris, they 

often use low coarse woody debris in natural forests, for example to perch on while 

foraging for insects (Hagelin et al., 2015). The aims of Paper III were to I) document 

directed endozoochorous dispersal of viable seeds towards cut stumps by passerines; 

II) asses if seedling establishment is more likely in cut stumps than random points on 

the forest floor; and III) uncover environmental factors modulating the two important 

components of this proposed recruitment pathway, i.e. scat deposition and seedling 

establishment. 
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3. Main results  

Paper I: Directed endozoochorous dispersal by scavengers facilitate 
sexual reproduction in otherwise clonal plants at cadaver sites  

The large and spatially-concentrated input of carrion biomass from 323 reindeer 

carcasses of animals that died from lightning in 2016 in the alpine tundra in 

southcentral Norway had drastic effects on the vegetation layer in the immediate 

vicinity of the mass die-off. Over the course of three years, the decomposing 

carcasses had created one mega CDI (25×25 m) in the most carcass-dense area and 

several smaller CDIs from scattered carcasses. Furthermore, the disturbance from 

carcass decomposition and scavenger activity had created patches of bare soil that 

extended far beyond carcass positions.  

Our results showed that CDIs provided microsites that were suitable for 

ericaceous seedling establishment. In total, we registered 43 ericaceous seedlings 

within 67 survey plots. Empetum nigrum was most abundant (n = 22), followed by 

Vaccinium vitis-idaea (n = 11), V. uliginosum (n = 7) and V. myrtillus (n = 1). Two 

seedlings could not be identified beyond genus level (Vaccinium spp.). The probability 

of ericaceous seedling establishment within survey plots was positively affected by 

carcass density. All other microhabitat conditions such as soil or vegetation cover 

were poor predictors of seedling establishments. Even plots with high amounts of soil 

cover and thus low competition did not have seedling establishment unless they were 

also near a carcass. 

Together with Steyaert et al. (2018) our findings in Paper I established 

understanding of a novel, viable recruitment pathway. Seedlings of berry-producing 

ericaceous shrubs are more likely to establish within CDIs due to dispersal vectors 

facilitating directed dispersal of viable seeds into favorable microsites. 
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Paper II: Characterizing the role of carcasses in seedling establishment 
for clonal ericaceous shrubs 

Across 30 experimental sites, each consisting of one experimentally deployed 

carcass, one control and one mechanically disturbed plot, we quantified vertebrate 

activity, microsite changes and ericaceous seedling establishment. After carcass 

deposition, plots with carrion material effectively created a spatiotemporal hotspot 

of animal activity. Of the 16 886 vertebrate observations from wildlife cameras, 

carcass plots accounted for 97 % of all observations with only the remaining 3 % of 

observations occurring at controls (i.e. baseline vertebrate community; we did not 

place cameras on mechanically-disturbed plots). The aggregation of vertebrates was 

contingent on carcass size: larger carcasses (e.g. moose, reindeer) attracted similar 

communities to one another whereas observations at small carcasses (e.g. red fox) 

resembled those at control plots. Crucial to plant recruitment, animals with the 

potential for ericaceous seed dispersal constituted an overwhelming 93 % of all 

observations at carcass plots. Further, the greatest occurrence of such species 

overlapped with berry ripening and the peak time of ericaceous seed dispersal. 

Carcass size also played an important role in the formation of CDIs (i.e. 

recruitment microsites). Larger carcasses effectively created disturbances in the 

forest floor vegetation, while small carcasses had no or little effect on vegetation 

cover. Disturbances from large carcasses were characterized by a decrease in field- 

and ground-layer vegetation, and increase of bare soil in discrete patches. Thus, they 

closely fit the requirements for RWOs for ericaceous species. Season of carcass 

deposition did not affect animal aggregation or CDI formation. In fact, larger 

carcasses persisted for a surprisingly long time, often through multiple seasons. 

Lastly, our results indicated that CDIs from single mortality events can be viable 

RWOs for ericaceous species. Seedlings were significantly more abundant in CDIs 

compared to mechanical disturbances and control plots. Our study demonstrates 

how individual carcasses in a forest landscape facilitates sexual reproduction in 
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ericaceous keystone species. However, the recruitment pathway is a multistep 

process where each step is modulated by the nature of the carcass itself. Smaller 

carcasses did not aggregate disperser species nor did they generate CDIs, and 

seedling establishment was never observed at those sites. 

Paper III: Perfect poopers; Passerine birds facilitate sexual 
reproduction in clonal keystone plants of the boreal forest through 
directed endozoochory towards dead wood 

Within a boreal forest landscape in Trøndelag, Norway, we quantified passerine 

scat deposition and seedling establishment at 142 cut stumps from forest 

management and paired forest floor plots. We used this data to evaluate how and to 

what extent passerine birds can direct ericaceous seed dispersal towards cut stumps, 

which have been suggested to be suitable microsites for ericaceous seedlings. Our 

result showed that passerine birds directed seed dispersal towards cut stumps in a 

managed forest landscape. Scat deposition was 24 times more likely on stumps 

compared to forest floor plots suggesting that passerine birds actively perch and 

regularly defecate on stumps. Importantly, bird droppings consistently contained 

viable seeds. In a germination trial of bird droppings collected at stumps, Vaccinium 

seeds germinated from 81 %. Stumps were also suitable recruitment windows for 

Vaccinium species, with a higher probability of seedling establishment at stumps 

compared with the forest floor. In total, we recorded 126 Vaccinium seedlings, 121 of 

which were on stumps (range: 0–24; mean: 0.85) and only 5 of which were in forest-

floor plots (range: 0–2; mean: 0.03). 

Our study shows how directed endozoochorous seed dispersal by passerine 

birds towards tree stumps provides another pathway to successful sexual 

reproduction in berry-producing Vaccinium spp. shrubs. Notably, our results indicate 

that the functionality of this recruitment pathway is rather contextual. That is, not all 

stumps were used for perches and not all stumps supported seedling establishment. 

The probability of seed deposition and seedling establishment varied strongly with 
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environmental context. If stumps were located in areas with higher complexity of the 

vertical forest structure and relatively low canopy cover, probability of scat 

deposition at stumps increased from 0.11 to 0.73. Seedling establishment was 

regulated by environmental variables at the stump level. Without bryophyte cover, 

seedings never established on stumps while a combination of increasing bryophyte 

cover and stump diameter elevated the probability of seedling establishment from 0 

to 0.74. 
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4. General discussion 

This thesis demonstrates how berry-producing ericaceous species utilize 

different pathways to attain seedling establishment. Although seedling establishment 

has been categorised as rare in the Vaccinium and Empetrum genera (Eriksson and 

Ehrlen, 1992; Vander Kloet and Hill, 1994; Ranwala and Naylor, 2004), we show that it 

is a relatively frequent phenomenon when coupled with directed endozoochorous 

dispersal. Specifically, we demonstrate two functional pathways of sexual 

reproduction: 1) Scavenging vertebrate species direct endozoochorous seed dispersal 

towards CDIs (Steyaert et al., 2018) which are viable RWOs for seedling establishment 

(Papers I and II), and 2) Passerines direct endozoochorous seed dispersal towards 

decomposing tree stumps, i.e. viable RWOs, through their perching behaviour (Paper 

III). As such, this thesis adds to the growing body of evidence showing that (passive) 

directed endozoochory can be an important driver for population dynamics in plants 

(Mason et al., 2022) 

4.1 Ecological consequences of the discovered pathways  

4.1.1 Seedling establishment when connected to dispersal strategy 

Our results support recent studies indicating that seedling recruitment in clonal 

ericaceous plants occurs much more frequently in nature than previously expected 

(García-Rodríguez and Selva, 2021; García-Rodríguez et al., 2022). However, it is all a 

matter of looking in the right place: the success of sexual reproduction is tightly 

linked to endozoochorous disperser activity at habitat disturbances (Fig. 4; Papers I, II 

and III). On average, microsites from carrion decomposition at single mortality events 

had 17 seedlings/m2 (Paper II) while decaying stumps had 18.12 seedlings/m2 (paper 

III). In comparison, seedling establishment under mature conspecific plants ranged 

between 0.72 - 0.97 seedlings/m2 (Papers III and II, respectively). Mechanical 

disturbances, which are not necessarily attractive to disperser species but offer 

suitable conditions for seedling establishment, averaged 4.2 seedlings/m2 (Paper II).  
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The seedling abundance we found in mechanical disturbances and among adult 

plants are similar to those reported in other studies (Hautala et al., 2001; Manninen 

and Tolvanen, 2017). These seedlings are likely the product of ‘background’ seed rain 

generated by berries falling directly to the ground (i.e. undispersed) or undirected 

dispersal by frugivorous animals (Fig. 4c; Graae et al., 2011). Considering the vast 

expanse of habitat covered by mature ericaceous vegetation in boreal and alpine 

biomes, nearly one seedling per square meter could potentially account for 

considerable annual recruitment. However, such seedlings are usually short-lived as 

they are easily outcompeted by the adult plants (Eriksson and Fröborg, 1996); a 

common end to life in many plant species that do not have seed or seedling traits 

which favor survival when faced with abiotic and biotic stress (e.g. large seeds or fast 

growth; Kitajima and Fenner, 2000; Moles and Westoby, 2004). Hence, the 

probability of ericaceous seedlings assimilating into the adult population as new 

reproductive individuals in mature vegetation is likely very low. 

High levels of seedling establishment appeared to be achieved only when 1) 

landscape structures or resources were attractive to dispersal vectors and animal 

activity was concentrated at such points, and 2) those points were also viable RWOs 

for ericaceous seedling establishment. Although not comparable in size, CDIs from 

single mortality events could have up to 126 seedlings and decomposing stumps up 

to 24 seedlings at the time of observation (Papers II and III, respectively). The 

maximum abundance within survey plots (0.25 m2) at mass-mortality induced CDIs 

was 10 seedlings (Paper I).  
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Figure 4. Pictures of: (a-b) bird droppings on decaying wood, colored blue by berries and with visible 
seeds of Vaccinium spp.; (c) Vaccinium spp. seedlings germinating directly out of an undispersed 
berry; (d) V. myrtillus seedlings on a tree stump; (e) V. myrtillus and V. vitis-idaea seedlings in a 
cadaver decomposition island; (f) ericaceous seedlings emerging from a red fox scat deposited at a 
moose carcass. Picture credit a and c: Sam Steyaert  
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The genetic diversity found in Vaccinium spp. and Empetrum nigrum 

populations, which is comparable to that of nonclonal species, supports frequent 

recruitment from seed (Persson and Gustavsson, 2001; Albert et al., 2003; Bienau et 

al., 2016). In Vaccinium populations, the majority of the genetic variation (86-89%) 

resides within populations (Persson and Gustavsson, 2001; Albert et al., 2004; Albert 

et al., 2005) and multiple genets can be found in relatively small patches (Persson and 

Gustavsson, 2001). For instance, Albert et al. (2004) found up to 21 genets of 

Vaccinium myrtillus in 3×3 meter plots in a temperate forest ecosystem. Together, 

this points to continuous seedling recruitment within conspecific plants and that such 

establishment is, at least to some extent, a result of long-distance dispersal events 

between populations (Hamrick and Godt, 1996).  

Previous attempts to understand recruitment patterns in clonal plants, including 

berry-producing ericaceous shrubs, have not accounted for seed dispersal strategies 

(Eriksson, 1993; Vander Kloet and Hill, 1994; Welch et al., 2000). As such, ericaceous 

species have produced a perceived paradoxical set of life-history traits: profuse clonal 

growth, costly berry production that favours dispersal, relatively small seeds with 

poor defence mechanisms, slow growing seedlings with low stress and competitive 

abilities, and rare seedling establishment at suitable microsites. Yet, seed dispersal is 

crucial for explaining life-history traits and evolution (Bonte and Dahirel, 2017; 

Beckman et al., 2018). In the case of ericaceous species, frugivorous dispersal vectors 

form the red thread which ties it all together. We show the importance of dispersal 

services provided by avian and mammalian dispersal vectors to successful sexual 

reproduction in clonal ericaceous species (Papers I, II and III). Seed dispersal directed 

towards suitable RWOs results in seedling establishment at much higher frequency 

than earlier thought. 

By neglecting endozoochorous seed dispersal by vertebrates and their distinct 

contribution to the seed shadow, the importance of seedling recruitment has 

undoubtedly been underestimated. Sexual recruitment likely contributes to 
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population dynamics at both local and regional scales as evidenced by the genetic 

structure of the populations (Persson and Gustavsson, 2001; Albert et al., 2004; 

Albert et al., 2005). Notably, an array of plants primarily thought to propagate 

clonally have also shown high genetic diversity (Ellstrand and Roose, 1987; Nybom, 

2004; Jankowska-Wróblewska et al., 2016; West et al., 2023). This may indicate that 

many plant species are dependent on previously overlooked complex and multistage 

processes related to successful seedling recruitment 

4.1.2 When multiple species eat and poop 

Within the documented recruitment pathways of this thesis, the disperser 

community of ericaceous seeds consists of many species that can direct seed 

dispersal towards suitable microsites (Paper III; Steyaert et al., 2018). At carcass sites, 

the most commonly observed species were the mammalian scavengers red fox and 

European pine marten (Martes martes), and corvids such as Eurasian jay (Garrulus 

glandarius), hooded crow (Corvus cornix) and Eurasian magpie (Pica pica) (Paper II). 

