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l. Streszczenie

Pulsy zasobdw to epizody silnie zkszonej dosfpnasci zasobow wsrodowisku
(Yang et al. 2008). Zjawisko to wptywa na liczne procesy ekidage takie jak
dynamika liczebn&ci populacji zwierat i roslin, oddziatywania pomngdzy
konsumentami i zasobami, czy prewalerajorob w populacjach zwiegiz(Ostfeld &
Keesing 2000, Yangt al. 2008). Lata nasienne, definiowane jako nieregalarn
(wystepujaca co kilka-kilkanécie lat) produkcja ogromnego opadu nasion przez
populacje rélin (Kelly 1994, Crone & Rapp 2014)a rzyktadem takiego pulsu
zasobow. Spektakularna zmiedéav produkcji nasion ma miejsce u setek gatunkow
roslin  wystepujacych na niemal wszystkich kontynentach, a synclzama
przestrzenna w produkcji nasiorega tysecy kilometrow (Koenig & Knops 1998,
2000, Kelly & Sork 2002, Crone, Miller & Sala 200@rone & Rapp 2014, Koenig et
al. 2015).

Wiekszai¢ bada ekologicznych ignoruje wptyw pulséw zasobow wywuotah
przez lata nasiennezywajac srednich z kilku lat danych by wygat wnioski o
diecie zwierat, ich demografii czy zalmosciach troficznych. Niemniej, bigc pod
uwag wszechobecrié lat nasiennych w przyrodzie, musimy zmiennasz
perspektyw postrzegania zjawisk z relatywnie niezmiennych oday latami, na
silnie zmieniagce s¢ pod wptywem fluktugcegosrodowiska (Holt 2008, Yangt al.
2008). Rozpoznanie fluktugej dynamiki srodowiska spowodowanej latami
nasiennymi mge pomaoc rozwgzat wiele zagadkowych, niejednoznacznych wynikow
bada, w przypadku, gdy rine badania byly po prostu przeprowadzone, gdy

ekosystem znajdowatesw innej fazie cyklu (Holt 2008, Yang al. 2008). Co wgcej,



zrozumienie w jaki sposob lata nasienne wphpwag funkcjonowanie ekosystemow
poprawi nasze zdolsoi predykcyjne dotycxe r@nych zjawisk ekologicznych, w
tym waznych z punktu widzenia socjoekonomicznego czy aaprérodowiska
(Ostfeld & Keesing 2000, Ostfeld 2010, Yagigl. 2010).

Moja rozprawa doktorska skiada s czterech prac badawczych opisyich
zestaw zmian zachoglzych w ekosystemach, w ktorych lata nasienne wyjydine
fluktuacje dosipnaici zasobow (Bogdziewiczt al. 2016,b,c,d). W pierwszym
rozdziale przedstawiam wyniki meta-analizy badaptywu lat nasiennych na
populacje kegowcow. Lata nasienne to zjawisko matematycznietyicane, a wic
niemal niemaliwe do przewidzenia (Cronet al. 2005, Crone & Rapp 2014, Peaese
al. 2016). Utrudnia to prowadzenie badaptywu tego pulsu zasobow na populacje
zwierzt i w wielu wypadkach informacje na temat efekturiasiennych pojawiajsie
w pracach naukowych przeprowadzonych w innym délizwigzku z tym, by opisa
badane zjawisko jak najszerzej, opracowatem altgnma metod wyszukiwania prac
badawczych opisagych efekty lat nasiennych na zwieted Poza tradycyjnym
przeszukiwaniem baz danych, przeprowadzitern s&anowanie peinych tekstéw
wszystkich artykutow badawczych opublikowanych wbngnych czasopismach (by
zidentyfikowa& badania, ktore opisyjefekty lat nasiennych mimage nie zostaty w
tym celu zaprojektowane). Metoda ta pozwolita nemal potrot liczbe artykutdw w
bazie danych (z 67 do 186). Wyniki wskazate, efekty lat nasiennychg amocno
zroznicowane taksonomicznie (praca podsumowuje wplyiwv dasienych na 55
gatunkéw ssakow i 67 gatunkow ptakow). Dane wskaaujedzy innymi, na rownie

duzy wptyw lat nasiennych na ptaki, jak na mate ssdiemniej, do tej pory to



gryzonie byty gtbwnym przedmiotem baga nasza wiedza o bezpednim wptywie
lat nasiennych na populacje ptakow jest znikomazdmienie roli lat nasiennych dla
dynamiki populacji ptakow mi@ by wiec owocnym kierunkiem przysztych bada

Zebrana baza danych pasjta do przetestowania zestawu hipotez opsggh
relacje pomgdzy cechami historii naturalnej zwigtza sposobem w jaki lata nasienne
wptywaja na ich populacje (hipotezy sformutowane we worgszych pracach
przeghdowych: Ostfeld & Keesing 2000, Yareg al. 2010). Analiza pokazata sin
zaleznos¢ pomkedzy wielkaicig miotu (zastosowanjako wskanik tempazycia) oraz
wielkoscig ciala (wyta jako wskanik mobilnagici) ssakow, a sposobem, w jaki lata
nasiene wptywaj na ich populacje. W szczegoékog wicksze ssaki agregowatyesiv
siedliskach bogatych w nasiona, natomiast gatusatk®v o wysokiej rozrodczoi
intensyfikowaty reprodukej Jednakzadna z tych zafmosci nie zostata znaleziona w
przypadku gatunkéw ptakow, podkiagac potrzelp intensywniejszego ich badania w
kontelécie lat nasiennych.

W drugim rozdziale opisatem, w jaki sposob latasieane wplywa na
uzytkowanie przestrzeni przez mate ssaki na przykéadayszy lénej (Apodemus
flavicollis) (Bogdziewiczet al. 2016). Dramatyczne fluktuacje liczebém gryzoni
spowodowane latami nasiennymg $ednymi z najlepiej rozpoznanych efektéw
troficznych lat nasiennych (Ostfeld & Keesing 20@Xkgdziewiczet al. 2016).
Jednak wiksza¢ prac badawczych skupiag¢sina wplywie lat nasiennych na
zagszczenia gryzoni. Inne rownie wee efekty g stabiej poznane (Bogdziewict
al. 2016). Dlatego zbadatem, w jaki sposéb fluktuacje lmzaci myszy lénej

spowodowane przez lata nasienne bukagy(s syvaltica) wptywaja na wytkowanie



przestrzeni przez gryzonie. Oryginaddadych bada lezy gtdwnie w wyciu nowej
metody obliczeniowej: modeli typu CMR (capture - rkna— recapture) z
komponentem przestrzennym. Modele te pozwalaa rozdzielenie wplywu
zageszczenia populacji nazytkowanie przestrzeni przez zwieta od wptywu innych
zmiennych (np. dospnasci pokarmu). Kwestia kowariancji poguizy zagszczeniem
populacji i innymi zmiennymi, a wc¢ i trudnd¢ w rozdzieleniu tych efektéw, jest
nierozgcznym problemem w tego typu badaniach (Effetrdl. 2016).

