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I. Streszczenie 

Pulsy zasobów to epizody silnie zwiększonej dostępności zasobów w środowisku 

(Yang et al. 2008). Zjawisko to wpływa na liczne procesy ekologiczne takie jak 

dynamika liczebności populacji zwierząt i roślin, oddziaływania pomiędzy 

konsumentami i zasobami, czy prewalencję chorób w populacjach zwierząt (Ostfeld & 

Keesing 2000, Yang et al. 2008). Lata nasienne, definiowane jako nieregularna 

(występująca co kilka-kilkanaście lat) produkcja ogromnego opadu nasion przez 

populacje roślin (Kelly 1994, Crone & Rapp 2014), są przykładem takiego pulsu 

zasobów. Spektakularna zmienność w produkcji nasion ma miejsce u setek gatunków 

roślin występujących na niemal wszystkich kontynentach, a synchronizacja 

przestrzenna w produkcji nasion sięga tysięcy kilometrów (Koenig & Knops 1998, 

2000, Kelly & Sork 2002, Crone, Miller & Sala 2009, Crone & Rapp 2014, Koenig et 

al. 2015). 

 Większość badań ekologicznych ignoruje wpływ pulsów zasobów wywołanych 

przez lata nasienne, używając średnich z kilku lat danych by wyciągać wnioski o 

diecie zwierząt, ich demografii czy zależnościach troficznych. Niemniej, biorąc pod 

uwagę wszechobecność lat nasiennych w przyrodzie, musimy zmienić naszą 

perspektywę postrzegania zjawisk z relatywnie niezmiennych pomiędzy latami, na 

silnie zmieniające się pod wpływem fluktującego środowiska (Holt 2008, Yang et al. 

2008). Rozpoznanie fluktuującej dynamiki środowiska spowodowanej latami 

nasiennymi może pomóc rozwiązać wiele zagadkowych, niejednoznacznych wyników 

badań, w przypadku, gdy różne badania były po prostu przeprowadzone, gdy 

ekosystem znajdował się w innej fazie cyklu (Holt 2008, Yang et al. 2008). Co więcej, 
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zrozumienie w jaki sposób lata nasienne wpływają na funkcjonowanie ekosystemów 

poprawi nasze zdolności predykcyjne dotyczące różnych zjawisk ekologicznych, w 

tym ważnych z punktu widzenia socjoekonomicznego czy ochrony środowiska 

(Ostfeld & Keesing 2000, Ostfeld 2010, Yang et al. 2010).   

 Moja rozprawa doktorska składa się z czterech prac badawczych opisujących 

zestaw zmian zachodzących w ekosystemach, w których lata nasienne wywołują silne 

fluktuacje dostępności zasobów (Bogdziewicz et al. 2016a,b,c,d). W pierwszym 

rozdziale przedstawiam wyniki meta-analizy badań wpływu lat nasiennych na 

populacje kręgowców. Lata nasienne to zjawisko matematycznie chaotyczne, a więc 

niemal niemożliwe do przewidzenia (Crone et al. 2005, Crone & Rapp 2014, Pearse et 

al. 2016). Utrudnia to prowadzenie badań wpływu tego pulsu zasobów na populacje 

zwierząt i w wielu wypadkach informacje na temat efektu lat nasiennych pojawiają się 

w pracach naukowych przeprowadzonych w innym celu. W związku z tym, by opisać 

badane zjawisko jak najszerzej, opracowałem alternatywną metodę wyszukiwania prac 

badawczych opisujących efekty lat nasiennych na zwierzęta. Poza tradycyjnym 

przeszukiwaniem baz danych, przeprowadziłem też skanowanie pełnych tekstów 

wszystkich artykułów badawczych opublikowanych w wybranych czasopismach (by 

zidentyfikować badania, które opisują efekty lat nasiennych mimo, że nie zostały w 

tym celu zaprojektowane). Metoda ta pozwoliła mi niemal potroić liczbę artykułów w 

bazie danych (z 67 do 186). Wyniki wskazały, że efekty lat nasiennych są mocno 

zróżnicowane taksonomicznie (praca podsumowuje wpływ lat nasienych na 55 

gatunków ssaków i 67 gatunków ptaków). Dane wskazują, między innymi, na równie 

duży wpływ lat nasiennych na ptaki, jak na małe ssaki. Niemniej, do tej pory to 
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gryzonie były głównym przedmiotem badań, a nasza wiedza o bezpośrednim wpływie 

lat nasiennych na populacje ptaków jest znikoma. Zrozumienie roli lat nasiennych dla 

dynamiki populacji ptaków może być więc owocnym kierunkiem przyszłych badań.  

 Zebrana baza danych posłużyła do przetestowania zestawu hipotez opisujących 

relacje pomiędzy cechami historii naturalnej zwierząt, a sposobem w jaki lata nasienne 

wpływają na ich populacje (hipotezy sformułowane we wcześniejszych pracach 

przeglądowych: Ostfeld & Keesing 2000, Yang et al. 2010). Analiza pokazała silną 

zależność pomiędzy wielkością miotu (zastosowaną jako wskaźnik tempa życia) oraz 

wielkością ciała (użytą jako wskaźnik mobilności) ssaków, a sposobem, w jaki lata 

nasiene wpływają na ich populacje. W szczególności, większe ssaki agregowały się w 

siedliskach bogatych w nasiona, natomiast gatunki ssaków o wysokiej rozrodczości 

intensyfikowały reprodukcję. Jednak żadna z tych zależności nie została znaleziona w 

przypadku gatunków ptaków, podkreślając potrzebę intensywniejszego ich badania w 

kontekście lat nasiennych.  

 W drugim rozdziale opisałem, w jaki sposób lata nasienne wpływają na 

użytkowanie przestrzeni przez małe ssaki na przykładzie myszy leśnej (Apodemus 

flavicollis) (Bogdziewicz et al. 2016b). Dramatyczne fluktuacje liczebności gryzoni 

spowodowane latami nasiennymi są jednymi z najlepiej rozpoznanych efektów 

troficznych lat nasiennych (Ostfeld & Keesing 2000, Bogdziewicz et al. 2016a). 

Jednak większość prac badawczych skupia się na wpływie lat nasiennych na 

zagęszczenia gryzoni. Inne równie ważne efekty są słabiej poznane (Bogdziewicz et 

al. 2016a). Dlatego zbadałem, w jaki sposób fluktuacje liczebności myszy leśnej 

spowodowane przez lata nasienne buka (Fagus syvaltica) wpływają na użytkowanie 
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przestrzeni przez gryzonie. Oryginalność tych badań leży głównie w użyciu nowej 

metody obliczeniowej: modeli typu CMR (capture – mark – recapture) z 

komponentem przestrzennym. Modele te pozwalają na rozdzielenie wpływu 

zagęszczenia populacji na użytkowanie przestrzeni przez zwierzęta od wpływu innych 

zmiennych (np. dostępności pokarmu). Kwestia kowariancji pomiędzy zagęszczeniem 

populacji i innymi zmiennymi, a więc i trudność w rozdzieleniu tych efektów, jest 

nierozłącznym problemem w tego typu badaniach (Efford et al. 2016).  