While we did not document the species of passerines that perched and defecated on 

stumps, more than 40 passerine species inhabit the area during summer and autumn. 

Hence, it is highly likely that more than one species contributed to droppings 

observed at stumps (Paper III).  

When considering the two recruitment pathways in parallel, the disperser 

communities provided complementary seed dispersal services in two ways. Firstly, 

they directed dispersal towards two distinct microsites (carrion and stumps) in the 

landscape (Paper III; Steyaert et al., 2018;). Secondly, the dispersal communities 

included species with varying movement ranges which may contribute differently to 

particular regions of the seed shadow (i.e. seed deposition at differential distances 

from the source plant; Jordano et al., 2007; Papers II and III). The combination of both 

recruitment pathways allows ericaceous species to reach more RWOs and increase 

the frequency of sexual recruitment (Papers I, II and III) – a pattern found in several 

other plant-frugivore mutualisms (Escribano-Avila et al., 2014; González-Castro et al., 
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2015; Morán-López et al., 2020). The medium sized scavengers, such as the red fox 

and corvids observed at carcass sites (Paper III), are considered long-distance seed 

dispersers with dispersal distances that can reach nearly 3 kilometres in a 

Mediterranean study system (González-Varo et al., 2013; Green et al., 2019). 

Importantly, such long distance dispersal is crucial to metapopulation dynamics as it 

allows for genetic connectivity between populations (Spiegel and Nathan, 2007; 

Jordano, 2017). For example, Jordano et al. (2007) found that 74 % of seeds from the 

mahaleb cherry (Prunus mahaleb) were deposited outside the genetic neighborhood 

of the source population when dispersed by medium sized mammals (foxes, badgers, 

and stone martens). In comparison, passerines which direct seed dispersal towards 

stumps (Paper III) and likely also CDIs (Badia et al., 2019; Paper I) mainly move seeds 

over short distances and deposit them within the source population (Jordano et al., 

2007). Such short distance dispersal is also important to population dynamics as it 

promotes gene flow and population persistence at local scales (Jordano, 2017). Still, 

passerines such as robins or thrushes can also disperse seeds over very long 

distances, particularly during autumn migration (Costa et al., 2014).  

The division of seed dispersers according to their potential dispersal distances 

also suggest that some functional redundancy exists within each dispersal pathway. 

That is, multiple species provide similar dispersal services and if one species becomes 

extinct other species could replace its function without a reduction in plant 

recruitment (Schleuning et al., 2015). Seed dispersal patterns by vertebrate 

scavengers are comparable in their contribution to the seed shadow: seeds are 

transported over long distances and deposited into the same microsite type (CDIs; 

González-Varo et al., 2013; Steyaert et al., 2018). Similarly, the passerine community 

disperses seeds over short distances to decomposing stumps or alternatively CDIs 

(Jordano et al., 2007; Paper III). Functional redundancy plays an important role in 

ecosystem resilience during environmental perturbations (Peterson et al., 1998) and 

can buffer the effects of disperser loss (García et al., 2011; Rumeu et al., 2017). Due 

to the similar dispersal services provided by subsections of the dispersal community, 
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dispersal patterns would persist if some frugivore species experienced population 

declines or even extinction. 

4.2 The magnitude of overlooked recruitment opportunities 

RWOs for seedling establishment and survival in clonal ericaceous species likely 

occur at relatively high frequencies across landscapes. Although the occurrence of 

RWOs in natural ecosystems at any given time point is unknown, many papers report 

relatively high frequencies of carrion input and coarse woody debris – material which 

we know can become suitable RWOs for ericaceous species (Papers I, II and III).  

The annual input of carrion biomass to terrestrial systems from ungulates (wild 

and domestic) that died from natural causes such as predation, disease or starvation 

ranges from 10 to almost 700 kg/km2 (Moleón et al., 2019 and references therein). 

Human activities can further increase the influx of carrion materiel (e.g. vehicle 

collisions, supplementary feeding; Moreno-Opo and Margalida, 2019). For example, 

remains from moose hunting (e.g. viscera, head, vertebral column, lower legs and 

hide) can annually subsidize carrion available biomass with almost 83 kg/km2 

(Lafferty et al., 2016). However, in many European countries, sanitary regulations has 

led to systematic removal of carrion from domestic livestock following the outbreak 

of bovine spongiform encephalopathy (mad cow disease; Margalida et al., 2010). 

Nevertheless, considering that experimentally-placed carcasses weighing from 70 

kilos and upwards created CDIs within our study site (Paper II), ‘natural’ carcasses 

could potentially generate several RWOs per km2 each year. In addition, estimates of 

carrion biomass are likely conservative due to carrion’s ephemeral nature: carrion has 

rapid turnover and is also a highly sought after resource by organisms of the 

necrobiome (e.g. scavengers, insects; Barton et al., 2019).  

In Paper III, we showed that stumps from timber production can be viable RWOs 

for ericaceous species but decomposing wood comes in variety of forms. These 

include standing dead trees (snags), dead branches, fallen trees, coarse roots or 
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fragmentated pieces from larger snags and logs. The amount of decomposing wood 

(m3/ha) can vary with climate, forest age, site fertility and stand density (Bujoczek et 

al., 2021). Forest management for timber production, however, is the most important 

driver of dead wood availability in most Scandinavian forests (Linder and Östlund, 

1998). Managed forest stands consistently contain less woody debris compared to 

old growth forest across biomes and the woody debris that remains largely consists 

of stumps (e.g. Kirby et al., 1998; Siitonen et al., 2000; Lombardi et al., 2008; Bujoczek 

et al., 2021). Similarly, within managed stands, the volume of dead wood decreases 

with intensity of logging practices (Green and Peterken, 1997; Paletto et al., 2014). 

For seedling establishment, downed woody debris such as logs has been identified as 

an important microsite for many species (Chmura et al., 2016), and incidentally these 

are also seed deposition sites (Rehling et al., 2022). Directed endozoochorous 

dispersal towards stumps in an intensively managed forest (Paper III) might represent 

a subset of a much larger plant-frugivore dispersal network. The potential 

contribution of this reproductive pathway to recruitment is likely much bigger in 

more intact forests which host more potential regeneration sites and a more diverse 

avian disperser community.  

Besides the recruitment pathways we have shown in this thesis, recent studies 

have shown that brown bears disperse bilberry seeds towards their daybeds which 

are small disturbed areas in which seeds can germinate and establish (Steyaert et al., 

2019; García-Rodríguez and Selva, 2021). Undiscovered pathways likely exist and 

piecing together ecological clues and animal behaviour can thus reveal potential 

pathways. For example, windthrows are part of the natural disturbance regime and 

drivers of forest dynamics (Mitchell, 2013). When trees are uprooted by wind, they 

leave a pit at the former root position and an adjacent mound forms from falling soil 

released as the upturned root plate decomposes, creating discrete patches of bare 

soil in the forest floor (Schaetzl et al., 1989). Passerines use upturned root plates for 

perching and nesting (Thompson, 1980; Karpińska et al., 2022), and thereby deposit 

seeds into the pit and mound (Thompson, 1980). On a larger scale, extensive 
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windthrow gaps with multiple downed trees could provide a ‘mega’ opportunity for 

ericaceous species being dispersed by passerines. First, they immediately create 

exposed soil at upturned root plates and second, downed logs eventually decompose 

and become suitable for seedling establishment. In conclusion, there is likely a 

permanent supply of viable RWOs from natural disturbances in heterogenous 

habitats for ericaceous shrubs or even other species relying on directed 

endozoochorous dispersal. The main barrier to recruitment for RWO strategy species 

is to locate such microsites. For RWO pathways to be better recognised by the 

scientific community, the main barrier seems to be linking seed dispersal to suitable 

microsites, for example through animal behaviour. 

4.3 Seed dispersal in a changing world 

For endozoochorous plants, particularly those which require specific microsites 

for seedling establishment, recruitment dependents on the reliability of dispersal 

vectors – an increasing challenge in the Anthropocene. Many vertebrates world-wide 

are facing population declines, extinctions at local and global scales, altered spatial 

distributions and reduced movement ranges. Such ‘defaunation’ is caused by human-

driven overharvesting, habitat fragmentation, degradation and loss, and invasion of 

alien species (Dirzo et al., 2014; Ceballos et al., 2015; Ceballos et al., 2017; Tucker et 

al., 2021). Here, I consider defaunation a larger threat to interactions between 

ericaceous species and their animal partners due to the generalist nature of both 

ericaceous berry-producing species and their disperser community. Changes in 

dispersal vector populations or behavior can have cascading effects (Rogers et al., 

2021). They can severely impact plant-animal interactions such as seed dispersal 

(Neuschulz et al., 2016; Teixido et al., 2022) which may lead to reduced or even failed 

plant recruitment and increased risk of local extinction (Rodríguez-Cabal et al., 2007; 

Moran et al., 2009; Rogers et al., 2021).  

We have shown that sexual recruitment through directed endozoochory occurs 

in both undisturbed (Paper I) and human-impacted habitats (Paper III). Although the 
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suggested redundancy of dispersal services discussed above offers some buffer to 

human disturbance, defaunation processes likely affect sexual reproduction in 

ericaceous plants. The impact on plant recruitment is tied to which members of the 

disperser assembly are susceptible to defaunation hazards: Animals with large body 

mass usually have the highest chance of population decline and local extinction (Dirzo 

et al., 2014; Rogers et al., 2021). Within Norwegian boreal forests (Papers II and III), 

the largest seed disperser in terms of body size and berry consumption, is the brown 

bear, which occupies a fraction of their original habitat due to overexploitation, 

habitat loss, and management policies favoring free ranging livestock husbandry 

(Swenson et al., 1995; Bischof et al., 2020). This implies not only loss of unique 

recruitment pathways (i.e. bear beds) but also loss of long distance dispersal 

oppertunities (Lalleroni et al., 2017), with potential consequences for population 

connectivity and genetic diversity (Pérez-Mendez et al., 2016; Jordano, 2017). 

Similarly, species abundance and richness within scavenger assemblages are highly 

affected by human activity (Sebastián-González et al., 2019). A major driver is hunting 

and persecution, often due to misconceptions and livestock conflicts, while the 

important ecosystem services that scavengers provide are overlooked (Ogada et al., 

2012; Moleón et al., 2014). In fact, many municipalities in Norway still have bounty 

payments in place for scavengers such as red fox, European pine marten, common 

raven (Corvus corax) and hooded crow to actively reduce their populations. This is a 

process which also results in a reduction of the seed dispersal services provided by 

such omnivorous scavengers. In addition, population declines are also evident in 

smaller mammals and birds (Donald et al., 2006; Davidson et al., 2009). There is, 

however, little knowledge on how loss of small disperser species, such as passerines 

(Paper III), affects seed dispersal (Rogers et al., 2021). 

How anthropogenic interference in key ecosystem functions has altered and 

most importantly continues to impact sexual recruitment in keystone ericaceous 

plants is largely unknown. However, the abundance and diversity of seed dispersers is 

positively correlated with the number of seeds arriving at suitable microsites for 
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seedling establishment across landscapes (García et al., 2018; García-Rodríguez et al., 

2022). Maintaining diverse disperser communities can thus be important for 

safeguarding complete dispersal networks and its associated biodiversity. 
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5. Conclusion and further perspectives  

This thesis shows that ericaceous berry producing species do not necessarily 

present a reproductive paradox. Instead, they possess life-history traits (fleshy fruit) 

to overcome dispersal limitation and reach suitable microsites. Seedling 

establishment occurs at relatively high frequencies when endozoochorous dispersal 

vectors direct their seed dispersal towards RWOs. This approach also explains the 

observed high genetic diversity within relatively small patches of mature ericaceous 

stands. Although our finding elucidate a solution to the reproductive paradox, 

important question remain unanswered.  

The relative fitness contribution of a dispersal event to plant populations is only 

realised when seedlings persist and grow into new reproductive adults (Schupp et al., 

2010). There are several factors besides reduced competition which might facilitate 

seedling persistence at RWOs within our study sites. For example, elevated levels of 

growth-restrictive nutrients from carrion decomposition can enhance seedling 

growth (Bump et al., 2009), and partnerships with ericoid mycorrhizal fungi can 

increase nutrient assimilation from decomposing wood (Perotto et al., 2018). 