Do tej pory zaktadanae wzrost liczebn€ti populacji spowodowany przez lata
nasienne zmniejsza wielkbterytoriow ssakow (Lacher & Mares 1996, Mazurkiezvi
& Rajska-Jurgiel 1998, Stradiottet al. 2009, Augerat al. 2016). Jednate, w
poszczegolnych fazach cyklu populacji generowanpgrez lata nasienne, inne
zmienne (np. struktura genetyczna populacji)zéaknog fluktuowat, powodugc
zmiany w zalenosci pomedzy zagszczeniem populacji azytkowaniem przestrzeni.
Moze to mi€ wazne konsekwencje dla dynamiki populacji, gdwspoétdzielenie
przestrzeni zapewne wplywa na intensysénoddziatywa konkurencyjnych czy
transmis¢ choréb pomidzy osobnikami. Wyniki pracy wskazyjze zmiany w
zagszczeniu gryzoni wywotane przez lata nasienne njstavca, by wyttumaczy
wariancg w wzytkowaniu przestrzeni przez gryzonie peday latami nasiennymi i
nienasiennymi. W rozdziale drugim dyskutupazliwe czynniki, ktére mog by¢
odpowiedzialne za zmiany w tej zatesci na r@nych etapach cyklu populacii
zwierzt.

W trzecim rozdziale opisgljwptyw lat nasiennych gbu na ryzyko zareenia

boreliozy u ludzi (Bogdziewiczt al. 201&). Pohczenie pomidzy latami nasiennymi



a ryzykiem boreliozy zostato odnalezione i jesttaahtej pory intensywnie badane we
wschodnich Stanach Zjednoczonych przez ghgdawcz Richarda Ostfelda (wyniki
podsumowane w Ostfeld 2010). Badacze odkegidramatyczny wzrost liczebéw
gryzoni spowodowany przez lata nasienne cksza liczebn& larw kleszczy
przenosgcych bakter Borrelia burgdorferi w dwa lata po roku nasiennym. Co
zaskakujce, badania te nigdy nie zostaty powtdrzone w ihnygkosystemach.
Zebratem dane o opadzie nasiomtiedzi w Polsce, liczbie przypadkow boreliozy u
ludzi, oraz dane z Google Trends o liczbie wyszakistow kluczowych zwjzanych

z latami nasiennymi i boreligzw przeghdarce Google (np. kleszcz, borelioza).
Wyniki sugerug, ze taacuch wydarze tgczacych lata nasienne z borelipadkryty w
USA ma miejsce rowniew Europe. Wskazuje to na tanie i efektywne edzie, ktére
moze postuy¢ do przewidywania zwkszonego ryzyka choroby.

W czwartym rozdziale przedstawiam wyniki bada@apisupcych wptyw
globalnych zmian na ekolagreprodukcji drzew, u ktérych wygiujg lata nasienne.
Liczne badania wskazyj ze globalne zmiany (takie jak ocieplenie Kklimatu czy
zwigkszapce st skzenie azotu organicznego sodowisku) powoduy wzrost liczby
nasion produkowanych przeztay (np. McKoneet al. 1998, Richardsost al. 2005,
Overgaardet al. 2007, Buechlinget al. 2016). Jednak do tej pory nie byto jasne czy
przektada si to na intensywniejsze odnowienie populacfliro(McKone et al. 1998).
Zebralem wgc dane obserwacyjne i eksperymentalne, by oszacowptyw
chronicznej depozycji azotu organicznego na regoguwebu czerwonegoQuercus
rubra). Poza zbadaniem wpltywu azotu na prodelkoftedzi, przetestowatem réwnie

jego paredni wptyw na reprodukej debu, wywierany poprzez zmiany w



oddziatywaniach ¢bu z jego najwzniejszymi konsumentami nasion (chgzczami
Curculio sp.) oraz roznosicielami nasion (gryzonie). Wreszsprawdzitem wptyw
depozycji azotu na kietkowanimitedzi.

Okazalo s§, ze chroniczna depozycja azotu powoduje nawet 9-&rotn
zwickszenie liczby nasion produkowanych przezbyd Jednoczaie jednak
nawaenie azotem spowodowato zkszenie konsumpcji nasion przez owady,
zmniejszylo wynoszenie i chowanie nasiggba przez gryzonie, a ta& zmniejszyto
prawdopodobigstwo kietkowaniazotedzi. Zwigkszenie proporcji nasion zjadanych
przez owady jest szczegOllnie warte podlaeia, gdy maze oznaczé ze globalne
zmiany, ktore prowadzdo zwkkszenia liczby nasion produkowanych przeging
zakidcaj mechanizm nasycenia konsumentéw (jeden z gtownyethanizmow
selekcyjnych lat nasiennych, patrz np. Peatst. 2016). Wielu badaczy zajmygych
sie badaniem produkcji nasion w zmienigym sk srodowisku ostrzegatoze
bezpdrednie, pozytywne efekty globalnych zmian mogzanikmgé, jezeli
oddziatywania rélin z konsumentami réwnieulegaj modyfikacjom (McKoneset al.
1998, Richardsost al. 2005, Overgaaret al. 2007, Pearset al. 2014, Koeniget al.
2015). W szczegoldoi naukowcy obawiali gi ze wzrost produkcji nasion w latach
nienasiennych m@ zakiéct regulacg liczebnaci populacji konsumentow. Moje
wyniki wskazug, ze tak rzeczywicie jest.

Pohczenie ranych efektow wptywu depozycji azotu naby zniwelowato
bezpdredni, pozytywny efekt zwkszonej produkcji nasion. Wyniki te podkiaga, ze
badanie oddziatywa biotycznych jest niezluine dla petnego zrozumienia wptywu

globalnych zmian na zespotystm. Depozycja organicznego azotusvodowisku ma
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miejsce w wielu ekosystemach i caty czaspwicksza (Gallowayet al. 2004, 2008).
Podobne efekty magwiec miet miejsce w innych systemach, prowaczlo zmian w

zespotach drzew.
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Il Summary

Resource pulses are large-magnitude, low frequeacs, short duration events of
increased resource availability (Yaaigal. 2008). Pulsed productivity affects multiple
ecosystem processes, including dynamics of populsti interactions between
consumers and resources, top-down and bottom-ggtefin food webs, and disease
prevalence (Ostfeld & Keesing 2000, Yagigal. 2008). Mast seeding, defined as the
intermittent production of a large seed crop byoaydation of plants (Kelly 1994,
Crone & Rapp 2014), is a resource pulse of highmtade and wordwide occurrence
(Ostfeld & Keesing 2000, Yang al. 2010). Examples of spectacular variation in seed
production come from all continents except Antaictand synchronization in pulse
release may extend up to thousands of kilometeoeril & Knops 1998, 2000, Kelly
& Sork 2002, Crone, Miller & Sala 2009, Crone & Rap014, Koenig et al. 2015).

The majority of wildlife population studies implityi ignore effects of mast
resource pulses on ecosystem processes, by ussgramvo years of data to make
inferences on animal diets, demography, and troplationships. However, to the
extent that wildlife population dynamics are driviey responses to pulsed resources,
we need to change our perspective from one ofivelgtuniform conditions among
years, to one of dynamic responses to a strongbtuating environment (Holt 2008,
Yang et al. 2008). Recognizing the masting-driven transientashyics of ecosystems
might help resolve numerous issues of apparenthjlicong and inconclusive study
results, when different studies might simply happeibe conducted at different state
of the ecosystem cycle (Holt 2008, Yasigl. 2008). Furthermore, since masting is an

inherent trait of numerous ecosystems, recogniziioyv it affects ecosystem
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functioning will increase our predictive abilitie$ different ecological phenomena,
including those of conservation and socio-econolmicancern (Ostfeld & Keesing
2000, Ostfeld 2010, Yarg al. 2010).