 Do tej pory zakładano, że wzrost liczebności populacji spowodowany przez lata 

nasienne zmniejsza wielkość terytoriów ssaków (Lacher & Mares 1996, Mazurkiewicz 

& Rajska-Jurgiel 1998, Stradiotto et al. 2009, Auger at al. 2016). Jednakże, w 

poszczególnych fazach cyklu populacji generowanego przez lata nasienne, inne 

zmienne (np. struktura genetyczna populacji) także mogą fluktuować, powodując 

zmiany w zależności pomiędzy zagęszczeniem populacji a użytkowaniem przestrzeni. 

Może to mieć ważne konsekwencje dla dynamiki populacji, gdyż współdzielenie 

przestrzeni zapewne wpływa na intensywność oddziaływań konkurencyjnych czy 

transmisję chorób pomiędzy osobnikami. Wyniki pracy wskazują, że zmiany w 

zagęszczeniu gryzoni wywołane przez lata nasienne nie wystarczą, by wytłumaczyć 

wariancję w użytkowaniu przestrzeni przez gryzonie pomiędzy latami nasiennymi i 

nienasiennymi. W rozdziale drugim dyskutuję możliwe czynniki, które mogą być 

odpowiedzialne za zmiany w tej zależności na różnych etapach cyklu populacji 

zwierząt.  

 W trzecim rozdziale opisuję wpływ lat nasiennych dębu na ryzyko zarażenia 

boreliozą u ludzi (Bogdziewicz et al. 2016c). Połączenie pomiędzy latami nasiennymi 
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a ryzykiem boreliozy zostało odnalezione i jest od tamtej pory intensywnie badane we 

wschodnich Stanach Zjednoczonych przez grupę badawczą Richarda Ostfelda (wyniki 

podsumowane w Ostfeld 2010). Badacze odkryli, że dramatyczny wzrost liczebności 

gryzoni spowodowany przez lata nasienne zwiększa liczebność larw kleszczy 

przenoszących bakterię Borrelia burgdorferi w dwa lata po roku nasiennym. Co 

zaskakujące, badania te nigdy nie zostały powtórzone w innych ekosystemach. 

Zebrałem dane o opadzie nasion żołędzi w Polsce, liczbie przypadków boreliozy u 

ludzi, oraz dane z Google Trends o liczbie wyszukiwań słów kluczowych związanych 

z latami nasiennymi i boreliozą w przeglądarce Google (np. kleszcz, borelioza). 

Wyniki sugerują, że łańcuch wydarzeń łączących lata nasienne z boreliozą odkryty w 

USA ma miejsce również w Europe. Wskazuje to na tanie i efektywne narzędzie, które 

może posłużyć do przewidywania zwiększonego ryzyka choroby.  

 W czwartym rozdziale przedstawiam wyniki badań opisujących wpływ 

globalnych zmian na ekologię reprodukcji drzew, u których występują lata nasienne.  

Liczne badania wskazują, że globalne zmiany (takie jak ocieplenie klimatu czy 

zwiększające się stężenie azotu organicznego w środowisku) powodują wzrost liczby 

nasion produkowanych przez rośliny (np. McKone et al. 1998, Richardson et al. 2005, 

Overgaard et al. 2007, Buechling et al. 2016). Jednak do tej pory nie było jasne czy 

przekłada się to na intensywniejsze odnowienie populacji roślin (McKone et al. 1998). 

Zebrałem więc dane obserwacyjne i eksperymentalne, by oszacować wpływ 

chronicznej depozycji azotu organicznego na reprodukcję dębu czerwonego (Quercus 

rubra). Poza zbadaniem wpływu azotu na produkcję żołędzi, przetestowałem również 

jego pośredni wpływ na reprodukcję dębu, wywierany poprzez zmiany w 
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oddziaływaniach dębu z jego najważniejszymi konsumentami nasion (chrząszczami 

Curculio sp.) oraz roznosicielami nasion (gryzonie). Wreszcie, sprawdziłem wpływ 

depozycji azotu na kiełkowanie żołędzi.  

Okazało się, że chroniczna depozycja azotu powoduje nawet 9-krotne 

zwiększenie liczby nasion produkowanych przez dęby. Jednocześnie jednak 

nawożenie azotem spowodowało zwiększenie konsumpcji nasion przez owady, 

zmniejszyło wynoszenie i chowanie nasion dębu przez gryzonie, a także zmniejszyło 

prawdopodobieństwo kiełkowania żołędzi. Zwiększenie proporcji nasion zjadanych 

przez owady jest szczególnie warte podkreślenia, gdyż może oznaczać, że globalne 

zmiany, które prowadzą do zwiększenia liczby nasion produkowanych przez rośliny 

zakłócają mechanizm nasycenia konsumentów (jeden z głównych mechanizmów 

selekcyjnych lat nasiennych, patrz np. Pearse et al. 2016). Wielu badaczy zajmujących 

się badaniem produkcji nasion w zmieniającym się środowisku ostrzegało, że 

bezpośrednie, pozytywne efekty globalnych zmian mogą zaniknąć, jeżeli 

oddziaływania roślin z konsumentami również ulegają modyfikacjom (McKone et al. 

1998, Richardson et al. 2005, Overgaard et al. 2007, Pearse et al. 2014, Koenig et al. 

2015). W szczególności naukowcy obawiali się, że wzrost produkcji nasion w latach 

nienasiennych może zakłócić regulację liczebności populacji konsumentów. Moje 

wyniki wskazują, że tak rzeczywiście jest.  

 Połączenie różnych efektów wpływu depozycji azotu na dęby zniwelowało 

bezpośredni, pozytywny efekt zwiększonej produkcji nasion. Wyniki te podkreślają, że  

badanie oddziaływań biotycznych jest niezbędne dla pełnego zrozumienia wpływu 

globalnych zmian na zespoły roślin. Depozycja organicznego azotu w środowisku ma 
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miejsce w wielu ekosystemach i cały czas się powiększa (Galloway et al. 2004, 2008). 