However, long-term studies are needed to evaluate the survival of ericaceous 

seedlings, including both those which emerge under conspecific adults and those 

emerging in RWOs. Although such studies are challenging in long-lived clonal plants, 

they would also help in assessing the comparative importance of our dispersal 

pathways. For example, which pathway offers the most return in form of new adults 

to the ericaceous population and which disperser species are the functionally most 

important to sexual recruitment. In parallel, studies on population genetics would be 

necessary to evaluate how seed dispersal contributes and structures gene pools 

within and across populations of ericaceous plants. Preferentially, such investigations 

would connect seedling establishment (propagule) from known disperser species to 

the maternal plant or population (source). Then the actual frequency of long-distance 



36 
 

dispersal events which transport seeds between population can be quantified and 

inference made regarding which species provides such dispersal events. 

  



37 
 

6. References 

Albert, T., Raspe, O. & Jacquemart, A. L. (2005). Diversity and spatial structure of clones in 
Vaccinium uliginosum populations. Canad. J. Bot., 83(2), 211-218. 
https://doi.org/10.1139/b04-164 

Albert, T., Raspé, O. & Jacquemart, A. L. (2003). Clonal structure in Vaccinium myrtillus L. 
revealed by RAPD and AFLP markers. Int. J. Plant Sci., 164(4), 649-655. 
https://doi.org/10.1086/375373 

Albert, T., Raspé, O. & Jacquemart, A. L. (2004). Clonal diversity and genetic structure in 
Vaccinium myrtillus populations from different habitats. Belg. J. Bot, 137(2), 155-162. 
https://doi.org/10.2307/20794549 

Alpert, P. & Mooney, H. A. (1986). Resource sharing among ramets in the clonal herb, 
fragaria-chiloensis. Oecologia, 70(2), 227-233. https://doi.org/10.1007/bf00379244 

Arnberg, M. P., Frank, S. C., Blaalid, R., Davey, M. L., Eycott, A. E. & Steyaert, S. M. J. G. 
(2022). Directed endozoochorous dispersal by scavengers facilitate sexual 
reproduction in otherwise clonal plants at cadaver sites. Ecol. Evol., 12(1), e8503. 
https://doi.org/10.1002/ece3.8503 

Aslan, C. E., Zavaleta, E. S., Tershy, B. & Croll, D. (2013). Mutualism disruption threatens 
global plant biodiversity: A systematic review. Plos One, 8(6), e66993. 
https://doi.org/10.1371/journal.pone.0066993 

Atlegrim, O. & Sjoberg, K. (1996). Effects of clear-cutting and single-tree selection harvests 
on herbivorous insect larvae feeding on bilberry (Vaccinium myrtillus) in uneven-aged 
boreal Picea abies forests. For. Ecol. Manag, 87(1-3), 139-148. 
https://doi.org/10.1016/s0378-1127(96)03830-3 

Auffret, A. G., Meineri, E., Bruun, H. H., Ejrnaes, R. & Graae, B. J. (2010). Ontogenetic niche 
shifts in three Vaccinium species on a sub-alpine mountain side. Plant Ecol. Divers, 
3(2), 131-139. https://doi.org/10.1080/17550874.2010.498063 

Bače, R., Svoboda, M., Pouska, V., Janda, P. & Červenka, J. (2012). Natural regeneration in 
Central-European subalpine spruce forests: Which logs are suitable for seedling 
recruitment? For. Ecol. Manag, 266, 254-262. 
https://doi.org/10.1016/j.foreco.2011.11.025 

Bacles, C. F. E., Lowe, A. J. & Ennos, R. A. (2006). Effective seed dispersal across a fragmented 
landscape. Science, 311(5761), 628-628. https://doi.org/10.1126/science.1121543 

Badia, R., Steyaert, S., Puliti, S., Blaalid, R. & Frank, S. (2019). Reindeer carcasses provide 
foraging habitat for insectivorous birds of the alpine tundra. Ornis Norv, 42, 36-40. 
https://doi.org/10.15845/on.v42i.2639 

Barrett, S. C. H. (2015). Influences of clonality on plant sexual reproduction. PNAS, 112(29), 
8859-8866. https://doi.org/10.1073/pnas.1501712112 

Barton, P. S., Evans, M. J., Foster, C. N., Pechal, J. L., Bump, J. K., Quaggiotto, M. M. & 
Benbow, M. E. (2019). Towards quantifying carrion biomass in ecosystems. TREE, 
34(10), 950-961. https://doi.org/10.1016/j.tree.2019.06.001 

Bascompte, J. & Jordano, P. (2007). Plant-animal mutualistic networks: The architecture of 
biodiversity. Annu. Rev. Ecol. Evol. Syst., 38(567-593. 
https://doi.org/10.1146/annurev.ecolsys.38.091206.095818 

Bascompte, J., Jordano, P., Melian, C. J. & Olesen, J. M. (2003). The nested assembly of plant-
animal mutualistic networks. PNAS, 100(16), 9383-9387. 
https://doi.org/10.1073/pnas.1633576100 



38 
 

Beckman, N. G., Aslan, C. E. & Rogers, H. S. (2020). Introduction to the Special Issue: The role 
of seed dispersal in plant populations: perspectives and advances in a changing world. 
Aob Plants, 12(2). https://doi.org/10.1093/aobpla/plaa010 

Beckman, N. G., Bullock, J. M. & Salguero-Gomez, R. (2018). High dispersal ability is related 
to fast life-history strategies. J. Ecol., 106(4), 1349-1362. 
https://doi.org/10.1111/1365-2745.12989 

Beckman, N. G. & Rogers, H. S. (2013). Consequences of Seed Dispersal for Plant 
Recruitment in Tropical Forests: Interactions Within the Seedscape. Biotropica, 45(6), 
666-681. https://doi.org/10.1111/btp.12071 

Bell, J. N. B. & Tallis, J. H. (1973). Empetrum nigrum l. J. Ecol., 61(1), 289-305. 
https://doi.org/10.2307/2258934 

Bienau, M. J., Eckstein, R. L., Otte, A. & Durka, W. (2016). Clonality increases with snow 
depth in the arctic dwarf shrub Empetrum hermaphroditum. Am. J. Bot., 103(12), 
2105-2114. https://doi.org/10.3732/ajb.1600229 

Bischof, R., Milleret, C., Dupont, P., Chipperfield, J., Tourani, M., Ordiz, A., de Valpine, P., 
Turek, D., Royle, J. A., Gimenez, O., Flagstad, O., Akesson, M., Svensson, L., Broseth, H. 
& Kindberg, J. (2020). Estimating and forecasting spatial population dynamics of apex 
predators using transnational genetic monitoring. PNAS, 117(48), 30531-30538. 
https://doi.org/10.1073/pnas.2011383117 

Bonte, D. & Dahirel, M. (2017). Dispersal: a central and independent trait in life history. 
Oikos, 126(4), 472-479. https://doi.org/10.1111/oik.03801 

Bravo, S. P. & Cueto, V. R. (2020). Directed seed dispersal: The case of howler monkey 
latrines. Perspect. Plant Ecol. Evol. Syst., 42, 125509. 
https://doi.org/10.1016/j.ppees.2019.125509 

Brodie, J. F., Helmy, O. E., Brockelman, W. Y. & Maron, J. L. (2009). Functional differences 
within a guild of tropical mammalian frugivores. Ecology, 90(3), 688-698. 
https://doi.org/10.1890/08-0111.1 

Bujoczek, L., Bujoczek, M. & Zieba, S. (2021). How much, why and where? Deadwood in 
forest ecosystems: The case of Poland. Ecol. Indic., 121, 107027. 
https://doi.org/10.1016/j.ecolind.2020.107027 

Bump, J. K., Webster, C. R., Vucetich, J. A., Peterson, R. O., Shields, J. M. & Powers, M. D. 
(2009). Ungulate carcasses perforate ecological filters and create biogeochemical 
hotspots in forest herbaceous layers allowing trees a competitive advantage. 
Ecosystems, 12(6), 996-1007. https://doi.org/10.1007/s10021-009-9274-0 

Calviño-Cancela, M. (2007). Seed and microsite limitations of recruitment and the impacts of 
post-dispersal seed predation at the within population level. Plant Ecology, 192(1), 
35-44. https://doi.org/10.1007/s11258-006-9223-3 

Carter, D. O., Yellowlees, D. & Tibbett, M. (2007). Cadaver decomposition in terrestrial 
ecosystems. Sci. Nat., 94(1), 12-24. https://doi.org/10.1007/s00114-006-0159-1 

Ceballos, G., Ehrlich, P. R., Barnosky, A. D., Garcia, A., Pringle, R. M. & Palmer, T. M. (2015). 
Accelerated modern human-induced species losses: Entering the sixth mass 
extinction. Sci. Adv., 1(5). https://doi.org/10.1126/sciadv.1400253 

Ceballos, G., Ehrlich, P. R. & Dirzo, R. (2017). Biological annihilation via the ongoing sixth 
mass extinction signaled by vertebrate population losses and declines. PNAS, 114(30), 
6089-6096. https://doi.org/10.1073/pnas.1704949114 

  



39 
 

Chmura, D., Zarnowiec, J. & Staniaszek-Kik, M. (2016). Interactions between plant traits and 
environmental factors within and among montane forest belts: A study of vascular 
species colonising decaying logs. For. Ecol. Manag, 379, 216-225. 
https://doi.org/10.1016/j.foreco.2016.08.024 

Clark, C. J., Poulsen, J. R., Levey, D. J. & Osenberg, C. W. (2007). Are plant populations seed 
limited? A critique and meta-analysis of seed addition experiments. Am. Nat., 170(1), 
128-142. https://doi.org/10.1086/518565 

Clark, J. S., Fastie, C., Hurtt, G., Jackson, S. T., Johnson, C., King, G. A., Lewis, M., Lynch, J., 
Pacala, S., Prentice, C., Schupp, E. W., Webb, T. & Wyckoff, P. (1998a). Reid's paradox 
of rapid plant migration - Dispersal theory and interpretation of paleoecological 
records. Bioscience, 48(1), 13-24. https://doi.org/10.2307/1313224 

Clark, J. S., Macklin, E. & Wood, L. (1998b). Stages and spatial scales of recruitment limitation 
in southern Appalachian forests. Ecol. Monogr., 68(2), 213-235. 
https://doi.org/10.1890/0012-9615(1998)068[0213:Sassor]2.0.Co;2 

Cortes, M. C. & Uriarte, M. (2013). Integrating frugivory and animal movement: a review of 
the evidence and implications for scaling seed dispersal. Biol. Rev., 88(2), 255-272. 
https://doi.org/10.1111/j.1469-185X.2012.00250.x 

Costa, J. M., Ramos, J. A., da Silva, L. P., Timoteo, S., Araujo, P. M., Felgueiras, M. S., Rosa, A., 
Matos, C., Encarnacao, P., Tenreiro, P. Q. & Heleno, R. H. (2014). Endozoochory 
largely outweighs epizoochory in migrating passerines. J. Avian Biol., 45(1), 59-64. 
https://doi.org/10.1111/j.1600-048X.2013.00271.x 

Crawley, M. J. (1990). The population-dynamics of plants. Philos. Trans. R. Soc. B: Biol. Sci., 
330(1257), 125-140. https://doi.org/10.1098/rstb.1990.0187 

Dahle, B., Sørensen, O. J., Wedul, E. H., Swenson, J. E. & Sandegren, F. (1998). The diet of 
brown bears Ursus arctos in central Scandinavia: effect of access to free-ranging 
domestic sheep Ovis aries. Wildlife Biol., 4(3), 147-158. 
https://doi.org/10.2981/wlb.1998.017 

Davidson, A. D., Hamilton, M. J., Boyer, A. G., Brown, J. H. & Ceballos, G. (2009). Multiple 
ecological pathways to extinction in mammals. PNAS, 106(26), 10702-10705. 
https://doi.org/10.1073/pnas.0901956106 

Dennis, A. & Westcott, D. (2007). Estimating dispersal kernels produced by a diverse 
community of vertebrates. Seed dispersal: theory and its application in a changing 
world (eds E. W. Schupp & R. J. Green), pp. 201-228. CABI. 

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B. & Collen, B. (2014). Defaunation 
in the Anthropocene. Science, 345(6195), 401-406. 
https://doi.org/10.1126/science.1251817 

Donald, P. F., Sanderson, F. J., Burfield, I. J. & van Bommel, F. P. J. (2006). Further evidence of 
continent-wide impacts of agricultural intensification on European farmland birds, 
1990-2000. Agric. Ecosyst. Environ., 116(3-4), 189-196. 
https://doi.org/10.1016/j.agee.2006.02.007 

Donoso, I., García, D., Rodríguez-Pérez, J. & Martínez, D. (2016). Incorporating seed fate into 
plant-frugivore networks increases interaction diversity across plant regeneration 
stages. Oikos, 125(12), 1762-1771. https://doi.org/10.1111/oik.02509 

Eckert, C. G. (2001). The loss of sex in clonal plants. Evol. Ecol., 15(4-6), 501-520. 
https://doi.org/10.1023/a:1016005519651 

Ellstrand, N. C. & Roose, M. L. (1987). Patterns of genotypic diversity in clonal plant species. 
Am. J. Bot., 74(1), 123-131. https://doi.org/10.2307/2444338 



40 
 

Eriksson, O. (1992). Evolution of seed dispersal and recruitment in clonal plants. Oikos, 63(3), 
439-448. https://doi.org/10.2307/3544970 

Eriksson, O. (1993). Dynamics of genets in clonal plants. TREE, 8(9), 313-316. 
https://doi.org/10.1016/0169-5347(93)90237-j 

Eriksson, O. (2002). Ontogenetic niche shifts and their implications for recruitment in three 
clonal Vaccinium shrubs: Vaccinium myrtillus, Vaccinium vitis-idaea, and Vaccinium 
oxycoccos. Canad. J. Bot., 80(6), 635-641. https://doi.org/10.1139/b02-044 

Eriksson, O. (2011). Niche shifts and seed limitation as mechanisms determining seedling 
recruitment in clonal plants. Preslia, 83(3), 301-314.  