In my PhD thesis | have conducted four case studismining range of
masting-driven changes in species interactions Biegviczet al. 2016,b,c,d). In the
first chapter | have conducted the meta-analysisnasting effects on vertebrates
populations. Masting dynamics is largely chaotid éimus, it is difficult to trace and
study (Croneet al. 2005, Crone & Rapp 2014, Bogdziewicz et al. Z)Fearset al.
2016). Therefore, in order to capture as largeupecbf masting effects as possible, |
have developed an alternative method of identifighglies of interest. In addition to
traditional search of online databases, | have goted the full-text search of all
articles published in selected journals (in oraecdpture studies that found effects of
mast seeding despite not being designed to stydylhiis method allowed me to
almost triple the number of articles in the databfésom 67 to 186). The results
demonstrated that the effects of masting are maxenobmically diverse then past
reviews widely recognized, and included respons$ésbspecies of mammals and 67
species of birds (belonging to 14 orders and 4Zliesh Based on this dataset, it is
clear that birds are as responsive to masting @snts. Yet, rodents received much
more research attention, and our knowledge of dieffects of masting on birds is
scarce. This suggests that studies explicitly erangithe effects of masting on bird
populations might provide a fruitful avenue forurg research.

Furthermore, | used this large sample of speciggareses to test a hypothesis

that species life history traits influence the tygferesponse to masting (hypothesis
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derived from past reviews: Ostfeld & Keesing, ananyet al. 2010). | have found
that the type of response to mast seeding of masisatrongly related to the species
litter size (as a proxy of the pace of life) andiypanass (as a proxy of mobility). In
particular, larger mammals are more likely to aggte in mast-rich habitats, while
mammals of higher litter size are more likely tspend to masting through increased
reproduction. In contrast, none of these relatigpgssivas found for birds. This further
emphasizes that mast effects of birds need moeares.

In the second chapter, | described how mast sgeadfiiects space use of the
yellow-necked mice Apodemus flavicollis) (Bogdziewicz et al. 2016). Large
fluctuations in rodent abundance caused by mastlirspeare one of the best-
recognized wildlife responses to masting (Ostfel&&esing 2000, Bogdziewic al.
2016). However, the vast majority of work concerns nmagteffects on rodent
reproduction or density. Other effects, despitertipetential importance, received
much smaller attention (Bogdziewiet al. 2016). Thus, | have used fluctuations in
the yellow-necked mouse abundance to examine hast seading affects space use of
rodents. The fluctuations were induced by Eurodssech Fagus sylvatica) masting.
The novel feature of the study is the use of sihatExplicit capture recapture models
that allow separation of the effect of density onal space use from other factors
(e.g. food availability). The problem of covariatibetween density and other factors,
and thus the issue of separating those, was theranh obstacle of numerous past
studies (Efforcet al. 2016).

The general assumption is that the masting-mediateckase in population

density decreases mammals’ home range size (L&N&res 1996, Mazurkiewicz &
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Rajska-Jurgiel 1998, Stradiottet al. 2009, Augerat al. 2016). However, at the
distinct phases of the population cycle generateanbsting, other factors (e.g. kin
structure) might change as well, leading to vawiain the relationship between rodent
density and spatial behavior. Such effects coutdr ghe density-home range area
relationship with potential consequences for padputadynamics, as differences in
space sharing are likely to translate into changesompetition for resources or
disease transmission. | have found that the masiced effects of density on mice
space use are not sufficient to explain the vaganspace use of rodents among mast
and non-mast years. In the Chapter 2 | discussptssible factors that might be
responsible for the relationships between density space use in different phases of
mast-induced population cycle.

In the third chapter | outline the impact of oakasmnseeding on the Lyme
disease risk in humans (Bogdziewiezal. 201&). The connection between acorn
masting and Lyme borreliosis risk was found anénsively studied in Eastern USA
by the lab of Richard Ostfeld in 1990s (summarize@stfeld 2010). They have found
that the dramatic increase in rodent abundanceedaby oak masting boost the
abundance oBorrelia burgdorferi spirochete infested ticks two years after masting.
Surprisingly, however, this connection has nevembstudied in other systems. | have
collected the Poland-wide data on acorns crop, Lyhisease cases, and Google
Trends data on human cyber-behavior, i.e. the numbsearch terms for “kleszcz”
(tick), and “borelioza” (Lyme disease) each yeary Iesults suggest that the
ecological chain reactions found in temperate UArates also in temperate Europe.

This promises a cheap and efficient way of predlicthe risk of Lyme disease.
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In the fourth chapter | describe how anthropogesmwironmental changes
affects reproductive ecology of masting trees. Nuwme studies inform that
anthropogenic global changes (e.g. global warminigrogen deposition) drive
increases in plant seed production (e.g. McKena. 1998, Richardsost al. 2005,
Overgaardet al. 2007, Buechlinget al. 2016). However, it is not clear whether this
increase translates into higher plant recruitm&fdione et al. 1998). To test this, |
have combined observational data and field experisne® estimate the net effect of
nitrogen addition on red oakQgercus rubra) reproduction. In addition to evaluating
the impact of N-addition on acorn production, | @also examined the indirect effects
of fertilization on biotic interactions between saknd their most important seed
predators (weevils, Curculio sp.) and seed disperqeodents), and assessed
germination potential of acorns produced by N-fiegd oaks. | found that nitrogen
fertilization increases the production of acornsdaks up to 9-fold. Simultaneously,
however, it increased seed predation by weevilstedgsed seed caching by rodents,
and lowered the probability of acorn germinatioheTincrease in weevil predation is
particularly worth highlighting because it might amethat global changes that drive
increase in seed production in masting plants dlsoupt predator satiation. Many
researchers that studied patterns of seed produationasting plants in changing
environment warned that the direct positive effeftglobal changes might disappear
if biotic interactions of plants are also alterdtcKone et al. 1998, Richardsost al.
2005, Overgaardt al. 2007, Pearset al. 2014, Koeniget al. 2015). In particular,
increased seed production in non-mast years mighupt the regulation of seed

predators. My results provide evidence that thighthbe the case.
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Combined effects of chronic nitrogen fertilizatiamumped the positive,
nitrogen-mediated effect of increased seed prodactin oak reproduction. These
results stress the importance of considering bimtieractions when evaluating the
effects of global changes on plant communities.radién deposition in the
environment is ubiquitous and accelerating (Gallpataal. 2004, 2008). Thus, similar
effects as found in our model system might operathers, resulting in alternations

of tree communities.
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How do vertebrates respond to mast seeding?

Michat Bogdziewicz, Rafat Zwolak and Elizabeth E. Crone

M. Bogdziewicz (http:/lorcid.org/l0000-0002-6777-9034), (micbog@amu.edu.pl), and R. Zwolak, Dept of Systematic Zoology, Faculty of
Biology, Adam Mickiewicz University, Umultowska 89, PL-61-614 Poznai, Poland. MB and E. E. Crone, Dept of Biology, Tuufis University,
163 Packard Ave, Medford, MA 02155, USA. EEC also at: Harvard Forest, Harvard University, Petersham, MA 01366, USA.

Mast-seeding is the synchronized and intermittent production of a large seed crop by a population of plants. The cascad-
ing effects of masting on wildlife have been well documented in granivorous rodents. Yet, the effects of mast-seeding are
potentially further reaching, since a number of generalist species can take advantage of mast years. We employed a full-text
search algorithm to identify all papers that discussed effects of mast-seeding on wildlife, in addition to typical searches of
titles and abstracts. We aimed to evaluate the breadth of wildlife species for which mast years are thought to be important
drivers. In addition, we tested three hypotheses derived from past reviews: 1) species with lower reproductive poten-
tial (lower average litter size) are more likely to show aggregative responses to mast-seeding, 2) species with lower body
sizes (lower mobility) are more likely to show reproductive responses, and 3) indirect consumers of mast (predators) are
more likely to show aggregative responses than direct consumers. We found 186 articles including reports of response of
122 species of vertebrates to mast-seeding. Expectations were partly confirmed: relationships 1) and 2) held for mammals,
but not for birds. However, 3) direct consumers were more likely than indirect consumers to show aggregative responses.
Our tests of the first two hypotheses question the generality of past predictions for taxa other than mammals. Our test of
the third hypothesis suggests that responses of direct and indirect consumers might depend on the type of resource pulse.
Many of the examples in our analysis come from systems in which wildlife responses to mast have been less rigorously
documented than the examples in past reviews. They suggest the range of wildlife responses to mast-seeding are more
taxonomically and ecologically diverse than past reviews have widely recognized and point to directions for future
research.