Podobne efekty mogą więc mieć miejsce w innych systemach, prowadząc do zmian w 

zespołach drzew.  
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II. Summary 

Resource pulses are large-magnitude, low frequency, and short duration events of 

increased resource availability (Yang et al. 2008). Pulsed productivity affects multiple 

ecosystem processes, including dynamics of populations, interactions between 

consumers and resources, top-down and bottom-up effects in food webs, and disease 

prevalence (Ostfeld & Keesing 2000, Yang et al. 2008). Mast seeding, defined as the 

intermittent production of a large seed crop by a population of plants (Kelly 1994, 

Crone & Rapp 2014), is a resource pulse of high magnitude and wordwide occurrence 

(Ostfeld & Keesing 2000, Yang et al. 2010). Examples of spectacular variation in seed 

production come from all continents except Antarctica and synchronization in pulse 

release may extend up to thousands of kilometers (Koenig & Knops 1998, 2000, Kelly 

& Sork 2002, Crone, Miller & Sala 2009, Crone & Rapp 2014, Koenig et al. 2015). 

The majority of wildlife population studies implicitly ignore effects of mast 

resource pulses on ecosystem processes, by using one or two years of data to make 

inferences on animal diets, demography, and trophic relationships. However, to the 

extent that wildlife population dynamics are driven by responses to pulsed resources, 

we need to change our perspective from one of relatively uniform conditions among 

years, to one of dynamic responses to a strongly fluctuating environment (Holt 2008, 

Yang et al. 2008). Recognizing the masting-driven transient dynamics of ecosystems 

might help resolve numerous issues of apparently conflicting and inconclusive study 

results, when different studies might simply happen to be conducted at different state 

of the ecosystem cycle (Holt 2008, Yang et al. 2008). Furthermore, since masting is an 

inherent trait of numerous ecosystems, recognizing how it affects ecosystem 
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functioning will increase our predictive abilities of different ecological phenomena, 

including those of conservation and socio-economical concern (Ostfeld & Keesing 

2000, Ostfeld 2010, Yang et al. 2010).   

In my PhD thesis I have conducted four case studies examining range of 

masting-driven changes in species interactions (Bogdziewicz et al. 2016a,b,c,d). In the 

first chapter I have conducted the meta-analysis of masting effects on vertebrates 

populations. Masting dynamics is largely chaotic and thus, it is difficult to trace and 

study (Crone et al. 2005, Crone & Rapp 2014, Bogdziewicz et al. 2016a, Pearse et al. 

2016). Therefore, in order to capture as large picture of masting effects as possible, I 

have developed an alternative method of identifying studies of interest. In addition to 

traditional search of online databases, I have conducted the full-text search of all 

articles published in selected journals (in order to capture studies that found effects of 

mast seeding despite not being designed to study it). This method allowed me to 

almost triple the number of articles in the database (from 67 to 186). The results 

demonstrated that the effects of masting are more taxonomically diverse then past 

reviews widely recognized, and included responses of 55 species of mammals and 67 

species of birds (belonging to 14 orders and 42 families). Based on this dataset, it is 

clear that birds are as responsive to masting as rodents. Yet, rodents received much 

more research attention, and our knowledge of direct effects of masting on birds is 

scarce. This suggests that studies explicitly examining the effects of masting on bird 

populations might provide a fruitful avenue for future research.  

Furthermore, I used this large sample of species responses to test a hypothesis 

that species life history traits influence the type of response to masting (hypothesis 
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derived from past reviews: Ostfeld & Keesing, and Yang et al. 2010). I have found 

that the type of response to mast seeding of mammals is strongly related to the species 

litter size (as a proxy of the pace of life) and body mass (as a proxy of mobility). In 

particular, larger mammals are more likely to aggregate in mast-rich habitats, while 

mammals of higher litter size are more likely to respond to masting through increased 

reproduction. In contrast, none of these relationships was found for birds. This further 

emphasizes that mast effects of birds need more research. 

 In the second chapter, I described how mast seeding affects space use of the 

yellow-necked mice (Apodemus flavicollis) (Bogdziewicz et al. 2016b). Large 

fluctuations in rodent abundance caused by mast seeding are one of the best-

recognized wildlife responses to masting (Ostfeld & Keesing 2000, Bogdziewicz et al. 

2016a). However, the vast majority of work concerns masting effects on rodent 

reproduction or density. Other effects, despite their potential importance, received 

much smaller attention (Bogdziewicz et al. 2016a). Thus, I have used fluctuations in 

the yellow-necked mouse abundance to examine how mast seeding affects space use of 

rodents. The fluctuations were induced by European beech (Fagus sylvatica) masting. 

The novel feature of the study is the use of spatially-explicit capture recapture models 

that allow separation of the effect of density on animal space use from other factors 

(e.g. food availability). The problem of covariation between density and other factors, 

and thus the issue of separating those, was the inherent obstacle of numerous past 

studies (Efford et al. 2016).  

The general assumption is that the masting-mediated increase in population 

density decreases mammals’ home range size (Lacher & Mares 1996, Mazurkiewicz & 
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Rajska-Jurgiel 1998, Stradiotto et al. 2009, Auger at al. 2016). However, at the 

distinct phases of the population cycle generated by masting, other factors (e.g. kin 

structure) might change as well, leading to variation in the relationship between rodent 

density and spatial behavior. Such effects could alter the density-home range area 

relationship with potential consequences for population dynamics, as differences in 

space sharing are likely to translate into changes in competition for resources or 

disease transmission. I have found that the mast-induced effects of density on mice 

space use are not sufficient to explain the variance in space use of rodents among mast 

and non-mast years. In the Chapter 2 I discuss the possible factors that might be 

responsible for the relationships between density and space use in different phases of 

mast-induced population cycle.  

In the third chapter I outline the impact of oaks mast seeding on the Lyme 

disease risk in humans (Bogdziewicz et al. 2016c). The connection between acorn 

masting and Lyme borreliosis risk was found and intensively studied in Eastern USA 

by the lab of Richard Ostfeld in 1990s (summarized in Ostfeld 2010). They have found 

that the dramatic increase in rodent abundance caused by oak masting boost the 

abundance of Borrelia burgdorferi spirochete infested ticks two years after masting. 

Surprisingly, however, this connection has never been studied in other systems. I have 

collected the Poland-wide data on acorns crop, Lyme disease cases, and Google 

Trends data on human cyber-behavior, i.e. the number of search terms for “kleszcz” 

(tick), and “borelioza” (Lyme disease) each year. My results suggest that the 

ecological chain reactions found in temperate USA operates also in temperate Europe. 