Eriksson, O. & Ehrlen, J. (1992). Seed and microsite limitation of recruitment in plant-
populations. Oecologia, 91(3), 360-364. https://doi.org/10.1007/bf00317624 

Eriksson, O. & Fröborg, H. (1996). ''Windows of opportunity'' for recruitment in long-lived 
clonal plants: Experimental studies of seedling establishment in Vaccinium shrubs. 
Canad. J. Bot., 74(9), 1369-1374. https://doi.org/10.1139/b96-166 

Escribano-Avila, G., Calviño-Cancela, M., Pías, B., Virgós, E., Valladares, F. & Escudero, A. 
(2014). Diverse guilds provide complementary dispersal services in a woodland 
expansion process after land abandonment. J. Appl. Ecol., 51(6), 1701-1711. 
https://doi.org/10.1111/1365-2664.12340 

Fanin, N., Clemmensen, K. E., Lindahl, B. D., Farrell, M., Nilsson, M. C., Gundale, M. J., Kardol, 
P. & Wardle, D. A. (2022). Ericoid shrubs shape fungal communities and suppress 
organic matter decomposition in boreal forests. New Phytol., 236(2), 684-697. 
https://doi.org/10.1111/nph.18353 

Fanin, N., Kardol, P., Farrell, M., Kempel, A., Ciobanu, M., Nilsson, M. C., Gundale, M. J. & 
Wardle, D. A. (2019). Effects of plant functional group removal on structure and 
function of soil communities across contrasting ecosystems. Ecol. Lett., 22(7), 1095-
1103. https://doi.org/10.1111/ele.13266 

Fey, S. B., Siepielski, A. M., Nussle, S., Cervantes-Yoshida, K., Hwan, J. L., Huber, E. R., Fey, M. 
J., Catenazzi, A. & Carlson, S. M. (2015). Recent shifts in the occurrence, cause, and 
magnitude of animal mass mortality events. PNAS, 112(4), 1083-1088. 
https://doi.org/10.1073/pnas.1414894112 

Flower-Ellis, J. (1971). Age structure and dynamics in stands of bilberry (Vaccinium myrtillus 
L.). Ph.D. Thesis, Department of Forest Ecology and Forest Soils. Royal College of 
Forestry Research Notes, Stockholm 

Fröborg, H. (1996). Pollination and seed production in five boreal species of Vaccinium and 
Andromeda (Ericaceae). Canad. J. Bot., 74(9), 1363-1368. 
https://doi.org/10.1139/b96-165 

Fu, L. K., Wang, S. C., Liu, Z. G., Nijs, I., Ma, K. P. & Li, Z. Q. (2010). Effects of resource 
availability on the trade-off between seed and vegetative reproduction. J. Plant Ecol., 
3(4), 251-258. https://doi.org/10.1093/jpe/rtq017 

García-Cervígon, A. I., Żywiec, M., Delibes, M., Suárez-Esteban, A., Perea, R. & Fedriani, J. M. 
(2017). Microsites of seed arrival: spatio-temporal variations in complex seed-
disperser networks. Oikos, 127(7), 1001-1013. https://doi.org/10.1111/oik.04881 

García-Rodríguez, A., Albrecht, J., Farwig, N., Frydryszak, D., Parres, A., Schabo, D. G. & Selva, 
N. (2022). Functional complementarity of seed dispersal services provided by birds 
and mammals in an alpine ecosystem. J. Ecol., 110(1), 232-247. 
https://doi.org/10.1111/1365-2745.13799 



41 
 

García-Rodríguez, A., Albrecht, J., Szczutkowska, S., Valido, A., Farwig, N. & Selva, N. (2021). 
The role of the brown bear Ursus arctos as a legitimate megafaunal seed disperser. 
Sci. Rep., 11(1), 1282. https://doi.org/10.1038/s41598-020-80440-9 

García-Rodríguez, A. & Selva, N. (2021). Constant gardeners: Endozoochory promotes 
repeated seedling recruitment in clonal plants. Ecosphere, 12(12), e03861. 
https://doi.org/10.1002/ecs2.3861 

García, D., Donoso, I. & Rodríguez-Pérez, J. (2018). Frugivore biodiversity and 
complementarity in interaction networks enhance landscape-scale seed dispersal 
function. Funct. Ecol., 32(12), 2742-2752. https://doi.org/10.1111/1365-2435.13213 

García, D., Zamora, R. & Amico, G. C. (2011). The spatial scale of plant-animal interactions: 
effects of resource availability and habitat structure. Ecol. Monogr., 81(1), 103-121. 
https://doi.org/10.1890/10-0470.1 

Garzon-Lopez, C. X., Barcenas, E. M., Ordoñez, A., Jansen, P. A., Bohlman, S. A. & Olff, H. 
(2022). Recruitment limitation in three large-seeded plant species in a tropical moist 
forest. Biotropica, 54(2), 418-430. https://doi.org/10.1111/btp.13063 

González-Castro, A., Calviño-Cancela, M. & Nogales, M. (2015). Comparing seed dispersal 
effectiveness by frugivores at the community level. Ecology, 96(3), 808-818. 
https://doi.org/10.1890/14-0655.1 

González-Castro, A., Moran-López, T., Nogales, M. & Traveset, A. (2022). Changes in the 
structure of seed dispersal networks when including interaction outcomes from both 
plant and animal perspectives. Oikos, 2022(2), e08315. 
https://doi.org/10.1111/oik.08315 

González-Varo, J. P., Carvalho, C. S., Arroyo, J. M. & Jordano, P. (2017). Unravelling seed 
dispersal through fragmented landscapes: Frugivore species operate unevenly as 
mobile links. Mol. Ecol., 26(16), 4309-4321. https://doi.org/10.1111/mec.14181 

González-Varo, J. P., López-Bao, J. V. & Guitián, J. (2013). Functional diversity among seed 
dispersal kernels generated by carnivorous mammals. J. Anim. Ecol, 82(3), 562-571. 
https://doi.org/10.1111/1365-2656.12024 

Granstrøm, A. (1987). Seed viability of 14 species during 5 years of storage in a forest soil. J. 
Ecol., 75(2), 321-331. https://doi.org/10.2307/2260421 

Green, A. J., Elmberg, J. & Lovas-Kiss, A. (2019). Beyond Scatter-Hoarding and Frugivory: 
European Corvids as Overlooked Vectors for a Broad Range of Plants. Front. Ecol. 
Evol., 7, 133. https://doi.org/10.3389/fevo.2019.00133 

Green, P. & Peterken, G. F. (1997). Variation in the amount of dead wood in the woodlands 
of the Lower Wye Valley, UK in relation to the intensity of management. For. Ecol. 
Manag, 98(3), 229-238. https://doi.org/10.1016/s0378-1127(97)00106-0 

Graae, B. J., Ejrnaes, R., Lang, S. I., Meineri, E., Ibarra, P. T. & Bruun, H. H. (2011). Strong 
microsite control of seedling recruitment in tundra. Oecologia, 166(2), 565-576. 
https://doi.org/10.1007/s00442-010-1878-8 

Guitian, J., Munilla, I., Guitian, P. & Lopez, B. (1994). Frugivory and seed dispersal by 
redwings turdus-iliacus in southwest iceland. Ecography, 17(4), 314-320. 
https://doi.org/10.1111/j.1600-0587.1994.tb00108.x 

Hagelin, J. C., Busby, S., Harding-Scurr, A. & Brinkman, A. R. (2015). Observations on Fecal 
Sac Consumption and Near-ground Foraging Behavior in the Olive-sided Flycatcher 
(Contopus cooperi). Wilson J. Ornithol., 127(2), 332-336. 
https://doi.org/10.1676/wils-127-02-332-336.1 



42 
 

Hamrick, J. L. & Godt, M. J. W. (1996). Effects of life history traits on genetic diversity in plant 
species. Philos. Trans. R. Soc. Lond., B, Biol. Sci., 351(1345), 1291-1298. 
https://doi.org/10.1098/rstb.1996.0112 

Harmon, M. E., Franklin, J. F., Swanson, F. J., Sollins, P., Gregory, S. V., Lattin, J. D., Anderson, 
N. H., Cline, S. P., Aumen, N. G., Sedell, J. R., Lienkaemper, G. W., Cromack, K. & 
Cummins, K. W. (1986). Ecology of coarse woody debris in temperate ecosystems. 
Adv. Ecol. Res., 15, 133-302. https://doi.org/10.1016/s0065-2504(08)60121-x 

Hautala, H., Tolvanen, A. & Nuortila, C. (2001). Regeneration strategies of dominant boreal 
forest dwarf shrubs in response to selective removal of understorey layers. J. Veg. 
Sci., 12(4), 503-510. https://doi.org/10.2307/3237002 

Herrera, C. M. (1982). Seasonal-variation in the quality of fruits and diffuse coevolution 
between plants and avian dispersers. Ecology, 63(3), 773-785. 
https://doi.org/10.2307/1936798 

Herrera, C. M. (2002). Seed dispersal by vertebrates. Plant–animal interactions: an 
evolutionary approach (ed C. M. P. Herrera, O.), pp. 185-208. Blackwell Publishing, 
Oxford. 

Hertel, A. G., Bischof, R., Langval, O., Mysterud, A., Kindberg, J., Swenson, J. E. & Zedrosser, A. 
(2018). Berry production drives bottom-up effects on body mass and reproductive 
success in an omnivore. Oikos, 127(2), 197-207. https://doi.org/10.1111/oik.04515 

Hester, A. J., Gimingham, C. H. & Miles, J. (1991). Succession from heather moorland to birch 
woodland. III. Seed availability, germination and early growth. J. Ecol., 79(2), 329-344. 
https://doi.org/10.2307/2260716 

Hill, N. M. & Vander Kloet, S. P. (2005). Longevity of experimentally buried seed in Vaccinium: 
relationship to climate, reproductive factors and natural seed banks. J. Ecol., 93(6), 
1167-1176. https://doi.org/10.1111/j.1365-2745.2005.01034.x 

Hill, N. M., Vander Kloet, S. P. & Garbary, D. J. (2012). The regeneration ecology of 
Empetrum nigrum, the black crowberry, on coastal heathland in Nova Scotia. Botany, 
90(5), 379-392. https://doi.org/10.1139/b2012-022 

Honkavaara, J., Siitari, H., Saloranta, V. & Viitala, J. (2007). Avian seed ingestion changes 
germination patterns of bilberry, Vaccinium myrtillus. Ann. Bot. Fenn., 44(1), 8-17.  

Howe, H. F. & Smallwood, J. (1982). Ecology of seed dispersal. Annu. Rev. Ecol. Evol. Syst., 13, 
201-228. https://doi.org/10.1146/annurev.es.13.110182.001221 

Hultén, E. & Fries, M. (1986). Atlas of North European vascular plants north of the tropic of 
cancer. Koeltz Scientific Books, Königstein, Germany. 