Mast seeding is a pulsed resource with numerous cascading effects on wildlife. Yet, because masting is largely
unpredictable, it is inherently difficult to study. We developed a full-text search algorithm to identify incidental
reports as well as deliberate studies of vertebrate reactions to masting. We found that the type of response to
mast seeding (reproductive or through immigration) varies predictably as a function of life history traits (litter
size and body mass) in mammals, but not in birds. Our literature search also shows that responses to mast-
seeding are more taxonomically and ecologically diverse than past reviews have recognized.

Synthesis —

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 and
Keesing 2000, Yang et al. 2008). Mast seeding, defined as
the intermittent production of a large seed crop by a popu-
lation of plants (Kelly 1994, Crone and Rapp 2014), is a
resource pulse of high magnitude and worldwide occurrence
(Ostfeld and Keesing 2000, Yang et al. 2010). Examples of
spectacular variation in seed production come from all con-
tinents except Antarctica (Kelly and Sork 2002, Espelta et al.
2008, Crone etal. 2009, Norghauer and Newbery 2010) and
synchronization in pulse release may extend up to thousands
of kilometers (Koenig and Knops 1998, 2000). A more
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limited set of studies have documented responses of wild-
life populations to mast-seeding. These case studies provide
examples of impacts of mast seeding that ramify throughout
communities and cut across ecosystem boundaries (Jones
et al. 1998, Curran and Leighton 2000, McSchea 2000,
Schmidt and Ostfeld 2003, 2008, Lobo and Millar 2013).
To date, most of these published examples of wildlife
responses to mast-seeding show a similar taxonomic structure:
an increase of rodents (primary consumers) was followed
by response of mustelids and raptors, and eventually
caused a lagged increase in predation on birds’ nests (King
1983, Jedrzejewska and Jedrzejewski 1998, McShea 2000,
Clotfelter et al. 2007, Schmidt et al. 2008, Zwolak et al.
2015). The majority of wildlife population studies implic-
itly ignore effects of mast resource pulses, by using one or
two years of data to generalize animal diets, demography



and trophic relationships. One interpretation of this pat-
tern is that mast-seeding mostly affects trophic chains that
start with granivorous rodents. Alternatively, it may be that
these case studies have been well developed and highly cited,
but that similar cascading effects happen in other ecological
systems. To the extent that wildlife population dynamics
are generally driven by responses to pulsed resources, we
need to change our perspective from one of relatively uni-
form conditions among years, to one of dynamic responses
to a strongly fluctuating environment (Holt 2008, Yang
et al. 2008).

In this article, we quantify the breadth and diversity of
ways in which wildlife populations respond to mast-seeding,
with the specific aim of capturing incidental observations
of mast year effects, as well as deliberate experimental tests
of how mast years affect wildlife. In order to capture these
observations, we developed a literature review approach
that differs from a traditional meta-analysis. Specifically,
we conducted a full-text search of entire articles in a
selected subset of journals and identified all studies that
mentioned masting anywhere in the text. The full-text search
combined two sources of data: studies that were designed
to test for effects of mast-seeding, and studies that attribute
aspects of wildlife performance to mast events in a post
hoc or incidental manner, even if masting was not originally
part of the investigation. Thus, in one sense, the study is
a much broader investigation than the traditional litera-
ture search, but this breadth comes at the cost of including
qualitative observations, as well as explicit tests. We contrast
the studies obtained with this full-text search algorithm to
a conventional search that identified papers by keywords in
titles and abstracts.

In addition to describing responses to mast-seeding,
we use our data set of wildlife responses to mast-seeding
to evaluate three hypotheses from two past reviews of
consumer responses to pulsed resources. In the first of these
reviews, Ostfeld and Keesing (2000) hypothesized that spe-
cies responses to mast seeding should vary predictably as
a function of the rate of population response (capacity to
increase reproductive output, e.g. litter size) and species
mobility (Table 1). In particular, species with slow life histo-
ries (“slow” sensu Stearns 1992) are more likely to respond
to masting through mobility or a diet-switching (i.e. changes
in the proportion of each prey species in the diet; Ostfeld
and Keesing 2000) because of their low intrinsic capacity
to increase reproductive output. Similarly, species with high
reproductive capacity and poor mobility should respond via
reproduction (Ostfeld and Keesing 2000). In the second
review, Yang et al. (2010) found that the numerical increase

Table 1. Predictions derived from Ostfeld and Keesing (2000) review
article describing how probability of vertebrate responses to mast
seeding should vary predictably with their reproductive output
(here, litter size) and mobility (here, body mass). All relationships
held, but only for mammals, not for birds. See main text for details.

Increase in
reproductive output

Response:
Predictor:

Aggregation and/or
diet switching

Species average
litter/clutch size

Species average
body mass

negative relationship  positive relationship

positive relationship ~ negative relationship

in response to pulsed resources was larger for aggregative
responses than reproductive ones. Aggregation was defined
as a mechanism of numerical recruitment driven by the
immigration of consumers from surrounding populations
(Yang et al. 2010). Frequent occurrence of the aggregative
or combined (aggregative and reproductive) response was
hypothesized to be the cause of particularly strong numeri-
cal increases characterizing consumers from higher trophic
levels (Yang et al. 2010).

We evaluate the three hypotheses outlined in the two pre-
vious reviews as follows: 1) to evaluate the hypothesis that
aggregative or diet-switching responses are more likely to
occur in species with slow life history and/or high mobility,
we obtained data on average litter (or clutch) size and aver-
age body mass for species in our study. Litter size is tightly
linked to life history (Millar and Zammuto 1983, Heppell
et al. 2000, Szther and Bakke 2000) and has been used
previously as an indicator of life history syndromes (Cardillo
etal. 2003). Similarly, body mass has repeatedly been shown
to correlate strongly with mobility in both birds and
mammals, and has been successfully used as a surrogate
of mobility in previous studies (Schoener 1968, Haskell
et al. 2002, Carbone et al. 2005, Ottaviani et al. 2006,
Thornton et al. 2011). We then tested whether the prob-
ability of aggregative and diet-switching responses is higher
in species with lower average litter size and/or higher body
mass. 2) To evaluate the hypothesis that reproductive
response is more likely to occur in species with low mobility
and/or fast life history, we tested whether the probability of
species showing reproductive responses decreases with body
mass and increases with litter size. 3) Finally, we compiled
data on the trophic status of each species, in relation to
mast seeding (granivore, consumer of granivores, etc). We
tested whether indirect responses to masting, i.e. those at
higher trophic levels, are more likely to be aggregative than
reproductive.

Because of their irregular and unpredictable nature, effects
of mast-seeding and other pulsed resources are inherently
difficult to study. Our approach of finding and analyzing
observations of wildlife responses to mast-seeding sheds
new light on a relatively intractable phenomenon. Of
course, the incidental observations are less rigorous evi-
dence for how vertebrates respond to mast-seeding than
the experimental tests. We see the analysis of these data
as a valuable way to quantify our collective knowledge
of natural history, and identify hypotheses that could be
tested more rigorously.