This promises a cheap and efficient way of predicting the risk of Lyme disease.  
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In the fourth chapter I describe how anthropogenic environmental changes 

affects reproductive ecology of masting trees. Numerous studies inform that 

anthropogenic global changes (e.g. global warming, nitrogen deposition) drive 

increases in plant seed production (e.g. McKone et al. 1998, Richardson et al. 2005, 

Overgaard et al. 2007, Buechling et al. 2016). However, it is not clear whether this 

increase translates into higher plant recruitment (McKone et al. 1998). To test this, I 

have combined observational data and field experiments to estimate the net effect of 

nitrogen addition on red oak (Quercus rubra) reproduction. In addition to evaluating 

the impact of N-addition on acorn production, I have also examined the indirect effects 

of fertilization on biotic interactions between oaks and their most important seed 

predators (weevils, Curculio sp.) and seed dispersers (rodents), and assessed 

germination potential of acorns produced by N-fertilized oaks. I found that nitrogen 

fertilization increases the production of acorns by oaks up to 9-fold. Simultaneously, 

however, it increased seed predation by weevils, decreased seed caching by rodents, 

and lowered the probability of acorn germination. The increase in weevil predation is 

particularly worth highlighting because it might mean that global changes that drive 

increase in seed production in masting plants also disrupt predator satiation. Many 

researchers that studied patterns of seed production in masting plants in changing 

environment warned that the direct positive effects of global changes might disappear 

if biotic interactions of plants are also altered (McKone et al. 1998, Richardson et al. 

2005, Overgaard et al. 2007, Pearse et al. 2014, Koenig et al. 2015). In particular, 

increased seed production in non-mast years might disrupt the regulation of seed 

predators. My results provide evidence that this might be the case.  
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Combined effects of chronic nitrogen fertilization trumped the positive, 

nitrogen-mediated effect of increased seed production on oak reproduction. These 

results stress the importance of considering biotic interactions when evaluating the 

effects of global changes on plant communities. Nitrogen deposition in the 

environment is ubiquitous and accelerating (Galloway et al. 2004, 2008). Thus, similar 

effects as found in our model system might operate in others, resulting in alternations 

of tree communities. 
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Abstract
Home range size generally decreases with increasing population density, but testing 
how this relationship is influenced by other factors (e.g., food availability, kin structure) 
is a difficult task. We used spatially explicit capture–recapture models to examine how 
home range size varies with population density in the yellow-necked mouse (Apodemus 
flavicollis). The relationship between population density and home range size was stud-
ied at two distinct phases of population fluctuations induced by beech (Fagus sylvatica) 
masting: post-mast peak in abundance (first summer after mast, n = 2) and subsequent 
crash (second summer after mast, n = 2). We live-trapped mice from June to September 
to avoid the confounding effects of autumn seedfall on home range size. In accordance 
with general predictions, we found that home range size was negatively associated 
with population density. However, after controlling for the effect of density, home 
ranges of mice were larger in post-mast years than during the crash phase. This indi-
cates a higher spatial overlap among neighbors in post-mast years. We suggest that the 
increased spatial overlap is caused by negative density-dependent dispersal that leads 
to high relatedness of individuals within population in the peak phase of the cycle.
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Negative effects of density on space use of small mammals 
differ with the phase of the masting-induced population cycle

Michał Bogdziewicz1 | Rafał Zwolak1 | Lauren Redosh2 | Leszek Rychlik1 |  
Elizabeth E. Crone2

1  | INTRODUCTION

Space use (home range) allows an animal to access resources necessary 
to ensure its survival and reproduction (Burt, 1943; Ostfeld, 1990), in-
fluences gene flow and interactions with other species, and thus is con-
sidered an important feature regulating population dynamics (Adams, 
2001; Andreassen, Glorvigen, Rémy, & Ims, 2013; Lambin & Yoccoz, 
1998; Schmidt & Ostfeld, 2003). Several factors, including population 
density, food availability, sex, predation, and kin structure, jointly in-
fluence individual spacing behavior (Boutin, 1990; Desy, Batzli, & Liu, 
1990; Godsall, Coulson, & Malo, 2014; Kawata, 1990; McLoughlin & 
Ferguson, 2000; Schoepf, Schmohl, König, Pillay, & Schradin, 2015).

Population density is believed to be the primary determinant of 
animal space use, with home range area generally decreasing with 
increasing density (Adams, 2001; Efford, Dawson, Jhala, & Qureshi, 
2016). Nonetheless, the relationship between density and spac-
ing behavior is mediated by other factors leading to variation in the 
spatial overlap among neighboring individuals. For example, higher 
food availability relaxes the effects of population density on space 
use (Adams, 2001; Schoepf et al., 2015). Similarly, higher genetic 
relatedness within population leads to higher spatial overlap among 
individuals (Le Galliard, Gundersen, Andreassen, & Stenseth, 2006; 
Pilot, Dąbrowski, Jancewicz, Schtickzelle, & Gliwicz, 2010). At the 
same time, the increased resource sharing might negatively affect 
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individual reproductive success (Lambin & Krebs, 1993), and spatial 
overlap among individuals determines the rate of disease transmission 
(Pedersen & Greives, 2008; Proffitt, White, & Garrott, 2010). Thus, 
recognizing how density and other factors interact in determining the 
population spatial structure is crucial to understanding population 
dynamics (Andreassen et al., 2013). However, separating effects of 
density from other factors in natural populations is difficult, because 
different factors covary in space and time (Efford et al., 2016; Schoepf 
et al., 2015).

Spatially explicit capture–recapture (SECR) models provide a new 
tool to evaluate temporal or spatial changes in space use in relation 
to population density (Efford et al., 2016). In SECR models, popula-
tion density (D) is estimated simultaneously with the spatial scale 
of detection (σ), a measure of space use (Efford, 2004). Each animal 
is assumed to occupy a home range center at an unknown location, 
and each detector (e.g., live trap) is set at know location described by 
Cartesian coordinates (Borchers & Efford, 2008; Efford, 2004). The 
detection function describes the increasing probability of detection 
with decreasing distance between an animal’s home range center 
and the detector (Borchers & Efford, 2008; Efford & Fewster, 2013; 
Efford et al., 2016). Thus, the spatial scale of detection (σ) increases 
with the home range, and the parameter σ is a model-based index of 
home range size (Efford et al., 2016). Both parameters (D and σ) might 
vary among populations, and their relationship reflects the degree of 
overlap between individual home ranges (Efford et al., 2016). This re-
lationship can be parameterized equivalently using k that describes 
the degree of overlap between home ranges (k=�

√

D) (Efford et al., 
2016).