Hutchings, M. J. & Wijesinghe, D. K. (1997). Patchy habitats, division of labour and growth 
dividends in clonal plants. TREE, 12(10), 390-394. https://doi.org/10.1016/s0169-
5347(97)87382-x 

Jacquemart, A. L. (1996). Vaccinium uliginosum L. J. Ecol., 84(5), 771-785. 
https://doi.org/10.2307/2261339 

Jankowska-Wróblewska, S., Meyza, K., Sztupecka, E., Kubera, L. & Burczyk, J. (2016). Clonal 
structure and high genetic diversity at peripheral populations of Sorbus torminalis (L.) 
Crantz. Iforest, 9, 892-900. https://doi.org/10.3832/ifor1885-009 

Janzen, D. H. (1980). When is it coevolution? Evolution, 34(3), 611-612. 
https://doi.org/10.2307/2408229 

Jelinski, D. E. & Cheliak, W. M. (1992). Genetic diversity and spatial subdivision of populus-
tremuloides (salicaceae) in a heterogeneous landscape. Am. J. Bot., 79(7), 728-736. 
https://doi.org/10.2307/2444937 



43 
 

Jordano, P. (2017). What is long-distance dispersal? And a taxonomy of dispersal events. J. 
Ecol., 105(1), 75-84. https://doi.org/10.1111/1365-2745.12690 

Jordano, P., Garcia, C., Godoy, J. A. & Garcia-Castano, J. L. (2007). Differential contribution of 
frugivores to complex seed dispersal patterns. PNAS, 104(9), 3278-3282. 
https://doi.org/10.1073/pnas.0606793104 

Karpińska, O., Kamionka-Kanclerska, K., Neubauer, G. & Rowiński, P. (2022). Characteristics 
and selection of nest sites of the flexible cavity-nester, the European robin Erithacus 
rubecula, in the temperate primeval forest (Bialowieza National Park, Poland). Eur. 
Zool. J., 89(1), 1-14. https://doi.org/10.1080/24750263.2021.2006326 

Kendrick, G. A., Waycott, M., Carruthers, T. J. B., Cambridge, M. L., Hovey, R., Krauss, S. L., 
Lavery, P. S., Les, D. H., Lowe, R. J., Vidal, O. M. I., Ooi, J. L. S., Orth, R. J., Rivers, D. O., 
Ruiz-Montoya, L., Sinclair, E. A., Statton, J., van Dijk, J. K. & Verduin, J. J. (2012). The 
central role of dispersal in the maintenance and persistence of seagrass populations. 
Bioscience, 62(1), 56-65. https://doi.org/10.1525/bio.2012.62.1.10 

Kirby, K. J., Reid, C. M., Thomas, R. C. & Goldsmith, F. B. (1998). Preliminary estimates of 
fallen dead wood and standing dead trees in managed and unmanaged forests in 
Britain. J. Appl. Ecol., 35(1), 148-155. https://doi.org/10.1046/j.1365-
2664.1998.00276.x 

Kitajima, K. & Fenner, M. (2000). Ecology of seedling regeneration. Seeds: the ecology of 
regeneration in plant communities (ed M. Fenner), pp. 331-359. CABI publishing 
Wallingford, UK. 

Klimeš, L. (1997). Clonal plant architecture: a comparative analysis of form and function. The 
ecology and evolution of clonal plants (eds H. D. Kroon & J. V. Groenendael), pp. 1-29. 
Backhuys. 

Krebs, C. J., Boonstra, R., Cowcill, K. & Kenney, A. J. (2009). Climatic determinants of berry 
crops in the boreal forest of the southwestern Yukon. Botany, 87(4), 401-408. 
https://doi.org/10.1139/b09-013 

Kron, K. A. & Luteyn, J. L. (2005). Origins and biogeographic patterns in Ericaceae: New 
insights from recent phylogenetic analyses. Plant diversity and complexity patterns: 
local, regional and global dimensions. Proceedings of an International Symposium 
held at the Royal Danish Academy of Sciences and Letters in Copenhagen, Denmark, 
25-28 May, 2003, pp. 479-500. Det Kongelige Danske Videnskabernes Selskab. 

Kumari, S., Pradhan, S. & Chauhan, J. (2018). Dynamics of weed seed bank and its 
management for sustainable crop production. Int. J. Chem. Stud., 6(3), 643-647. 
https://doi.org/10.1016/B978-0-12-387689-8.00001-1  

Lafferty, D. J. R., Loman, Z. G., White, K. S., Morzillo, A. T. & Belant, J. L. (2016). Moose (Alces 
alces) hunters subsidize the scavenger community in Alaska. Polar Biol., 39(4), 639-
647. https://doi.org/10.1007/s00300-015-1819-4 

Lalleroni, A., Quenette, P. Y., Daufresne, T., Pellerin, M. & Baltzinger, C. (2017). Exploring the 
potential of brown bear (Ursus arctos arctos) as a long-distance seed disperser: a 
pilot study in South-Western Europe. Mammalia, 81(1), 1-9. 
https://doi.org/10.1515/mammalia-2015-0092 

LaRue, E. A., Emery, N. C., Briley, L. & Christie, M. R. (2019). Geographic variation in dispersal 
distance facilitates range expansion of a lake shore plant in response to climate 
change. Diversity and Distributions, 25(9), 1429-1440. 
https://doi.org/10.1111/ddi.12951 



44 
 

Lenssen, J. P. M., Van Kleunen, M., Fischer, M. & De Kroon, H. (2004). Local adaptation of the 
clonal plant Ranunculus reptans to flooding along a small-scale gradient. J. Ecol., 
92(4), 696-706. https://doi.org/10.1111/j.0022-0477.2004.00895.x 

Levine, J. M. & Murrell, D. J. (2003). The community-level consequences of seed dispersal 
patterns. Annu. Rev. Ecol. Evol. Syst., 34, 549-574. 
https://doi.org/10.1146/annurev.ecolsys.34.011802.132400 

Linder, P. & Östlund, L. (1998). Structural changes in three mid-boreal Swedish forest 
landscapes, 1885-1996. Biol. Conserv, 85(1-2), 9-19. https://doi.org/10.1016/s0006-
3207(97)00168-7 

Liu, F. H., Liu, J. & Dong, M. (2016). Ecological consequences of clonal integration in plants. 
Front. Plant Sci., 7, 770. https://doi.org/10.3389/fpls.2016.00770 

Liu, J. S., Chen, C., Pan, Y., Zhang, Y. & Gao, Y. (2020). The Intensity of Simulated Grazing 
Modifies Costs and Benefits of Physiological Integration in a Rhizomatous Clonal Plant. 
Int. J. Environ. Res. Public Health, 17(8). https://doi.org/10.3390/ijerph17082724 

Lombardi, F., Lasserre, B., Tognetti, R. & Marchetti, M. (2008). Deadwood in relation to stand 
management and forest type in Central Apennines (Molise, Italy). Ecosystems, 11(6), 
882-894. https://doi.org/10.1007/s10021-008-9167-7 

Long, Q., Foster, B. L. & Kindscher, K. (2014). Seed and microsite limitations mediate 
stochastic recruitment in a low-diversity prairie restoration. Plant Ecol., 215(11), 
1287-1298. https://doi.org/10.1007/s11258-014-0387-y 

Mallik, A. U. (2003). Conifer regeneration problems in boreal and temperate forests with 
ericaceous understory: Role of disturbance, seedbed limitation, and keytsone species 
change. Crit. Rev. Plant Sci., 22(3-4), 341-366. https://doi.org/10.1080/713610860 

Manninen, O. H. & Tolvanen, A. (2017). Sexual reproduction of clonal dwarf shrubs in a 
forest-tundra ecotone. Plant Ecol., 218(6), 635-645. https://doi.org/10.1007/s11258-
017-0717-y 

Margalida, A., Donazar, J. A., Carrete, M. & Sanchez-Zapata, J. A. (2010). Sanitary versus 
environmental policies: fitting together two pieces of the puzzle of European vulture 
conservation. J. Appl. Ecol., 47(4), 931-935. https://doi.org/10.1111/j.1365-
2664.2010.01835.x 

Mason, D. S., Baruzzi, C. & Lashley, M. A. (2022). Passive directed dispersal of plants by 
animals. Biol. Rev., 97(5), 1908-1929. https://doi.org/10.1111/brv.12875 

McConkey, K. R. & Brockelman, W. Y. (2011). Nonredundancy in the dispersal network of a 
generalist tropical forest tree. Ecology, 92(7), 1492-1502. https://doi.org/10.1890/10-
1255.1 

Miina, J., Hotanen, J. P. & Salo, K. (2009). Modelling the abundance and temporal variation in 
the production of bilberry (Vaccinium myrtillus L.) in Finnish mineral soil forests. Silva 
Fenn., 43(4), 577-593. https://doi.org/10.14214/sf.181 

Mitchell, S. J. (2013). Wind as a natural disturbance agent in forests: a synthesis. Forestry, 
86(2), 147-157. https://doi.org/10.1093/forestry/cps058 

Moleón, M., Sánchez-Zapata, J. A., Margalida, A., Carrete, M., Owen-Smith, N. & Donázar, J. 
A. (2014). Humans and Scavengers: The Evolution of Interactions and Ecosystem 
Services. Bioscience, 64(5), 394-403. https://doi.org/10.1093/biosci/biu034 

Moleón, M., Selva, N., Quaggiotto, M. M., Bailey, D. M., Cortés-Avizanda, A. & DeVault, T. L. 
(2019). Carrion availability in space and time. Carrion ecology and management (eds 
P. P. Olea, P. Mateo-Tomás & J. A. Sánchez-Zapata), pp. 23-44. Springer. 



45 
 

Moles, A. T. & Westoby, M. (2004). Seedling survival and seed size: a synthesis of the 
literature. J. Ecol., 92(3), 372-383. https://doi.org/10.1111/j.0022-0477.2004.00884.x 

Morán-López, T., González-Castro, A., Morales, J. M. & Nogales, M. (2020). Behavioural 
complementarity among frugivorous birds and lizards can promote plant diversity in 
island ecosystems. Funct. Ecol., 34(1), 182-193. https://doi.org/10.1111/1365-
2435.13476 

Moran, C., Catterall, C. P. & Kanowski, J. (2009). Reduced dispersal of native plant species as 
a consequence of the reduced abundance of frugivore species in fragmented 
rainforest. Biol. Conserv, 142(3), 541-552. 
https://doi.org/10.1016/j.biocon.2008.11.006 

Moreno-Opo, R. & Margalida, A. (2019). Human-mediated carrion: effects on ecological 
processes. Carrion Ecology and Management (eds P. P. Olea, P. Mateo-Tomás & J. A. 
Sánchez-Zapata), pp. 183-211. Springer. 

Muller-Landau, H. C., Wright, S. J., Calderon, O., Condit, R. & Hubbell, S. P. (2008). 
Interspecific variation in primary seed dispersal in a tropical forest. J. Ecol., 96(4), 
653-667. https://doi.org/10.1111/j.1365-2745.2008.01399.x 

Myers, J. A. & Harms, K. E. (2009). Seed arrival, ecological filters, and plant species richness: 
a meta-analysis. Ecol. Lett., 12(11), 1250-1260. https://doi.org/10.1111/j.1461-
0248.2009.01373.x 

Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D. & Smouse, P. E. (2008). 
A movement ecology paradigm for unifying organismal movement research. PNAS, 
105(49), 19052-19059. https://doi.org/10.1073/pnas.0800375105 

Nathan, R. & Muller-Landau, H. C. (2000). Spatial patterns of seed dispersal, their 
determinants and consequences for recruitment. TREE, 15(7), 278-285. 
https://doi.org/10.1016/s0169-5347(00)01874-7 

Needham, R., Odden, M., Lundstadsveen, S. K. & Wegge, P. (2014). Seasonal diets of red 
foxes in a boreal forest with a dense population of moose: the importance of winter 
scavenging. Acta Theriol., 59(3), 391-398. https://doi.org/10.1007/s13364-014-0188-
7 

Nestby, R., Hykkerud, A. L. & Martinussen, I. (2019). Review of botanical characterization, 
growth preferences, climatic adaptation and human health effects of Ericaceae and 
Empetraceae wild dwarf shrub berries in boreal, alpine and arctic areas. J. Berry Res., 
9(3), 515-547. https://doi.org/10.3233/jbr-190390 

Neuschulz, E. L., Mueller, T., Schleuning, M. & Bohning-Gaese, K. (2016). Pollination and seed 
dispersal are the most threatened processes of plant regeneration. Sci. Rep., 6, 29839. 
https://doi.org/10.1038/srep29839 

Nilsson, M. C. & Wardle, D. A. (2005). Understory vegetation as a forest ecosystem driver: 
evidence from the northern Swedish boreal forest. Front. Ecol. Evol., 3(8), 421-428. 
https://doi.org/10.2307/3868658 

Nuortila, C., Tuomi, J., Aspi, J. & Laine, K. (2006). Early-acting inbreeding depression in a 
clonal dwarf shrub, Vaccinium myrtillus, in a northern boreal forest. Ann. Bot. Fenn., 
43(1), 36-48.  

Nuortila, C., Tuomi, J. & Laine, K. (2002). Inter-parent distance affects reproductive success 
in two clonal dwarf shrubs, Vaccinium myrtillus and Vaccinium vitis-idaea (Ericaceae). 
Canad. J. Bot., 80(8), 875-884. https://doi.org/10.1139/B02-079 



46 
 

Nybom, H. (2004). Comparison of different nuclear DNA markers for estimating intraspecific 
genetic diversity in plants. Mol. Ecol., 13(5), 1143-1155. 
https://doi.org/10.1111/j.1365-294X.2004.02141.x 

Ogada, D. L., Keesing, F. & Virani, M. Z. (2012). Dropping dead: causes and consequences of 
vulture population declines worldwide. Year in Ecology and Conservation Biology (eds 
R. S. Ostfeld & W. H. Schlesinger), pp. 57-71. 