Material and methods

Data base construction

We built two data bases, one using traditional literature
search methods (hereafter traditional search or ‘TS),
and the other using full-text search. In the first, we searched
IST Web of Science and Scopus databases for peer-reviewed
studies that examined the effects of mast seeding on wild-
life using keyword search (mast* AND bird* OR mammal*
OR rodent* OR passer® OR ungulat® OR carniv* OR
animal®* OR wildlife¥ OR ave® OR* omniv* OR herbiv*
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OR artiod* AND acorn®™ OR seed*.). In the second, we
downloaded all articles published in Ecology, Journal of
Animal Ecology, Journal of Wildlife Management, Oikos,
The Auk and Journal of Mammalogy between January 1990
(or January 1997 in the case of Ecology) and September
2013. The time range of articles downloaded from Ecology
was narrower because volumes published before 1997 did
not have pdf-files available to download from ESA website.
Next, we screened all downloaded articles for the term ‘mast™
appearing anywhere in the text. The search was done using
the freeware application PDF-XChange Viewer ver. 2.5. We
chose this set of ~20 000 articles as representative of ecolo-
gists studying wildlife from ecological and conservation/
management perspectives. We read articles that included
the mast® term and divided them into studies designed to
investigate the effects of mast seeding (hereafter targeted
studies: ‘FT” studies, for ‘full text, targeted’) and studies
where effects of masting were found incidentally (hereafter
non-targeted studies: ‘NT” studies). We categorized studies
with predictions on the effects of masting in the introduc-
tion section and studies where research design explicitly
incorporated masting as FT studies. We categorized articles
in which potential mast effects were mentioned in discussion
as a possible explanation of results as NT studies. In general,
NT studies were articles in which authors attributed wildlife
responses to mast seeding without formal statistical analy-
sis (e.g. high survival in a given year explained by observed
background mast seeding). Based on information contained
in article, we scored the type of species response (see list of
responses in Results) to masting. We divided these responses
into three broad categories (behavioral, demographic and
physiological responses).

For each study, we recorded the identity of the
masting plant species, the identity of all wildlife species that
responded, and whether the response was a direct or an
indirect effect of masting. Direct effects included those that
were directly caused by increased availability of seeds for
their primary consumers and the indirect effects included
those that were caused by changes in populations of primary
consumers in response to mast seeding (Ostfeld and Keesing
2000). For each wildlife species, we also recorded its body
mass and mean litter size. The average body masses were
obtained from Project PanTHERIA, a global species-level
data set of life history ecological traits (Smith et al. 2003,
Lislevand et al. 2007, Jones et al. 2009). Information on the
species average litter size was obtained from AnAge Database
of Animal Ageing and Longevity (Tacutu et al. 2013). Data
on a few species that were not available in the above men-
tioned databases were obtained from other peer-reviewed
sources.

Statistical analysis

We tested predictions derived from Ostfeld and Keesing
(2000) and Yang et al. 2010 using generalized linear mixed
effects models (GLMMs) implemented via ‘Ime4’ package
(Bates et al. 2013), with taxonomic order of each species
as a random effect. We tested the first prediction (species
with lower reproductive capacity or higher mobility are
more likely to respond through aggregation or diet switch-
ing) by building two models: in the first, we modeled
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the probability of reporting diet switching or aggrega-
tive response as the function of average litter size, and an
interaction of litter size with species class (mammals ver-
sus birds). In the second, we replaced litter size with log-
transformed body mass. We tested the second prediction
(species with low mobility or high reproductive capacity
are more likely to show a reproductive response) using two
models with reproductive response as a binary (yes/no)
response variable. In the first one, we used log-transformed
average body mass and the interaction of body mass with
species class as explanatory variables. In the second, we
replaced body mass with litter size.

We tested whether primary and secondary consumers
of mast differ in the mechanism of their responses to mast
with two analyses. In the first, we modeled the probability
of aggregative response in relation to trophic distance; in the
second, we evaluated how trophic distance influences the
probability of reproductive response.

In all models we used species as the unit of replication.
In other words, if at least one study reported a type of
response (e.g. reproduction) for a species, that response
was included as present in that species, and if a species was
included in our data base but no studies had reported that
type of response, that response type was scored as absent.
In all models we added the number of articles reporting
response of focal species as covariate to control for differ-
ences in numbers of reports on particular species. Moreover,
in all above-described models we tested whether the results of
hypotheses testing would differ across different search meth-
ods. To do this, in first four models (testing the hypotheses
from Ostfeld and Keesing 2000) we used three-way interac-
tion term (life history trait X species class X type of search
method used to found evidence of species response), and in
the next two models (testing the hypothesis from Yang et al.
2010) two-way interaction term (trophic distance X search
method).

We tested whether distribution of species taxonomic
orders, prevalence of behavioral, demographic and physi-
ological responses, and frequency of direct and indirect effects
differed across articles found with different search methods
(traditional search, targeted and non-targeted studies from
alternative search) using multinomial logistic regression imple-
mented via the ‘nnet’ package (Venables and Ripley 2002).
All statistics were computed in R (<www.r-project.org>).

Results

The nature of the dataset

Our two databases included 186 articles: 67 obtained with
the traditional search and 138 with the full-text search,
of which 19 overlapped between data bases (Supplemen-
tary material Appendix 1 Table Al). These studies gener-
ated 426 data points (response by species combinations).
Full-text search generated 298 data points: 207 assigned to
the FT category (studies designed to investigate the effects
of masting, 86 articles) and 91 to the NT category (effect of
mast seeding that were found incidentally, 52 articles). The
sum of FT and NT articles exceeds 119 because some articles
that were set up to test particular mast-related hypothesis



also reported incidental findings (Noyce and Garshelis 1997,
Clark et al. 2005, Jensen et al. 2012).

The majority of studies reported responses to mast-
seeding of deciduous trees, mainly oaks (47% of studies, e.g.
Quercus rubra, Q. crispula, Q. serrata, Q. falcata), and beech
(22% of studies, Fagus grandifolia, E sylvatica, Nothofagus
spp.). Other deciduous species (26%) included Acer spp.,
Carya spp., Castanea spp., Dipterocarpaceae spp., Fraxinus
spp- Thirteen percent of studies recorded masting effects of
coniferous species (e.g. Abies lasiocarpa, Juniperus spp., Pinus
abies, Pinus albicaulis, Pinus edulis, Picea glauca). Three
studies included responses to bamboo masting and one to
masting of Chionochloa grass (Wilson and Lee 2010).

Opverall, 55 species of mammals and 67 species of birds,
belonging to 14 orders and 42 families, were reported to
respond to masting (Supplementary material Appendix 1
Table Al). Rodents were most often reported to respond to
mast seeding (50% of TS articles, 44% of FT and 42% of
NT articles; Supplementary material Appendix 1 Fig. A2),
followed by carnivores (TS: 14%, FT: 20%, N'T: 23%), Pas-
seriformes (TS: 14%, FT: 15%, NT: 3%), Artiodactyla (TS:
6%, FT: 11%, N'T: 11%) and Galliformes (T'S: 5%, FT: 2%,
NT: 18%). Responses of the remaining taxonomic orders
(Accipitriformes, Anseriformes, Columbiformes, Piciformes,
Dsittaciformes, Strigiformes, Primates, Scandentia and
Soricomorpha) were found in less than 5% of all reports
(Supplementary material Appendix 1 Fig. Al). The distri-
bution of taxonomic orders differed across search methods
(x2=22.83, DFE=8, p=0.004). Taxa had similar preva-
lence in TS and FT articles (2= 3.87, DF =8, p=0.86).
However, the distribution of taxa in NT articles differed
from the distribution in FT articles (x2=18.13, DF =38,
p=0.02), and marginally from TS articles (}2=13.46,
DF =38, p=10.09). Based on inspection of 95% confidence
limits, this difference was driven by four significant differ-
ences among four taxonomic groups: rodents were over-
represented in TS studies, passerines were under-represented
in NT studies, Galliformes were over-represented in NT
studies, and carnivores were more common in NT than in

TS studies.