In this work, we used SECR models to evaluate whether the rela-
tionship between population density and small mammals’ space use 
differs at two distinct phases of the rodent population cycle: post-
mast peak in abundance (first summer after masting; hereafter FSA) 
and subsequent crash (second summer after masting; SSA). We used 
yellow-necked mouse (Apodemus flavicollis; Figure 1) population as 
a model system. The fluctuations of the studied population are in-
duced by beech (Fagus sylvatica) mast seeding (Zwolak, Bogdziewicz, & 
Rychlik, 2016), that is, the intermittent and synchronized production 

of seeds (Crone & Rapp, 2014; Kelly, 1994). Strong effects of masting 
on rodent population dynamics occur in a variety of ecosystems lead-
ing to several fold increases in population abundance after mast years 
(Bogdziewicz, Zwolak, & Crone, 2016; Ostfeld & Keesing, 2000). The 
general assumption is that the masting-mediated increase in popula-
tion density decreases mammals’ home range size (Auger, Meyer, & 
Jenkins, 2016; Kozakai et al., 2011; Lacher & Mares, 1996; McShea 
& Schwede, 1993; Stradiotto et al., 2009). However, at the distinct 
phases of the population cycle generated by masting, other factors 
(e.g., kin structure) might vary as well, leading to variation in the re-
lationship between rodent density and spatial behavior. Such effects 
could alter the density–home range area relationship with potential 
consequences for population dynamics.

Our null hypothesis is that the effects of masting on rodent space 
use are solely density-mediated, that is, the relationship between den-
sity and home range area does not differ between FSA (i.e., peak of the 
population cycle) and SSA (subsequent crash phase of the population 
cycle) years. Alternatively, the relationship could differ between the 
phases of the population cycle, revealing more complicated effects 
of masting on rodent populations. The direct influence of beech seed 
abundance on space use of mice is ruled out, because we sampled ro-
dent populations only during summer, when beech seeds are unavail-
able (they are produced in the fall and germinate or rot in the spring). 
Therefore, we are able to use relationships between density and home 
range use in FSA and SSA years to test whether changes in density are 
sufficient to explain changes in home range size or whether additional 
factors need to be invoked. Based on patterns in our data, we discuss 
additional factors that might be responsible for relationships between 
density and space use in different phases of mast-induced population 
cycles.

2  | METHODS

2.1 | Natural history

The yellow-necked mouse is a granivorous woodland rodent that is 
common in deciduous forests of central and eastern Europe. In beech 
forests, mice rely on spatially clumped and fluctuating resources (nuts) 
(Jensen, 1982; Zwolak et al., 2016), and mast seeding of beech causes 
strong fluctuations in the abundance of mice (Jensen, 1982; Zwolak 
et al., 2016). Mast of deciduous trees is the main food source of the 
mouse (>80% of the diet), in both mast and nonmast years (Dróżdż, 
1966; Selva, Hobson, Cortés-Avizanda, Zalewski, & Donázar, 2012). 
The post-mast increase in rodent abundance is driven by high overwin-
ter survival and winter breeding (Jensen, 1982; Pucek, Jedrzejewski, 
Jedrzejewska, & Pucek, 1993). Factors affecting the post-outbreak 
crash in rodent numbers are less known, but low food availability, pre-
dation, and disease are likely candidates (Pedersen & Greives, 2008; 
Pucek et al., 1993). Females’ space use is expected to be driven by 
food availability, and males’ space use by female distribution (Ostfeld, 
1990; Stradiotto et al., 2009). Thus, females are expected to main-
tain smaller and more exclusive territories than males (Ostfeld, 1990; 
Stradiotto et al., 2009).

F IGURE  1 Yellow-necked mouse (Apodemus flavicollis) is a 
granivorous woodland rodent common in Europe (photo by Stanisław 
Pagacz)
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2.2 | Study site

We trapped small mammals in Gorzowska Forest (Map S1, Appendix 
S1), situated in western Poland. The forest is located in temperate 
climate zone at an altitude of 60–80 m. Average annual precipita-
tion equals 523 mm, and average annual temperature 8°C. Common 
tree species include Fagus sylvatica, Quercus spp., Pinus sylvestris, and 
Larix decidua. For the study, we selected eight sites solely occupied 
by beech trees. Distances among sites averaged 1.6 km (SD = 0.8 km, 
range: 0.4–6 km). More detailed description of study sites can be 
found in Zwolak et al. (2016).

2.3 | Small mammal trapping

We trapped small mammals during four years (2010–2013), in four 
monthly sessions (June–September). We divided the sites into two 
sets, and sites within each set were trapped simultaneously for five 
consecutive nights (i.e., 40 960 trap nights in total). At each site, we 
set up 8 × 8 trapping grids with 10-m spacing between trap stations. 
One wooden live trap (“dziekanówka” type, widely used in Poland, size 
21 × 8 × 9.5 cm) was placed at each trap station and baited with rolled 
oats and sunflower seeds. The traps that we used are designed for 
single catches, but double catches sometimes occurred. We checked 
traps in the morning (starting at 08:00) and in the evening (starting at 
18:00). We identified captured rodents to species, determined their 
sex, and marked them with uniquely numbered ear tags.

2.4 | Beech nut production

We determined yearly beech seed production by counting seeds on 
the ground (Hilton & Packham, 1997). We sampled beech by collect-
ing and counting all seeds in 0.25 m2 squares (24 per site in 2009 
and 12 per site in 2010–2012) centered on randomly selected trap 
stations. Each year, we selected the points in a stratified random man-
ner: Each site was divided into four subplots, with six (2009) or three 
(2010–2012) trap stations per subplot used as sampling points. The 
sampling was conducted once per year in late October after seeds had 
fallen in mid-October.

2.5 | Spatially explicit capture–recapture models

We estimated the population density (D) by fitting models using the 
detection function λ (d; λ0, σ) that describes the decline in cumula-
tive probability of detection λ with increasing distance d between an 
animal home range center and a trap (Borchers & Efford, 2008; Efford 
et al., 2016). The parameter λ0 represents the probability of detecting 
an individual when a trap is located at its activity center. The param-
eter σ is the spatial scale of detection that describes the relationship 
between detection probability and the distance between a trap and an 
animal activity center, that is, a metric of home range size (Efford et al., 
2016). We fitted models using the “secr” package in R (Efford, 2015). 
We assumed home range centers to follow a uniform Poisson process 
(for details see, e.g., Borchers & Efford, 2008; Efford & Fewster, 2013). 

The detection function followed a half-normal curve. We used models 
with multicatch traps, but estimates of D and σ are robust to this kind 
of model misspecification (Efford, Borchers, & Byrom, 2009a). We set 
the spatial buffer over the grid at 100 m after checking that density 
estimates did not vary with increased width.