Paletto, A., De Meo, I., Cantiani, P. & Ferretti, F. (2014). Effects of forest management on the 
amount of deadwood in Mediterranean oak ecosystems. Ann. For. Sci., 71(7), 791-
800. https://doi.org/10.1007/s13595-014-0377-1 

Peres, C. A. (2000). Identifying keystone plant resources in tropical forests: the case of gums 
from Parkia pods. J. Trop. Ecol., 16, 287-317. 
https://doi.org/10.1017/s0266467400001413 

Pérez-Mendez, N., Jordano, P., García, C. & Valido, A. (2016). The signatures of 
Anthropocene defaunation: cascading effects of the seed dispersal collapse. Sci. Rep., 
6, 24820. https://doi.org/10.1038/srep24820 

Perotto, S., Daghino, S. & Martino, E. (2018). Ericoid mycorrhizal fungi and their genomes: 
another side to the mycorrhizal symbiosis? New Phytol., 220(4), 1141-1147. 
https://doi.org/10.1111/nph.15218 

Persson, H. A. & Gustavsson, B. A. (2001). The extent of clonality and genetic diversity in 
lingonberry (Vaccinium vitis-idaea L.) revealed by RAPDs and leaf-shape analysis. Mol. 
Ecol., 10(6), 1385-1397. https://doi.org/10.1046/j.1365-294X.2001.01280.x 

Peterson, G., Allen, C. R. & Holling, C. S. (1998). Ecological resilience, biodiversity, and scale. 
Ecosystems, 1(1), 6-18. https://doi.org/10.1007/s100219900002 

Quintero, E., Pizo, M. A. & Jordano, P. (2020). Fruit resource provisioning for avian frugivores: 
The overlooked side of effectiveness in seed dispersal mutualisms. J. Ecol., 108(4), 
1358-1372. https://doi.org/10.1111/1365-2745.13352 

Ranwala, S. M. & Naylor, R. E. (2004). Production, survival and germination of bilberry 
(Vaccinium myrtillus L.) seeds. Bot. j. Scotl., 56(1), 55-63. 
https://doi.org/10.1080/03746600408685067 

Rehling, F., Schlautmann, J., Jaroszewicz, B., Schabo, D. G. & Farwig, N. (2022). Forest 
degradation limits the complementarity and quality of animal seed dispersal. Proc. 
Royal Soc. B, 289(1975). https://doi.org/10.1098/rspb.2022.0391 

Ritchie, J. C. (1955). Vaccinium vitis-idaea l. J. Ecol., 43(2), 701-708. 
https://doi.org/10.2307/2257030 

Ritchie, J. C. (1956). Vaccinium myrtillus l. J. Ecol., 44(1), 291-299. 
https://doi.org/10.2307/2257181 

Rodríguez-Cabal, M. A., Aizen, M. A. & Novaro, A. J. (2007). Habitat fragmentation disrupts a 
plant-disperser mutualism in the temperate forest of South America. Biol. Conserv, 
139(1-2), 195-202. https://doi.org/10.1016/j.biocon.2007.06.014 

Rogers, H. S., Donoso, I., Traveset, A. & Fricke, E. C. (2021). Cascading Impacts of Seed 
Disperser Loss on Plant Communities and Ecosystems. Annu. Rev. Ecol. Evol. Syst., 52, 
641-666. https://doi.org/10.1146/annurev-ecolsys-012221-111742 

Rother, D. C., Pizo, M. A. & Jordano, P. (2016). Variation in seed dispersal effectiveness: the 
redundancy of consequences in diversified tropical frugivore assemblages. Oikos, 
125(3), 336-342. https://doi.org/10.1111/oik.02629 



47 
 

Rouvinen, S., Kuuluvainen, T. & Karjalainen, L. (2002). Coarse woody debris in old Pinus 
sylvestris dominated forests along a geographic and human impact gradient in boreal 
Fennoscandia. Can. J. For. Res., 32(12), 2184-2200. https://doi.org/10.1139/x02-144 

Rumeu, B., Devoto, M., Traveset, A., Olesen, J. M., Vargas, P., Nogales, M. & Heleno, R. 
(2017). Predicting the consequences of disperser extinction: richness matters the 
most when abundance is low. Funct. Ecol., 31(10), 1910-1920. 
https://doi.org/10.1111/1365-2435.12897 

Santiago, L. S. (2000). Use of coarse woody debris by the plant community of a Hawaiian 
montane cloud forest. Biotropica, 32(4), 633-641. https://doi.org/10.1646/0006-
3606(2000)032[0633:Uocwdb]2.0.Co;2 

Schaetzl, R. J., Burns, S. F., Johnson, D. L. & Small, T. W. (1989). Tree uprooting: review of 
impacts on forest ecology. Vegetatio, 79(3), 165-176. 
https://doi.org/10.1007/BF00044908 

Schaumann, F. & Heinken, T. (2002). Endozoochorous seed dispersal by martens (Martes 
foina, M. martes) in two woodland habitats. Flora, 197(5), 370-378. 
https://doi.org/10.1078/0367-2530-00053 

Schleuning, M., Frund, J. & Garcia, D. (2015). Predicting ecosystem functions from 
biodiversity and mutualistic networks: an extension of trait-based concepts to plant-
animal interactions. Ecography, 38(4), 380-392. https://doi.org/10.1111/ecog.00983 

Schupp, E. W. (1995). Seed-seedling conflicts, habitat choice, and patterns of plant 
recruitment. Am. J. Bot., 82(3), 399-409. https://doi.org/10.1002/j.1537-
2197.1995.tb12645.x 

Schupp, E. W., Jordano, P. & Gomez, J. M. (2010). Seed dispersal effectiveness revisited: a 
conceptual review. New Phytol., 188(2), 333-353. https://doi.org/10.1111/j.1469-
8137.2010.03402.x 

Schupp, E. W., Jordano, P. & Gomez, J. M. (2017). A general framework for effectiveness 
concepts in mutualisms. Ecol. Lett., 20(5), 577-590. 
https://doi.org/10.1111/ele.12764 

Sebastián-González, E., Barbosa, J. M., Perez-Garcia, J. M., Morales-Reyes, Z., Botella, F., 
Olea, P. P., Mateo-Tomas, P., Moleon, M., Hiraldo, F., Arrondo, E., Donazar, J. A., 
Cortes-Avizanda, A., Selva, N., Lambertucci, S. A., Bhattacharjee, A., Brewer, A., 
Anadon, J. D., Abernethy, E., Rhodes, O. E., Turner, K., Beasley, J. C., DeVault, T. L., 
Ordiz, A., Wikenros, C., Zimmermann, B., Wabakken, P., Wilmers, C. C., Smith, J. A., 
Kendall, C. J., Ogada, D., Buechley, E. R., Frehner, E., Allen, M. L., Wittmer, H. U., 
Butler, J. R. A., du Toit, J. T., Read, J., Wilson, D., Jerina, K., Krofel, M., Kostecke, R., 
Inger, R., Samson, A., Naves-Alegre, L. & Sanchez-Zapata, J. A. (2019). Scavenging in 
the Anthropocene: Human impact drives vertebrate scavenger species richness at a 
global scale. Glob. Chang Biol., 25(9), 3005-3017. https://doi.org/10.1111/gcb.14708 

Siitonen, J., Martikainen, P., Punttila, P. & Rauh, J. (2000). Coarse woody debris and stand 
characteristics in mature managed and old-growth boreal mesic forests in southern 
Finland. For. Ecol. Manag, 128(3), 211-225. https://doi.org/10.1016/s0378-
1127(99)00148-6 

Silvertown, J. (2008). The evolutionary maintenance of sexual reproduction: Evidence from 
the ecological distribution of asexual reproduction in clonal plants. Int. J. Plant Sci., 
169(1), 157-168. https://doi.org/10.1086/523357 

  



48 
 

Spiegel, O. & Nathan, R. (2007). Incorporating dispersal distance into the disperser 
effectiveness framework: frugivorous birds provide complementary dispersal to 
plants in a patchy environment. Ecol. Lett., 10(8), 718-728. 
https://doi.org/10.1111/j.1461-0248.2007.01062.x 

Stenset, N. E., Lutnaes, P. N., Bjarnadottir, V., Dahle, B., Fossum, K. H., Jigsved, P., Johansen, 
T., Neumann, W., Opseth, O., Ronning, O., Steyaert, S., Zedrosser, A., Brunberg, S. & 
Swenson, J. E. (2016). Seasonal and annual variation in the diet of brown bears Ursus 
arctos in the boreal forest of southcentral Sweden. Wildlife Biol., 22(3), 107-116. 
https://doi.org/10.2981/wlb.00194 

Stevens, P., Luteyn, J., Oliver, E., Bell, T., Brown, E., Crowden, R., George, A., Jordan, G., Ladd, 
P. & Lemson, K. (2004). Ericaceae. Flowering Plants· Dicotyledons: Celastrales, 
Oxalidales, Rosales, Cornales, Ericales (ed K. Kubitzki), pp. 145-194. Springer, Berlin. 

Steyaert, S. M. J. G., Frank, S. C., Puliti, S., Badia, R., Arnberg, M. P., Beardsley, J., Okelsrud, A. 
& Blaalid, R. (2018). Special delivery: scavengers direct seed dispersal towards 
ungulate carcasses. Biol. Lett., 14(8), 20180388. 
https://doi.org/10.1098/rsbl.2018.0388 

Steyaert, S. M. J. G., Hertel, A. G. & Swenson, J. E. (2019). Endozoochory by brown bears 
stimulates germination in bilberry. Wildlife Biol., 2019(1), 1-5. 
https://doi.org/10.2981/wlb.00573 

Swenson, J. E., Wabakken, P., Sandegren, F., Bjarvall, A., Franzen, R. & Soderberg, A. (1995). 
The near extinction and recovery of brown bears in Scandinavia in relation to the 
bear management policies of Norway and Sweden. Wildlife Biol., 1(1), 11-25. 
https://doi.org/10.2981/wlb.1995.005 

Teixido, A. L., Fuzessy, L. F., Souza, C. S., Gomes, I. N., Kaminski, L. A., Oliveira, P. C. & 
Maruyama, P. K. (2022). Anthropogenic impacts on plant-animal mutualisms: A global 
synthesis for pollination and seed dispersal. Biol. Conserv, 266, 109461. 
https://doi.org/10.1016/j.biocon.2022.109461 

Terborgh, J., Zhu, K., Alvarez-Loayza, P. & Valverde, F. C. (2014). How many seeds does it 
take to make a sapling? Ecology, 95(4), 991-999. https://doi.org/10.1890/13-0764.1 

Thompson, F. L. & Eckert, C. G. (2004). Trade-offs between sexual and clonal reproduction in 
an aquatic plant: experimental manipulations vs. phenotypic correlations. J. Evol. 
Biol., 17(3), 581-592. https://doi.org/10.1111/j.1420-9101.2004.00701.x 

Thompson, J. N. (1980). Treefalls and colonization patterns of temperate forest herbs. Am. 
Midl. Nat., 104(1), 176-184. https://doi.org/10.2307/2424969 

Tochigi, K., Steyaert, S., Naganuma, T., Yamazaki, K. & Koike, S. (2022). Differentiation and 
seasonality in suitable microsites of seed dispersal by an assemblage of omnivorous 
mammals. Glob. Ecol. Conserv., 40, e02335. 
https://doi.org/10.1016/j.gecco.2022.e02335 

Towne, E. G. (2000). Prairie vegetation and soil nutrient responses to ungulate carcasses. 
Oecologia, 122(2), 232-239. https://doi.org/10.1007/pl00008851 

Traveset, A. A., Robertson, A. & Rodríguez-Pérez, J. (2007). A review on the role of 
endozoochory in seed germination. Seed dispersal: theory and its application in a 
changing world (eds A. Dennis, E. Schupp, R. Green & D. A. Westcott), pp. 78-103. 
CAB International, Wallingford, UK. 