Types of responses to masting

Studies in our database reported a diversity of responses
by wildlife to mast seeding (Supplementary material
Appendix 1 Table Al). Demographic responses (reproduc-
tion, survival, nest success) were most often reported (T'S:
28%, FT: 31%, NT: 23%; Supplementary material Appen-
dix 1 Fig. A2), followed by changes in species abundance
(TS: 32%, FT: 23%, NT: 17%). Behavioral responses to
masting included changes in movement patterns (1°S: 11%,
FT: 13%, NT: 20%), habitat selection (TS: 1%, FT: 9%,
NT: 9%), and diet (TS: 15%, FT: 8%, NT: 11%). Physi-
ological changes induced by masting included body condi-
tion, torpor and hibernation time (TS: 8%, FT: 12%, NT:
9%). The distribution of responses did not differ between
search methods (y? =4.44, DF =4, p=0.34)

In addition to effects of mast seeding, we found
numerous reports of consequences of mast failure (TS: 2
articles, FT: 14, NT: 6) on focal organisms. Mast failure was
attributed to cause a variety of wildlife responses in categories

resembling those reported for mast seeding: reproduction,
survival, nest success, abundance, immigration, body condi-
tion, diet-switching, changes in daily distance moved, and
capture probability.

Hypothesis 1. Are species with lower reproductive
capacity (slower life histories) more likely to respond
through aggregation or diet switching?

As predicted by Ostfeld and Keesing (2000), we found a
negative relationship between litter size and probability of
recording aggregative or diet switching response (Fig. 1).
However, this relationship held only for mammals (z = -2.66,
p = 0.007), and not for birds (z = -0.82, p = 0.39). Similarly,
the probability of aggregative and diet switching responses
was positively related to body mass in mammals (z=4.41,
p>0.001; Fig. 2), but not in birds (z=-0.07, p=0.94).
Reproductive response was more likely to be recorded for
mammals than birds (20 mammal species, and 9 bird species
with reproductive response recorded; z=2.20, p=10.027).
‘The relationship between litter size and aggregative responses
differed marginally with search methods (2 =5.22, DF =2,
p=0.07, but this effect was driven by the different mag-
nitude of the effect size of mammals’ response, which was
larger in TS than NT studies (litter size effect in NT: -2.14
intercept £ 0.88 SE, TS: —0.54 = 0.24); the direction of
the relationship stayed the same. In case of body mass and
aggregative/diet switching response the relationship did not

differ with search methods (32 =1.09, DF=2, p=10.58).

Hypothesis 2. Are smaller (less mobile) species more likely
to show reproductive response?

As predicted by Ostfeld and Keesing (2000), we found a
negative relationship between body size and the probabil-
ity of recording species increase in reproductive investment
in response to mast seeding, although this response was
not statistically significant at the p <0.05 level. This rela-
tionship was stronger for mammals (z=-1.73, p=0.08;
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Figure 1. Generalized linear mixed model curves representing
the average marginal probability of displaying aggregative or
diet switching response in relation to clutch (birds) and litter (mam-
mals) size to mast seeding. Shaded regions represent confidence
intervals (95%) for the curve.

303



Birds Mammals
1.00 [
075 -
2
E
S 050 |-
°
o
0.25 —\
0.00 &L ] 1 ] I ! ! ] 1 ]

1 2 3 4 5 1 2 3 4 5
Log-transformed body mass

Figure 2. Generalized linear mixed model curves representing the
average marginal probability of displaying aggregative or diet switch-
ing response in relation to log-transformed body mass to masting.
Shaded regions represent confidence intervals (95%) for the curve.

Fig. 3), than for birds (z = 1.40, p = 0.16). Morcover, in case
of birds, the non-significant relationship between body size
and reproductive response was positive. The probability of
recording reproductive response was positively related to lit-
ter size in mammals (z=3.31, p>0.001; Fig. 4), but not
in birds (z=-0.27, p = 0.78). Aggregation and diet switch-
ing was equally likely to be recorded for mammals and birds
(26 mammal, 22 bird species with focal response; z=0.82,
p=0.41). The outcome of hypothesis testing did not
differ across search methods (test with body mass: ¥2=0.99,
DF=2, p=0.61; test with litter size: ¥2=0.06, DF =2,
p=0.97).

Hypothesis 3. Are indirect consumers more likely to
respond to mast seeding through aggregation?

Contrary to expectations, aggregative response was more
likely to be associated with direct than indirect consumers
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Figure 3. Generalized linear mixed model curves representing the
average marginal probability of displaying reproductive response in
relation to clutch (birds) and litter (mammals) size to mast seeding.
Shaded regions represent confidence intervals (95%) for the curve.
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Figure 4. Generalized linear mixed model curves representing the
average marginal probability of displaying reproductive response in
relation to log-transformed body mass to masting. Shaded regions
represent confidence intervals (95%) for the curve.

(z=2.22, p=0.026). The probability of reproductive
responses did not differ between direct and indirect consum-
ers (z=0.68, p=0.49). The outcome did not differ across
search methods (aggregative response: %2=0.01, DF =2,
p = 0.99; reproduction: x2=1.19, DE =2, p=0.55). Gen-
erally, aggregative responses were recorded for 23 species and
reproductive responses for 29 species. Only five species were
recorded to respond jointly by these two mechanisms: the
bearded pig Sus barbatus, the black bear Ursus americanus,
crested partridge Rollulus rouloul, the great tic Parus major
and the jungle fowl Lophura spp.

Discussion

Overall, we found reports of response to mast seeding for
122 species of vertebrates belonging to 14 orders and 43
families. In the studies identified through the full-text
literature search, responses to mast were not strongly biased
toward granivorous rodents and their food webs. In fact,
many species respond to masting, including passerines, large
omnivores such as bears, ungulates and primates, and gen-
eralist birds such as mallards and pheasants (Supplementary
material Appendix 1). Moreover, the diversity of responses
shown by passerines expanded beyond nest success and
resembled those reported for rodents, making these two
groups equally responsive to mast seeding.

High reproductive capacity and low mobility are tightly
linked with reproductive response in mammals, but not in
birds. In small mammals with high reproductive capacity
(e.g. rodents), mast seeding effects on reproductive out-
put are well-appreciated and described: masting increases
the number of juveniles per female (Bergeron et al. 2011),
increases proportion of yearling and adult breeders (Boutin
et al. 2006), induces winter breeding (Pucek et al. 1993),
and has long-lasting positive effects on reproductive suc-
cess of females born in mast year (Descamps et al. 2008).
In contrast, masting effects on reproductive ecology of birds
are much less known and are rarely the focus of research.