We fitted separate models to data for male and female mice be-
cause the SECR models are computationally intense and fitting the 
global model for the complete dataset was not feasible. In addition, 
we expected a priori that space use would differ between males and 
females, with stronger territoriality in female mice (Ostfeld, 1990). For 
simplicity, we used only morning catches in the analysis (these consti-
tuted >98% of total mouse captures). Model parameters (D, λ0, and σ) 
were set to be constant or varying among trapping sessions; λ0 also 
included (global) behavioral difference between initial and subsequent 
captures (i.e., trap happy or trap shy). We allowed D, λ0, and σ to vary 
independently. Thus, we fitted 12 models for each sex representing 
all possible combinations of these three parameters. All models also 
included separate parameters for each site, that is, the most simple, 
“constant” model included eight estimates of λ0, D, and σ (one for each 
site). Thus, the most complicated model included 48 estimates of each 
parameter, one for each of 16 trapping sessions at each site. The best 
model was selected with the Akaike’s information criterion corrected 
for small sample size, AICc (Burnham & Anderson, 2002). We also 
present Akaike weights (wi), which can be interpreted as the weight of 
evidence in favor of a particular model relatively to other considered 
models (Burnham & Anderson, 2002).

We also explored models with density dependence of sigma differ-
ing only between phases of the mast-induced population cycle (using 
the k re-parameterization of SECR, see Efford et al., 2016). However, 
more complicated models with σ and density differing independently 
with years and sites fitted data far better (according to AICc scores, 
presumably due to other factors that also differed among sites and 
years). Therefore, we fitted more complicated models to avoid biased 
parameter estimates and then tested whether the density versus 
sigma relationship is affected by masting with generalized linear mixed 
models. Based on the estimated Dp and σp, we calculated session-
specific kp and used this parameter to calculate S95 (S95 = 6πk2), which 
represents an estimate of the number of individuals that occurs at any 
time within the area of an individual’s 95% home range limits (for de-
tails and assumptions see Efford et al., 2016).

2.6 | Generalized linear mixed models

We explored the relationship between SECR-based estimates of home 
range size (σ), rodent density, and mast seeding with generalized linear 
mixed models (GLMMs) implemented in R using “lme4” package (Bates, 
Maechler, Bolker, & Walker, 2015). In the first model, we tested whether 
rodent density differs according to masting history and between males 
and females. Here, we used log-transformed rodent density (D) as re-
sponse variable, and mast seeding (FSA vs. SSA), sex, and two-way 
interaction as fixed effects. In the second model, we tested whether 
home ranges differ according to mast history, population density, and 
sex. Here, we used log-transformed σ as the response variable, and 
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log-transformed mouse density, mast seeding, sex, and all their two-way 
interactions as fixed effects. In both models, we used study site as a 
random effect and month as a covariate. We used Gaussian family, iden-
tity link models, and tested for statistical significance of fixed factors 
with Wald Type II test, implemented via the “car” package in R (Fox & 
Weisberg, 2011).

3  | RESULTS

Beech produced abundant seed crops in 2009 (mean ± SD: 
345 ± 80 nuts/m2) and 2011 (382 ± 83 nuts/m2). In 2010 and 2012, 
beech failed to produce seeds: No nuts were found on the ground or 
observed on the tree branches.

For both sexes, density (D) and home range size (σ) varied among 
trapping sessions (Table 1). In males, model assuming D and σ varying 
among sessions strongly outperformed all others (ΔAICc ≥ 77.11). 
In females, the difference between this model and the second best 
was smaller (ΔAICc = 3.60), but the evidence ratio (w1/w2) for the 
best model versus the second was 6.03. Therefore, we estimated D 
and σ separately for each trapping session (for parameter estimates 
see Table 1 in Appendix) and input these estimates into GLMMs.

Mouse densities were higher in FSA than in SSA years (main effect 
of “mast,” χ2 = 177.19, p < .001), and density of males was higher than 
that of females (the main effect of “sex,” χ2 = 5.10, p = .02, Figure 2). 
The effect of mast seeding on rodent density did not differ between 
sexes (mast × sex interaction, χ2 = 0.01, p = .90). In the crash phase, 
the average densities were estimated as 6.37 ± 5.95 (mean ± SD) in-
dividuals/ha in males and 5.26 ± 5.33 inds/ha in females. In the peak 
phase, the density increased fourfold: to 27.68 ± 17.61 inds/ha in 
males and 22.36 ± 15.89 inds/ha in females.

As expected, home range size declined with density (main ef-
fects of density in Table 2, Figure 2). Home range size also differed 
between phases of the mast-induced population cycle (the main ef-
fects of “mast” in Table 2, Figure 3). After correcting for changes in 
density, yellow-necked mice had larger home ranges in FSA than in 
SSA years. Home range sizes also differed significantly between male 
and female mice; males had larger home ranges (the main effect of 
Sex in Table 2, Figure 3). We also observed a significant Mast × Sex 
interaction (Table 2); home range size of female mice differed more 
between phases of the mast-induced population cycle than home 
range size of males. No other interactions were statistically signifi-
cant (Table 2).

The parameter k (index of home range overlap, Efford et al., 2016) 
averaged among sites and months (±SE) was 0.54 (±0.01) for females 
and 0.58 (±0.01) for males in FSA, and 0.30 (±0.02) for females and 
0.37 (±0.02) for males in SSA. The parameter S95 (the number of in-
dividuals within the area of one home range, Efford et al., 2016) was 
5.93 for females and 6.75 for males in FSA, and 2.04 for females and 
3.06 for males in SSA.

4  | DISCUSSION

Our study shows that density-mediated effects alone are not suffi-
cient to explain changes in mouse spatial behavior evoked by mast 
seeding. Past studies have generally concluded that masting reduces 
space use through increased population density (Auger et al., 2016; 
Mazurkiewicz & Rajska-Jurgiel, 1998; Stradiotto et al., 2009). Our re-
sults partly support this prediction, in that σ, the index of home range 
size, declined with increasing density and was generally lower in FSA 
compared to SSA years. However, for the same level of density, home 

Model structure

λ0 D σ #P ΔAICc wi

(a) Females

Behavioral response Session Session 230 0 0.86

Session + Behavioral response Session (.) 230 3.60 0.14

Session + Behavioral response Session Session 329 57.71 <0.001

Behavioral response Session (.) 131 100.32 <0.001

Session Session (.) 222 111.84 <0.001

(b) Males 

Behavioral response Session Session 242 0 1

Session + Behavioral response Session Session 347 77.12 <0.001

Session + Behavioral response Session (.) 242 107.72 <0.001

Behavioral response Session (.) 137 156.52 <0.001

(.) Session Session 234 159.57 <0.001

Only the best five candidate models are shown.
λ0, detection probability; D, density; σ, spatial scale of detection (i.e., metric of home range size); (.), 
constant; session, varying among trapping sessions. The models were ranked according to ΔAICc; #P 
denotes the number of parameters, and wi can be interpreted as the weight of evidence in favor of 
model i (Burnham & Anderson, 2002).