Tucker, M. A., Busana, M., Huijbregts, M. A. J. & Ford, A. T. (2021). Human-induced reduction 
in mammalian movements impacts seed dispersal in the tropics. Ecography, 44(6), 
897-906. https://doi.org/10.1111/ecog.05210 



49 
 

Turnbull, L. A., Crawley, M. J. & Rees, M. (2000). Are plant populations seed-limited? A 
review of seed sowing experiments. Oikos, 88(2), 225-238. 
https://doi.org/10.1034/j.1600-0706.2000.880201.x 

Vallejo-Marín, M., Dorken, M. E. & Barrett, S. C. H. (2010). The ecological and evolutionary 
consequences of clonality for plant mating. Annu. Rev. Ecol. Evol. Syst., 41(193-213. 
https://doi.org/10.1146/annurev.ecolsys.110308.120258 

van der Pijl, L. (1982). Principles of dispersal in higher plants. Springer. 
Van Drunen, W. E. & Dorken, M. E. (2012). Trade-offs between clonal and sexual 

reproduction in Sagittaria latifolia (Alismataceae) scale up to affect the fitness of 
entire clones. New Phytol., 196(2), 606-616. https://doi.org/10.1111/j.1469-
8137.2012.04260.x 

Vander Kloet, S. P. & Hill, N. M. (1994). The paradox of berry production in temperate 
species of Vaccinium. Canad. J. Bot., 72(1), 52-58. https://doi.org/10.1139/b94-007 

Wang, Z. W., Xie, L. N., Prather, C. M., Guo, H. Y., Han, G. D. & Ma, C. C. (2018). What drives 
the shift between sexual and clonal reproduction of Caragana stenophylla along a 
climatic aridity gradient? Bmc Plant Biol., 18, 91. https://doi.org/10.1186/s12870-
018-1313-6 

Wegge, P. & Kastdalen, L. (2008). Habitat and diet of young grouse broods: resource 
partitioning between Capercaillie (Tetrao urogallus) and Black Grouse (Tetrao tetrix) 
in boreal forests. J. Ornithol., 149(2), 237-244. https://doi.org/10.1007/s10336-007-
0265-7 

Welch, D., Scott, D. & Doyle, S. (2000). Studies on the paradox of seedling rarity in Vaccinium 
myrtillus L. in NE Scotland. Bot. j. Scotl., 52(1), 17-30. 
https://doi.org/10.1080/03746600008684942 

Wenny, D. G. (2001). Advantages of seed dispersal: A re-evaluation of directed dispersal. 
Evol. Ecol. Research, 3(1), 51-74.  

Wenny, D. G. & Levey, D. J. (1998). Directed seed dispersal by bellbirds in a tropical cloud 
forest. PNAS, 95(11), 6204-6207. https://doi.org/10.1073/pnas.95.11.6204 

West, N. M., Gaskin, J. F., Milan, J. & Rand, T. A. (2023). High genetic diversity in the 
landscape suggests frequent seedling recruitment by Euphorbia virgata Waldst. & Kit. 
(leafy spurge) in the northern USA. Biol. Invasions, 25(3), 645–652. 
https://doi.org/10.1007/s10530-022-02954-9 

Wiens, D. & Worsley, T. (2016). Reproductive failure: a new paradigm for extinction. 
Biological Journal of the Linnean Society, 119(4), 1096-1102. 
https://doi.org/10.1111/bij.12843 

Yang, Y. Y. & Kim, J. G. (2016). The optimal balance between sexual and asexual reproduction 
in variable environments: a systematic review. J. Ecol. Environ., 40(1), 1-18. 
https://doi.org/10.1186/s41610-016-0013-0 

Zhang, Y. & Zhang, D. (2007). Asexual and sexual reproductive strategies in clonal plants. 
Front. Biol. China, 2(3), 256-262. https://doi.org/10.1007/s11515-007-0036-0 

Zhang, Y. C., Zhang, Q. Y. & Sammul, M. (2012). Physiological Integration Ameliorates 
Negative Effects of Drought Stress in the Clonal Herb Fragaria orientalis. Plos One, 
7(9), e44221. https://doi.org/10.1371/journal.pone.0044221 

Zwolak, R. (2018). How intraspecific variation in seed-dispersing animals matters for plants. 
Biol. Rev., 93(2), 897-913. https://doi.org/10.1111/brv.12377 



50 
 

Aarssen, L. W. (2008). Death without sex - the 'problem of the small' and selection for 
reproductive economy in flowering plants. Evol. Ecol., 22(3), 279-298. 
https://doi.org/10.1007/s10682-007-9170-z 



 
 
 
 
 
 
 
 
 
 
 
 
 

Paper I 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
This is an open-access article, reproduced and distributed under the terms of 

the Creative Commons Attribution License (CC BY) 



Ecology and Evolution. 2022;12:e8503. | 1 of 13
https://doi.org/10.1002/ece3.8503

www.ecolevol.org

| |

N A T U R E  N O T E S

Directed endozoochorous dispersal by scavengers facilitate 
sexual reproduction in otherwise clonal plants at cadaver sites

Mie Prik Arnberg1 |   Shane C. Frank2 |   Rakel Blaalid3,4 |   Marie Louise Davey4 |   
Amy Elizabeth Eycott1 |   Sam M. J. G. Steyaert1

© 2022 The Authors. Ecology and Evolution

1

2

3

4

Correspondence

Funding information

Abstract

10 ×

5. Synthesis



| ARNBERG ET AL.

|

Vaccinium and Empetrum present a 

Ursus arctos; red 
Vulpes vulpes

Vaccinium and Empetrum spp. are re

K E Y W O R D S



|ARNBERG ET AL.

Rangifer tarandus

Empetrum nigrum

|

|

n =

Rangifer tarandus

×

×

Betula nana

×

Corvus 
corax and hooded crow C. cornix Aquila chrysaetos

Vulpes V. lagopus Gulo gulo

|

× ×

×

×

×

2 

Vaccinium myrtillus
V. uliginosum V. vitis idaea

Empetrum nigrum
×

×



| ARNBERG ET AL.

×



|ARNBERG ET AL.

|

×

Empetrum nigrum
= seedlings not pre

=

r
< r <

a priori

intact and the surrounding vegetation 



| ARNBERG ET AL.

p =



|ARNBERG ET AL.

|

E. ni-
grum n = V. vitis idaea n =
V. uliginosum n = V. myrtillus n =

Vaccinium

β = = p <

|

= no 
=

n = ×

×

Empetrum nigrum 



| ARNBERG ET AL.

caceous species such as V. myrtillus
Lemmus lemmus Lagopus 

muta

TA B L E  1 a priori

Model Terms Rationale Category

1

2

3
deposition rate

4 +

5 +

plants conditions

8

+ +

10 +

11 +

12

13 + +

14 Null

Note: 

=



|ARNBERG ET AL.

.

Vaccinium and E. nigrum popula

senso stricto

Model Model terms df Δ wi

2 CadDen 2 0 0.308

12 Soil × 4 0.222

10 Soil + CadDen 3 1.215

2 CadDen + CadDist 3

13 Soil + CadDen + CadDist 4 2.858

3 CadDist 2

11 Plant + CadDist 3 0.014

5 CadDist + Cadaver 3 58.122 0.012

1 Cadaver 2 8.101 0.005

Plant 2 0.004

8 Soil 2 0.003

Bryophyte + Plant + Lichen 4 0.002

Bryophyte 2 11.524 0.001

14 Null 1 13.338 0.000

Note: Δ <

w Δ

TA B L E  2 a priori 



| ARNBERG ET AL.

guilds.

ACKNOWLEDG MENTS

Mie Prik Arnberg:

Shane C. Frank:

Rakel Blaalid: 

Marie Louise Davey: 

Amy Elizabeth Eycott:
Sam M. J. G. Steyaert: 

Mie Prik Arnberg   
Shane C. Frank   
Rakel Blaalid   
Marie Louise Davey   
Amy Elizabeth Eycott   
Sam M. J. G. Steyaert   

R E FE R E N C E S

Belgian Journal of Botany 137

Vaccinium uliginosum populations. Canadian 
Journal of Botany 83

The Journal of Wildlife 
Management 74

Oecologia 79

Philosophical Transactions of the Royal Society B- Biological Sciences
366



|ARNBERG ET AL.

Trends in Ecology & Evolution 34

Ecosphere
7

Empetrum 
hermaphroditum. American Journal of Botany 103

Test 27

Ecography 30

Ecosystems 12

Model selection and multimodel 
inference: A practical information- theoretic approach

dispersal in plant populations. American Journal of Botany 87

Naturwissenschaften 94

seedling survival. Journal of Ecology 102

PLoS One 8

Ursus arctos
Wildlife 

Biology 4

Vaccinium myrtillus Oecologia 152

Molecular Ecology 21

Oikos 102

Science 345

Ecography 30

Oecologia 91

Canadian Journal of Botany
74

Journal of Applied Ecology 51

Ecology Letters 22

Proceedings of the National Academy of Sciences 112

Royal Society Open Science 7

Oikos
127

Journal of Animal Ecology 82

dra. Oecologia 166

Biological Reviews
52

Journal of Vegetation Science 12

The Journal of Ecology 79

Annual 
Review of Ecology and Systematics 13

American Naturalist 104

Populus tremuloides
landscape. American Journal of Botany 79

Journal of Ecology 105

patterns. Proceedings of the National Academy of Sciences 104



| ARNBERG ET AL.

Canadian Journal of Botany 72

PLoS One 14

Critical Reviews in Plant 
Sciences 22

Plant Ecology 218

vation. Journal of Applied Ecology 47

Global Ecology and Biogeography
26

Carrion 
ecology and management

Seedlings of the North- western European lowland; A 
flora of seedlings

sal. Trends in Ecology & Evolution 23

Acta Theriologica
59

Forest. Frontiers in Ecology and the Environment 3

Mammal Review 44

Vaccinium vitis- idaea
Molecular Ecology 10

R: A language and environment for statistical comput-
ing

Vaccinium myrtillus Botanical Journal of 
Scotland 56

Arctic Antarctic and Alpine Research 37

Martes foina M. martes Flora 
-  Morphology, Distribution, Functional Ecology of Plants 197

tiveness revisited: A conceptual review. New Phytologist 188

Ecology Letters 20

Global Change Biology
25

Ecography 43
Vaccinium 

myrtillus
Canadian Journal of Botany- Revue Canadienne De Botanique 78

Canadian Journal of Zoology 83

patterns across a heterogeneous landscape consistent with predic
Ecosphere 4

direct seed dispersal towards ungulate carcasses. Biology Letters
14

Wildlife Biology 1

The soil seed banks of 
North West Europe: Methodology, density and longevity

to ungulate carcasses. Oecologia 122

Proceedings 
of the Royal Society B- Biological Sciences 279

Ecology 98

Ranunculus repens. Journal of Ecology 81

Tetrao urogallus
Tetrao tetrix Journal of Ornithology

149

Vaccinium myrtillus Botanical Journal 
of Scotland 52



|ARNBERG ET AL.

×

10 × ×

n =

Δ

w

Model term df Δ wi

2 0

2 0.231

2 2.554 0.103

2 55.013 3.304

2 0.053

2

2 4.284 0.043

2

2

2 8.581 0.005

directed dispersal. Evolutionary Ecology Research 3

Oikos 67

Journal of Animal Ecology 72

Methods in Ecology and Evolution
1

sites. Ecology and Evolution https://doi.
org/10.1002/ece3.8503





Paper III 



This is an open-access article, reproduced and distributed under the terms of 
the Creative Commons Attribution License (CC BY) 



ø

journal homepage: www.elsevier.com/locate/foreco 



“ ”

¨

¨

¨

¨

¨

ø

◦



− ◦

–

’

’

’

’

’ ’

’

’

’

’ ’

’ ’

’

’

’

’



’

×

×

◦ ± ◦

–

◦

×
=

=
=

’ 

’

’

±

=
=

= = =
=

=

±

±

–

±

–

±

±

±

±

±

±

±

±

±

±



’

’ 

>

>

’

–

–

–

=

–

–

=
= =

=



=
=



– 

= = =

=

=

> =

=

–

¨

>

=
=



>

= = =



–

¨

’

¨

¨

¨ ¨

– – 

– 



– 

– 

ø – 

– 

– – 

– – 

– ø

– 

– 

–

–

–

–

–

–

–

–

’

–

–

ø

–

–

–

–

–

–

–

–

–

’

–

–

–

¨ “ ” 

–

–

–

–

–



–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

– –

–

–

–

–

–

–

– –

–

–

– –

– –

´

–

–

–

–

ø ø

¨

–

–

–

–

–

–

–

–

–



–

–

–

–

–

–

–

–

¨ ¨

–

–

–

–

–

–

– –

–

–

–

–

–

– –

–

–

–

–

–



List of previously published theses for PhD in Aquaculture / PhD in Aquatic Biosciences,  
Nord University 
 
 
No. 1 (2011) 
PhD in Aquaculture  
Chris André Johnsen 
Flesh quality and growth of farmed Atlantic salmon (Salmo salar L.) in relation to feed, feeding, smolt 
type and season  
ISBN: 978-82-93165-00-2 
 
No. 2 (2012) 
PhD in Aquaculture 
Jareeporn Ruangsri 
Characterization of antimicrobial peptides in Atlantic cod 
ISBN: 978-82-93165-01-9 
 
No. 3 (2012) 
PhD in Aquaculture 
Muhammad Naveed Yousaf 
Characterization of the cardiac pacemaker and pathological responses to cardiac diseases in Atlantic 
salmon (Salmo salar L.) 
ISBN: 978-82-93165-02-6 
 
No. 4 (2012) 
PhD in Aquaculture 
Carlos Frederico Ceccon Lanes 
Comparative Studies on the quality of eggs and larvae from broodstocks of farmed and wild Atlantic 
cod 
ISBN: 978-82-93165-03-3 
 
No. 5 (2012) 
PhD in Aquaculture 
Arvind Sundaram 
Understanding the specificity of the innate immune response in teleosts: Characterisation and 
differential expression of teleost-specific Toll-like receptors and microRNAs 
ISBN: 978-82-93165-04-0 
 