The best described effects on birds’ recruitment are indirect
via a mast-rodent-predators-nest success link: i.e. changes
in nest predation (McShea 2000, Schmidt and Ostfeld
2008), and brood size of birds of prey (Jedrzejewski et al.
1996). Our literature review shows that birds also respond
directly to mast-seeding. For example, clutch size tends to
be higher in mast years in Galliformes (Curran and Leigh-
ton 2000, Devers et al. 2007). In addition, in great tits mast
failure decreases recruitment (Grotan et al. 2009), and influ-
ences fledging production (Bouwhuis et al. 2010). Overall,
increase in abundance is the most often reported response to
mast seeding for both birds and mammals. These studies of
reproductive responses in birds did not show up in the
traditional literature search because ‘mast’” was not among
the key words. Thus, we suggest that more explicit studies
of the role of mast seeding for birds’ reproductive ecology
would be a useful area for future research.

The lack of association between body size and the aggre-
gative response/dict switching in birds might be the result
of overall higher mobility of birds then mammals, which
may allow them to move freely among habitats (Fraser and
Stutchbury 2004, Thornton et al. 2011). Indeed, among
mammals, large-scale movement in resposne to mast was
reported for bears and ungulates, while, among birds, move-
ment between habitats was reported for species as large as tur-
keys (average body mass 7400 g) and as small as red-breasted
nuthatches (11 g). In contrast to aggregative responses, diet
switching involved a much higher diveristy of mammal
species, indicating that potential for large-scale movement
between habitats drove the relationship between body size
and diet switching. The potential for movement in relation
to mast-seeding could be incorporated into conservation
plants of large mammals. For example, attraction to mast can
move focal species outside protecion areas and deacrease their
survival (Beringer et al. 1998). It can also induce predictible
fluctuations in herbivore pressure across landscapes as large
mammals such as ungulates, aggreage in mast-rich areas.

In their review, Yang et al. (2010) found that indirect
responses to resource pulses tend to be larger in magnitude
than direct ones. They suggested that a higher likelihood
of aggregative or combined response in indirect consum-
ers might be responsible for this pattern, since these two
mechanisms created the most powerful increases. We found
only five species with such a combined response to mast
seeding. Moreover, contrary to the expectation, the likeli-
hood of aggregative response was higher in direct than in
indirect consumers. This pattern was mostly driven by gen-
eralist birds that aggregate in mast-rich habitats (Koenig
2001, Koenig and Knops 2001, Sather et al. 2007). Yang
et al. (2010) included only one example of changes in bird
abundance, thus the difference in results might be related to
different taxa included in its and our analyses. Alternatively,
our findings might imply that wildlife responses to mast
seeding differ from responses to pulsed resources in general.

Our full-text search pointed wildlife responses that are
often attributed to mast seeding, but have to date rarely
been the focus of research. For example, many NT studies
attribute changes in habitat selection to mast seeding. Mech-
anisms include both aggregation toward mast-resources,
and indirect responses to changes in population density.
Few targeted studies (TS) have explored how mast-seeding

changes habitat selection (but see e.g. Kilpatrick et al. 2011).
Therefore, researchers interested in habitat selection should
be particularly aware that the selected habitats are likely to
vary through time. Importantly, ignoring mast effects could
lead to false interpretation of results: e.g. habitat could be
wrongly assigned as a sink while the low survival in popula-
tion is caused by mast failure (Mahon and Martin 2000).

We also found a variety of effects of mast failure on wild-
life. Such a variety of phenomena explained by mast failure
suggest that events of resource scarcity may have similarly
broad effects on ecosystems as mast itself; especially in
ecosystems where some seed production usually happens, e.g.
in North American hardwood forests (McShea 2000, Kelly
et al. 2008). We speculate that, in systems where abundant
resources are common, occasional resource troughs could
contribute to population and community dynamics, with
equally far-reaching effects to resource pulses. However, the
theoretical implications of famine pulses in food webs have
been largely overlooked (but see Sears et al. 2004). Thus, it is
unclear if they act simply as mast years a rebours or whether
they have their own, unique effects.

One limitation of our review is that it is biased towards
temperate hardwood forests. This was not intended, but is
logical in hindsight based on the set of journals that we chose
for full-text search. Inclusion of journals specializing in
tropical or Southern Hemisphere would be an interesting
direction for future research. We suspect that the bias towards
hardwood forests reflects researcher bias, as this pattern was
evident in both search methods, rather than lack of impor-
tant mast—consumer interactions in in conifer-dominated or
grassland systems (Wilson and Lee 2010, Lobo and Millar
2013, Lobo 2014).

In conclusion, many aspects of animal ecology may
be influenced by highly dynamic processes such as mast-
seeding. Ecologists have long been aware of the importance
of “rare” or “surprising” events (Weatherhead 1986, Doak
et al. 2008, Lindenmayer et al. 2010), but these are inher-
ently difficult to study. Our full-text approach to identify
examples of responses to mast-seeding is broadly analogous
to other ‘big data’ studies in ecology, in which we obtain
low-resolution data over broad scales in space and time
(Dickinson et al. 2012, Breed et al. 2013, Szymkowiak and
Kuczyriski 2015). As our data-processing abilities increase,
and journal access increases, this approach may be a valu-
able way to broaden our understanding of the importance of
different kinds of rare events in general.
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1 | INTRODUCTION

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.

KEYWORDS
density dependence, home range, mast seeding, population cycles, space use, spatially explicit

capture recapture

Population density is believed to be the primary determinant of

animal space use, with home range area generally decreasing with

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, Kénig, Pillay, & Schradin, 2015).

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, Dabrowski, 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 (o), 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 (o) increases
with the home range, and the parameter o is a model-based index of
home range size (Efford et al., 2016). Both parameters (D and o) 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=o‘\/5) (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

FIGURE 1 Yellow-necked mouse (Apodemus flavicollis) is a
granivorous woodland rodent common in Europe (photo by Stanistaw
Pagacz)

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 (Drézdz,
1966; Selva, Hobson, Cortés-Avizanda, Zalewski, & Donézar, 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).
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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 x 8 trapping grids with 10-m spacing between trap stations.
One wooden live trap (“dziekanowka” type, widely used in Poland, size
21 x 8 x 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 m? 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 A (d; A, o) that describes the decline in cumula-
tive probability of detection \ with increasing distance d between an
animal home range center and a trap (Borchers & Efford, 2008; Efford
et al., 2016). The parameter A, represents the probability of detecting
an individual when a trap is located at its activity center. The param-
eter o 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).
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The detection function followed a half-normal curve. We used models
with multicatch traps, but estimates of D and o 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, Ay, and o)
were set to be constant or varying among trapping sessions; A, also
included (global) behavioral difference between initial and subsequent
captures (i.e., trap happy or trap shy). We allowed D, A, and o 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 A, D, and o (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, AlCc (Burnham & Anderson, 2002). We also
present Akaike weights (w;), 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 o and density differing independently
with years and sites fitted data far better (according to AlCc 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 D, and g, we calculated session-
specific kp and used this parameter to calculate Sy5 (S95 = 6T[k2), 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 (o), rodent density, and mast seeding with generalized linear
mixed models (GLMMs) implemented in R using “Ime4” 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 o 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 Il 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/m?) and 2011 (382 + 83 nuts/m?). 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 (o) varied among
trapping sessions (Table 1). In males, model assuming D and o varying
among sessions strongly outperformed all others (AAICc = 77.11).
In females, the difference between this model and the second best
was smaller (AAICc = 3.60), but the evidence ratio (w,/w,) for the
best model versus the second was 6.03. Therefore, we estimated D
and o 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,’ x2 =177.19, p < .001), and density of males was higher than
that of females (the main effect of “sex,” )(2 =5.10, p = .02, Figure 2).
The effect of mast seeding on rodent density did not differ between
sexes (mast x sex interaction, x2 =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.