TABLE  1 Model selection table, 
identifying the most parsimonious models 
of density and homer range of a) females 
and b) males of yellow-necked mice
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range sizes were larger in the peak phase of the cycle (FSA) in com-
parison with the crash phase (SSA). This indicates a higher degree of 
space overlap between neighboring individuals, as shown by k and 
S95 estimates (Efford et al., 2016). It is not clear whether mice are 
more tolerant of overlap in space use in post-mast years or whether 
they are constrained to use more space, relative to overall densities. 
However, it is clear that the effects of mast seeding on space use in 
mice are more complicated than simple density-mediated changes in 
space use.

In order to explain the difference in spatial overlap during differ-
ent phases of the mast-induced population cycle, we need to invoke 
a mechanism that involves something other than the density itself. 
Relatedness among individuals would be likely to differ between FSA 
and SSA summers after masting because, for a given density, post-
mast populations are in the peak phase after growth during the mast 
event, whereas SSA populations have grown to this density after a 
low density period. When mouse population density rises and ter-
ritories are filled, dispersal rates typically decline in rodents (Ims & 
Andreassen, 2000, 2005; Lambin & Krebs, 1991; Smith & Batzli, 
2006; Wolff, 1997). This process leads to higher relatedness of 
neighboring individuals (Andreassen et al., 2013; Pilot et al., 2010; 
Sutherland, Spencer, Singleton, & Taylor, 2005; Wolff, 1997). Home 
range overlap is higher between more closely related individuals (Ims, 
1989; Kawata, 1990; Lambin & Krebs, 1993; Le Galliard et al., 2006; 
Wolff, 1997), probably due to reduced aggression (Kawata, 1990; 
Lambin & Krebs, 1993). This effect occurs in both sexes, but is stron-
ger in females than in males (Innes et al., 2012; Ishibashi, Saitoh, Abe, 
& Yoshida, 1997; Le Galliard et al., 2006; Pilot et al., 2010), which is 
consistent with the stronger effect of masting years on female mice 
in our study.

The pattern of high spatial overlap among individuals in the 
peak phase of the population cycle found in our study is similar to 
that found in rodent population cycles that are not driven by mast-
ing, but by a set of intrinsic (e.g., sociality, dispersal) and extrinsic 

TABLE  2 Statistical significance of GLMM fixed effects testing 
the relationship between mast seeding and rodent space use

Fixed effect χ2 p

Mast 28.09 <.001

Sex 3.98 .05

Density 148.71 <.001

Mast× sex 4.40 .03

Mast × density 2.69 .07

Sex× density 0.53 .46

The response variable is log-transformed sigma (i.e., SECR-derived metric 
of home range size). Study site was used as random effect. Degrees of 
freedom for all effects equal 1

F IGURE  3 Relationship between 
density of the yellow-necked mouse and 
sigma (σ, model-derived estimate of home 
range size) in first summer after masting 
and second summer after masting years. 
Dots represent session-specific estimates 
of parameters. Note that both axes are 
on log scale. The log-log slope of fitted 
curves equals −0.5, while the difference in 
intercepts indicates differences in home 
range overlap (i.e., higher intercept denotes 
larger home ranges for the same level of 
density). Trend lines are reported with 95% 
confidence intervals and are based on 
predictions from generalized linear mixed 
model (see Methods section for details)

F IGURE  2 Density of females and males of the yellow-necked 
mouse in Gorzowska Forest (W Poland). Monthly (4 months) site-
specific (eight grids) densities are averaged to show differences 
among years. Beech masting occurred in 2009 and 2011. Density 
is derived from SECR models that received best AIC support (see 
Table 1 and Methods for details). Boxes denote 25th, 50th, and 75th 
percentiles; whiskers represent the lowest and highest datum within 
the 1.5 interquartile range
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(e.g., predation) factors (Andreassen et al., 2013; Radchuk, Ims, & 
Andreassen, 2016). In such systems, spatial overlap enhances re-
production at the beginning of the population growth phase, but 
after a critical point, it triggers population collapse (reviewed in 
Andreassen et al., 2013). Reproduction is first enhanced because 
the benefits of sharing space (e.g., protection against infanticide) 
outpace the costs (e.g., competition for food). In the latter phase, 
intensified crowding slows down reproduction, and the crash is 
caused by predation of dominant males, which disrupts social 
groups and further decreases survival (Andreassen & Gundersen, 
2006; Ims & Andreassen, 2000; Odden, Ims, Støen, Swenson, & 
Andreassen, 2014). Similar sets of intrinsic factors might be respon-
sible for population regulation across a variety of territorial mam-
mals (Odden et al., 2014).

Such processes have not been studied in mast-induced population 
cycles, although we know that dispersal rates decline during post-
mast (peak) years in yellow-necked mouse (Mazurkiewicz & Rajska-
Jurgiel, 1998) and that reproduction ceases in the peak phase of the 
cycle (Falls, Falls, & Fryxell, 2007; Fitzgerald, Efford, & Karl, 2004; 
Mazurkiewicz & Rajska-Jurgiel, 1998; Pucek et al., 1993; Wolff, 1996). 
In mast-generated population cycles, rodent abundance is still growing 
during early summer after masting, although beech seeds are already 
depleted (consumed, germinated, or rotten), and the decline begins in 
late summer or autumn (Falls et al., 2007; Pucek et al., 1993; Zwolak 
et al., 2016). Our study points that the number of individuals within one 
home range is 2- to 3-fold higher in FSA than in SSA. This is very likely 
to affect the competition for resources and disease transmission and, 
thus, play a role in the population decline. In that context, it might be 
illuminating to study how dispersal, spatial organization, reproduction, 
and survival covary across the whole mast-induced population cycle.

The increase in spatial overlap of home ranges that was found after 
mast years could be caused by other factors. Although availability of 
beech seeds was most likely constant across years (because trapping 
was conducted when this food source was unavailable), availability of 
other food items could vary. For example, in conifer forests of North 
America, masting-mediated increase in density, survival, and repro-
duction in deer mice (Peromyscus maniculatus) was delayed to sum-
mer after masting (Lobo & Millar, 2013). Authors suggested that the 
fir (Abies lasiocarpa) masting resulted in population response of inver-
tebrate seed predators that translated into higher prey availability for 
rodents (Lobo & Millar, 2013). Such an effect could potentially prolong 
the window of increased food availability after masting into next year 
summer and affect spatial behavior of mice. Investigating whether 
masting results in the second-order pulse in invertebrate numbers 
could be an interesting avenue for future research.