No. 6 (2012) 
PhD in Aquaculture 
Teshome Tilahun Bizuayehu 
Characterization of microRNA during early ontogeny and sexual development of Atlantic halibut 
(Hippoglossus hippoglossus L.) 
ISBN: 978-82-93165-05-7 
 
No. 7 (2013) 
PhD in Aquaculture 
Binoy Rajan 
Proteomic characterization of Atlantic cod skin mucosa – Emphasis on innate immunity and lectins 
ISBN: 978-82-93165-06-04 
 
  



No. 8 (2013) 
PhD in Aquaculture 
Anusha Krishanthi Shyamali Dhanasiri 
Transport related stress in zebrafish: physiological responses and bioremediation 
ISBN: 978-82-93165-07-1 
 
No. 9 (2013) 
PhD in Aquaculture 
Martin Haugmo Iversen 
Stress and its impact on animal welfare during commercial production of Atlantic salmon (Salmo 
salar L.) 
ISBN: 978-82-93165-08-8 
 
No. 10 (2013) 
PhD in Aquatic Biosciences 
Alexander Jüterbock 
Climate change impact on the seaweed Fucus serratus, a key foundational species on North Atlantic 
rocky shores 
ISBN: 978-82-93165-09-5 
 
No. 11 (2014) 
PhD in Aquatic Biosciences 
Amod Kulkarni 
Responses in the gut of black tiger shrimp Penaeus monodon to oral vaccine candidates against white 
spot disease 
ISBN: 978-82-93165-10-1 
 
No. 12 (2014) 
PhD in Aquatic Biosciences 
Carlo C. Lazado 
Molecular basis of daily rhythmicity in fast skeletal muscle of Atlantic cod (Gadus morhua) 
ISBN: 978-82-93165-11-8 
 
No. 13 (2014) 
PhD in Aquaculture 
Joanna Babiak 
Induced masculinization of Atlantic halibut (Hippoglossus hippoglossus L.): towards the goal of all-
female production 
ISBN: 978-82-93165-12-5 
 
No. 14 (2015) 
PhD in Aquaculture 
Cecilia Campos Vargas 
Production of triploid Atlantic cod: A comparative study of muscle growth dynamics and gut 
morphology 
ISBN: 978-82-93165-13-2 
 
 
  



No. 15 (2015) 
PhD in Aquatic Biosciences 
Irina Smolina 
Calanus in the North Atlantic: species identification, stress response, and population genetic 
structure 
ISBN: 978-82-93165-14-9 
 
No. 16 (2016) 
PhD in Aquatic Biosciences 
Lokesh Jeppinamogeru 
Microbiota of Atlantic salmon (Salmo salar L.), during their early and adult life 
ISBN: 978-82-93165-15-6 
 
No. 17 (2017) 
PhD in Aquatic Biosciences 
Christopher Edward Presslauer 
Comparative and functional analysis of microRNAs during zebrafish gonadal development 
ISBN: 978-82-93165-16-3 
 
No. 18 (2017) 
PhD in Aquatic Biosciences 
Marc Jürgen Silberberger 
Spatial scales of benthic ecosystems in the sub-Arctic Lofoten-Vesterålen region 
ISBN: 978-82-93165-17-0 
 
No. 19 (2017) 
PhD in Aquatic Biosciences 
Marvin Choquet 
Combining ecological and molecular approaches to redefine the baseline knowledge of the genus 
Calanus in the North Atlantic and the Arctic Oceans 
ISBN: 978-82-93165-18-7 
 
No. 20 (2017) 
PhD in Aquatic Biosciences 
Torvald B. Egeland 
Reproduction in Arctic charr – timing and the need for speed 
ISBN: 978-82-93165-19-4 
 
No. 21 (2017) 
PhD in Aquatic Biosciences 
Marina Espinasse 
Interannual variability in key zooplankton species in the North-East Atlantic: an analysis based on 
abundance and phenology 
ISBN: 978-82-93165-20-0 
 
No. 22 (2018) 
PhD in Aquatic Biosciences 
Kanchana Bandara 
Diel and seasonal vertical migrations of high-latitude zooplankton: knowledge gaps and a high-
resolution bridge 
ISBN: 978-82-93165-21-7 
  



No. 23 (2018) 
PhD in Aquatic Biosciences 
Deepti Manjari Patel 
Characterization of skin immune and stress factors of lumpfish, Cyclopterus lumpus 
ISBN: 978-82-93165-21-7 
 
No. 24 (2018) 
PhD in Aquatic Biosciences 
Prabhugouda Siriyappagouder 
The intestinal mycobiota of zebrafish – community profiling and exploration of the impact of yeast 
exposure early in life 
ISBN: 978-82-93165-23-1 
 
No. 25 (2018) 
PhD in Aquatic Biosciences 
Tor Erik Jørgensen 
Molecular and evolutionary characterization of the Atlantic cod mitochondrial genome 
ISBN: 978-82-93165-24-8 
 
No. 26 (2018) 
PhD in Aquatic Biosciences 
Yangyang Gong 
Microalgae as feed ingredients for Atlantic salmon 
ISBN: 978-82-93165-25-5 
 
No. 27 (2018) 
PhD in Aquatic Biosciences 
Ove Nicolaisen 
Approaches to optimize marine larvae production 
ISBN: 978-82-93165-26-2 
 
No. 28 (2019) 
PhD in Aquatic Biosciences 
Qirui Zhang 
The effect of embryonic incubation temperature on the immune response of larval and adult  
zebrafish (Danio rerio) 
ISBN: 978-82-93165-27-9 
 
No. 29 (2019) 
PhD in Aquatic Biosciences 
Andrea Bozman 
The structuring effects of light on the deep-water scyphozoan Periphylla periphylla 
ISBN: 978-82-93165-28-6 
 
No. 30 (2019) 
PhD in Aquatic Biosciences 
Helene Rønquist Knutsen 
Growth and development of juvenile spotted wolffish (Anarhichas minor) fed microalgae 
incorporated diets 
ISBN: 978-82-93165-29-3 
 
 



No. 31 (2019) 
PhD in Aquatic Biosciences 
Shruti Gupta 
Feed additives elicit changes in the structure of the intestinal bacterial community of Atlantic salmon 
ISBN: 978-82-93165-30-9 
 
No. 32 (2019) 
PhD in Aquatic Biosciences 
Peter Simon Claus Schulze 
Phototrophic microalgal cultivation in cold and light-limited environments 
ISBN: 978-82-93165-31-6 
 
No. 33 (2019) 
PhD in Aquatic Biosciences 
Maja Karoline Viddal Hatlebakk 
New insights into Calanus glacialis and C. finmarchicus distribution, life histories and physiology in 
high-latitude seas 
ISBN: 978-82-93165-32-3 
 
No. 34 (2019) 
PhD in Aquatic Biosciences 
Arseny Dubin 
Exploration of an anglerfish genome 
ISBN: 978-82-93165-33-0 
 
No. 35 (2020) 
PhD in Aquatic Biosciences 
Florence Chandima Perera Willora Arachchilage 
The potential of plant ingredients in diets of juvenile lumpfish (Cyclopterus lumpus) 
ISBN: 978-82-93165-35-4 
 
No. 36 (2020) 
PhD in Aquatic Biosciences 
Ioannis Konstantinidis 
DNA hydroxymethylation and improved growth of Nile tilapia (Oreochromis niloticus) during 
domestication 
ISBN: 978-82-93165-36-1  
 
No. 37 (2021) 
PhD in Aquatic Biosciences 
Youngjin Park 
Transcriptomic and cellular studies on the intestine of Atlantic salmon 
Discovering intestinal macrophages using omic tools 
ISBN: 978-82-93165-34-7 
 
No. 38 (2021) 
PhD in Aquatic Biosciences 
Purushothaman Kathiresan 
Proteomics of early embryonic development of zebrafish (Danio rerio) 
ISBN: 978-82-93165-37-8 
 



No. 39 (2021) 
PhD in Aquatic Biosciences 
Valentin Kokarev 
Macrobenthic communities of sub-Arctic deep fjords: composition, spatial patterns and community 
assembly 
ISBN: 978-82-93165-38-5 
 
No. 40 (2021) 
PhD in Aquatic Biosciences 
Aurélien Delaval 
Population genomics of a critically endangered data-deficient elasmobranch, the blue skate Dipturus 
batis 
ISBN: 978-82-93165-39-2 
 
No. 41 (2021) 
PhD in Aquatic Biosciences 
Isabel Sofía Abihssira García 
Environmental impact of microplastics in relation to Atlantic salmon farming 
ISBN: 978-82-93165-40-8 
 
No. 42 (2022) 
PhD in Aquatic Biosciences  
Yousri Abdelmutalab Ahmed Abdelhafiz 
Insights into the bacterial communities of Nile tilapia – core members and intergenerational transfer 
ISBN: 978-82-93165-41-5 
 
No. 43 (2022) 
PhD in Aquatic Biosciences 
Fredrik Ribsskog Staven 
Interaction studies on lumpfish exposed to Atlantic salmon: behavioural observations and the 
underlying physiological and neurobiological mechanisms 
ISBN: 978-82-93165-42-2 
 
No. 44 (2022) 
PhD in Aquatic Biosciences 
Solveig Lysfjord Sørensen 
Influence of feed ingredients and additives on mucosal health with focus on the intestine of Atlantic 
salmon (Salmo salar) 
ISBN: 978-82-93165-43-9 
 
No. 45 (2022) 
PhD in Aquatic Biosciences 
Apollo Marco Dalonos Lizano 
Examining challenges in species-level taxonomy among Calanus copepods in the Northern seas using 
genome and transcriptome data 
ISBN: 978-82-93165-44-6 
 
  



No. 46 (2022) 
PhD in Aquatic Biosciences 
Sowmya Ramachandran 
Ribosomal RNA, ribose methylation, and box C/D snoRNAs during embryonic development of 
teleosts zebrafish (Danio rerio) and medaka (Oryzias latipes) 
ISBN: 978-82-93165-45-3 
 
No. 47 (2023) 
PhD in Aquatic Biosciences 
William John Hatchett 
The brown algal genus Fucus: A unique insight into reproduction and the evolution of sex-biased 
genes 
ISBN: 978-82-93165-46-0 
 
No. 48 (2023) 
PhD in Aquatic Biosciences  
Ying Yen 
Application of ensiled Saccharina latissima and Alaria esculenta as feed: ensilbility, digestibility and 
bioactivity 
ISBN: 978-82-93165-47-7 
 
No. 49 (2023) 
PhD in Aquatic Biosciences 
Deepak Pandey 
Marine macroalgae as an alternative, environment-friendly, and bioactive feeding resource for 
animals 
ISBN: 978-82-93165-48-4 
 
No. 50 (2023) 
PhD in Aquatic Biosciences  
Nimalan Nadanasabesan 
Dietary approaches to improve mucosal health of Atlantic salmon (Salmo salar) 
ISBN: 978-82-93165-49-1 
 
No. 51 (2023) 
PhD in Aquatic Biosciences 
Likith Reddy Pinninti 
Biosystematics and evolutionary genomics of deep-sea fish (lumpsuckers, snailfishes, and sculpins) 
(Perciformes: Cottoidei) 
ISBN: 978-82-93165-50-7 
 
 



PhD in Biosciences // No. 52 - 2023

Directed endozoochory:  
a hitchhiker’s  guide to successful 
sexual reproduction in clonal 
ericaceous plants

Mie Prik Arnberg 

ISBN: 978-82-93165-51-4 

Trykk: Trykkeriet, Nord universitet

www.nord.no

M
ie P

rik
 A

rn
b

erg
 

D
irected endozoochory: a hitchhiker’s  guide to successful 

sexual reproduction in clonal ericaceous plants
P

hD
 in B

iosciences // N
o. 52 - 20

23

Berries are not just a treat for humans – they are also a vital resource for 
many animals. From small insects to large bears, creatures in temperate, 
boreal, and alpine habitats across the northern hemisphere rely on the 
nutritious bounty provided by berry-producing plants in the heather 
family. In return, animals help plants spread by moving and depositing 
seeds through their digestive systems. However, scientists have long 
been puzzled by the ‘reproductive paradox’ of the heather species bilberry, 
lingonberry, bog bilberry and crowberry. These species produce countless 
berries containing viable seeds, yet rarely seem to reproduce through 
seeds themselves. In this thesis, we show that seedling establishment 
of berry-producing species is actually relatively common when the 
behavior of animals is considered and that at least two pathways to sexual 
reproduction exist. By opportunistically consuming berries and carrion, 
scavenging animals provide seed dispersal directed towards carcasses, 
which during decomposition creates viable sites for seedling recruitment. 
Meanwhile, passerine birds direct seed dispersal towards perching points 
on tree stumps, another form of decomposing microsite that is a viable 
location for seedling establishment for berry-producing heather plants. 
Our findings add to the growing body of evidence that highlights the vital 
interdependence between animals and plants.
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