Spatially explicit capture–recapture models provide an effective 
tool to separate the effects of density on space use from other fac-
tors (Efford et al., 2016) and allowed us to show that the patterns of 
space use differ between distinct phases of rodent population cycle. 
One advantage is that our research was based on an extensive dataset 
that allowed the estimation of population-wide changes in space use. 
This scale is usually infeasible in telemetry-based studies that are nec-
essarily limited to a smaller subsample of individuals. Moreover, live 

trapping (or analogous methods based on proximity detectors: Efford, 
Dawson, & Borchers, 2009b; Efford, 2011) is a widely used research 
method. This wide use means that SECR models can be applied to 
separate the effects of density from other important biological factors 
in a wide range of ecological problems, for example, in studies testing 
the influence of habitat type on space use, in studies on multi-annual 
population cycles of voles and lemmings where spacing behavior is 
likely to be a key component of population regulation (Andreassen 
et al., 2013; Efford et al., 2016; Wolff, 1997), or to study spacing be-
havior of pests to inform management policy (Ringler et al., 2014). We 
hope that our study will encourage future applications of this method.
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Supplementary material, Bogdziewicz et al. (2016) Effects of nitrogen deposition on 1 

reproduction in a masting tree: benefits of higher seed production are trumped by negative 2 

biotic interactions. Journal of Ecology 3 

Acorn volume calculation  4 

We have caluculated the acorn volume following simplified Bonal, Muñoz & Díaz (2007) 5 

procedure, using following term: 6 

������ = �	
 ��2 �
�� ∗ ( 
�) 

The first term is the volume of cylindrical acorns, and the second term is correction for acorn 7 

shape.  8 

 9 

Multi-infestation  10 

We modeled multi-infestation (i.e., the number of larvae per infested acorn) using a Poisson 11 

family, log link model with weevil larvae count as a response variable, treatment, individual 12 

tree crop size, acorn volume, acorn part (basal/apical), year, and interaction terms: treatment × 13 

year, treatment × acorn part as fixed effects, and tree ID as a random effect. 14 

Multi-infestation did not differ between treatments (mean ± SD: 1.82 ± 1.29; χ2 = 4.81, df = 2, 15 

p = 0.09). 16 

 17 

Small mammal trapping and acorn fall estimation 18 

Methods 19 

At each site we established small mammal trapping grid with 49 Sherman live-traps spaced 10 20 

m from each other (7 x 7 rows). We conducted trapping at the end August 2013 (the year of 21 

seed tracking experiment) for 5 consecutive nights. We baited traps with oats and sunflower 22 

seeds and checked every day at morning (08:00) and evening (20:00). We identified each 23 



2 

 

capture to species, marked each with an uniquely-numbered ear tag, and then released it at the 24 

place of capture. Trapping was done with IACUC permission #13-04-162.  25 

To measure seed fall, we set 20 seed traps on each site (80 in total). Traps were 26 

constructed of plastic containers (52.7 x 36.8 x 40 cm) covered with mesh wire and placed on 27 

1.2 m wooden poles. We distributed traps in a stratified random design. We used small 28 

mammal trapping grid as reference and divided each site into grid of twelve 30 x 20 m 29 

rectangles. Each rectangle contained 6 points spaced 10m apart. We then draw two random 30 

points within each rectangle and located seed traps there. Two random rectangles were left 31 

without traps.  We set traps in the 3rd week of August 2013 and checked every week until no 32 

acorns were retrieved (middle of November). Collected acorns were bagged, transported to 33 

the laboratory, divided into categories (sound, infested, underdeveloped), and counted.   34 

 35 

Results  36 

We captured (mean ± SE) 4 ± 1.2 individuals of Peromyscus sp. per site. No other species of 37 

rodents were captured. However, we observed grey squirrels Sciurus carolinensis and 38 

chipmunks Tamias sp. on multiple occasions. Estimated acorn fall was 7.92 ± 2.11 acorns per 39 

m2.  40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 
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 49 

Table S1. The results of post-hoc comparisons of probablity of seedling establishment among  50 

treatments. Seedling estabishement in control plots was higher than in nitrogen treatments in 51 

all comparisons. “Low N” refers to acorns produced by red oaks growing on plots that were 52 

fertilized with 50 kg ha-1 yr-1  of reactive nitrogen per year, and “High N” with 150 kg ha-1 yr-
53 

1. In the experiment, nitrogen treatment was crossed with rodent exclusion. Closed denotes 54 

seedling emergence when rodents were excluded and Open refers to emergence when rodent 55 

access was allowed. The statistics were obtained with GLMM model (see Methods for 56 

details); we tested for statistical significance using Wald chisquare test. 57 

Rodent 

access: 

Closed   Open   

Nitrogen 

treatment: 

Control vs. 

Low N 

Control vs. 

High N 

Low N vs. 

High N 

Control vs. 

Low N 

Control vs. 

High N 

Low N vs. 

High N 

Statistics: χ
2 = 26.59, 

p < 0.001  

χ
2 = 15.83, 

p < 0.001 

χ
2 = 1.12, p 

= 0.28 

χ
2 = 5.89,  

p = 0.01 

χ
2 = 7.23,  

p = 0.007 

χ
2 = 0.03,  

p = 0.85 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 
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 68 

Figure S1. 69 

 70 

Figure S1. Shape of acorns expressed as lenght to width ratio produced by red oaks receiving 71 

different fertilizer treatments. “Low N” refers to acorns produced by red oaks growing on 72 

plots that were fertilized with 50 kg ha-1 yr-1 of reactive nitrogen per year, and “High N” with 73 

150 kg ha-1 yr-1. Control refers to oaks growing on plots receiving ambient levels of nitrogen. 74 

 75 

 76 

 77 

 78 

 79 

 80 
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Figure S2. 81 

 82 

 83 

Fig. S2. Tannin acid concentration expressed as tannin acid equvialent in acorns produced by 84 

red oaks receiving different fertilizer treatments in 2013. No differences among N-treatments 85 

were found in 2014 (not shown, see Results). Dots represent GLMM estimates and whiskers 86 

represent standard errors (for detailed description of the model see Methods). “Low N” refers 87 

to acorns produced by red oaks growing on plots that were fertilized with 50 kg ha-1 yr-1 of 88 

reactive nitrogen per year, and “High N” with 150 kg ha-1 yr-1. Control refers to oaks growing 89 

on plots receiving ambient levels of nitrogen. 90 

 91 

 92 

 93 

 94 
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Figure S3. 95 

 96 

Fig. S3. Diagram of acorn fates in seed tracking experiment. We used 240 acorns in each 97 

treatment (720 in total). “Low N” refers to acorns produced by red oaks growing on plots that 98 

were fertilized with 50 kg ha-1 yr-1  of reactive nitrogen per year, and “High N” with 150 kg 99 

ha-1 yr-1. Control refers to oaks growing on plots receiving ambient levels of nitrogen. 100 

Numbers in parentheses in the ‘eaten’ category represents number of acorns initially left on 101 

the litter surface that were eventually consumed.   102 

 103 

 104 

 105 
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