Model structure

Ao D [ #P
(a) Females
Behavioral response Session Session 230
Session + Behavioral response Session (.) 230
Session + Behavioral response Session Session 329
Behavioral response Session (.) 131
Session Session (.) 222
(b) Males
Behavioral response Session Session 242
Session + Behavioral response Session Session 347
Session + Behavioral response Session () 242
Behavioral response Session (.) 137
() Session Session 234

Only the best five candidate models are shown.

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
SSAyears. 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 x 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 Sy (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 o, 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

TABLE 1 Model selection table,
identifying the most parsimonious models

AAICc w, of density and homer range of a) females
and b) males of yellow-necked mice

0 0.86
3.60 0.14

57.71 <0.001

100.32 <0.001

111.84 <0.001
0 1

77.12 <0.001

107.72 <0.001

156.52 <0.001

159.57 <0.001

Ao detection probability; D, density; o, spatial scale of detection (i.e., metric of home range size); (.),
constant; session, varying among trapping sessions. The models were ranked according to AAICc; #P
denotes the number of parameters, and w; can be interpreted as the weight of evidence in favor of

model i (Burnham & Anderson, 2002).
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100 range sizes were larger in the peak phase of the cycle (FSA) in com-
f E,Iearlneasles parison with the crash phase (SSA). This indicates a higher degree of
. space overlap between neighboring individuals, as shown by k and
757 . . S¢5 estimates (Efford et al., 2016). It is not clear whether mice are
‘(U 4 . more tolerant of overlap in space use in post-mast years or whether
g 50 5 they are constrained to use more space, relative to overall densities.
O However, it is clear that the effects of mast seeding on space use in
= mice are more complicated than simple density-mediated changes in
25+ ¢ e space use.
= [ In order to explain the difference in spatial overlap during differ-
0. Qﬁ $— ent phases of the mast-induced population cycle, we need to invoke
J i ;5 x a mechanism that involves something other than the density itself.
2010 2011 2012 2013 Relatedness among individuals would be likely to differ between FSA
FIGURE 2 Density of females and males of the yellow-necked and SSA summers after masting because, for a given density, post-
mouse in Gorzowska Forest (W Poland). Monthly (4 months) site- mast populations are in the peak phase after growth during the mast

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

event, whereas SSA populations have grown to this density after a
low density period. When mouse population density rises and ter-

Table 1 and Methods for details). Boxes denote 25th, 50th, and 75th ritories are filled, dispersal rates typically decline in rodents (Ims &
percentiles; whiskers represent the lowest and highest datum within Andreassen, 2000, 2005; Lambin & Krebs, 1991; Smith & Batzli,
the 1.5 interquartile range 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;

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

Fixed effect X p Wolff, 1997), probably due to reduced aggression (Kawata, 1990;
Mast 28.09 <.001 Lambin & Krebs, 1993). This effect occurs in both sexes, but is stron-
Sex 3.98 05 ger in females than in males (Innes et al., 2012; Ishibashi, Saitoh, Abe,
Density 148.71 <001 & Yoshida, 1997; Le Galliard et al., 2006; Pilot et al., 2010), which is
Mastx sex 4.40 03 consistent with the stronger effect of masting years on female mice
Mast x density 2.69 07 in our study.

T 053 46 The pattern of high spatial overlap among individuals in the

peak phase of the population cycle found in our study is similar to
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

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

+ SSAAFSA

Females Males

FIGURE 3 Relationship between
density of the yellow-necked mouse and
sigma (o, 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% : : : : p I : : : . :
confidence intervals and are based on 0 1 2 3 4 5 0 1 2 3 4 5
predictions from generalized linear mixed . -1

model (see Methods section for details) M iIce h a
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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, Stgen, 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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Abstract

Lyme disease is a major zoonosis in the northern hemisphere. It is caused by the spirochete Borrelia burgdorferi, transmitted
by ticks (genus Ixodes), and the abundance of infected tick nymphs determines the risk of the disease in humans. In eastern
USA, fluctuations in oak (Quercus spp.) acorn production (including mast seeding) determine rodent abundance, which has
been linked with Lyme borreliosis risk in humans. However, the predictive power of masting on Lyme disease risk in other
systems has never been tested. We used a combination of field and Internet data to trace the ecological chain reaction that links
acorn production by oaks and Lyme borreliosis risk in European forests. We found a positive relationship between oak acorn
production (Q. robur and Q. petraea) in year T and the number of Lyme borreliosis incidences in year 7+ 2. Acorn production
was also positively correlated with Google search volume for the terms “tick” and “Lyme disease” two years later. Our results
suggest that acorn production influences tick population, leading to fluctuations in the intensity of interactions between humans
and ticks that can be seen in Google search dynamics. Thus, mast seeding together with the volume of specific Internet web
searches appears to be a promising tool that could be used to alert public.

Zusammenfassung

Die Lyme-Borreliose ist eine bedeutende Zoonose der nordlichen Hemisphire. Sie wird von dem Spirochéten Borrelia
burgdorferi verursacht und von Zecken (Gattung Ixodes) iibertragen. Mit der Abundanz infizierter Zeckennymphen steigt das
Krankheitsrisiko fiir den Menschen. In den 6stlichen USA bestimmen die Schwankungen der Eichelproduktion (Quercus spp.)
mit dem Auftreten von Mastjahren die Abundanz der Kleinsduger, die mit dem Lyme-Borreliose-Risiko fiir den Menschen in
Zusammenhang gebracht wurde. In anderen Gegenden wurde die Vorhersagekraft der Mastjahre noch nicht getestet. Wir nutzten
eine Kombination aus Freiland- und Internetdaten, um die 6kologische Wirkungskette aufzuspiiren, die Eichelproduktion und das
Lyme-Borreliose-Risiko in europdischen Wildern verbindet. Wir fanden eine positive Korrelation zwischen Eichelproduktion
(Q. robur and Q. petraea) im Jahr 7 und der Anzahl von Lyme-Borreliose-Fillen im Jahr 7+2. Die Eichelproduktion war
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auch positiv mit dem Google-Suchvolumen fiir “Zecke” und “Lyme-Borreliose” im Jahr 7+ 2 korreliert. Unsere Ergebnisse
legen nahe, dass die Eichelproduktion die Zeckenpopulation beeinflusst, was zu Schwankungen der Intensitét der Interaktionen
zwischen Mensch und Zecke fiihrt, wie wir sie bei der Google-Suche beobachten kénnen. Damit scheinen Eichelmast und
Internet-Recherchen ein vielversprechendes Mittel zu sein, das fiir Warnungen an die Bevolkerung genutzt werden kann.

© 2016 Gesellschaft fiir Okologie. Published by Elsevier GmbH. All rights reserved.

Keywords: Google Trends; Ixodes scapularis; Ixodes ricinus; Mast seeding; Rodent outbreak; Zoonotic disease

Introduction

Lyme borreliosis is the most common zoonosis and a
major health concern in the northern hemisphere (Barbour
& Fish 1993; Pfiffle, Littwin, Muders, & Petney 2013).
It is caused by Borrelia burgdorferi sensu lato transmit-
ted by hard—bodied ticks (genus Ixodes), and the abundance
of infected tick nymphs is a good predictor of the dis-
ease risk in humans (Barbour & Fish 1993; Ostfeld 2010;
Stafford, Cartter, Magnarelli, Ertel, & Mshar 1998). In the
eastern United States temporal fluctuations in oak (Quercus
spp.) acorn production (mast seeding: Crone & Rapp 2014;
Kelly 1994) cause temporal variation in food provision for
granivorous rodents, which shapes their population dynamics
(McShea 2000; Wolff 1996). This in turn influences the abun-
dance of infected tick nymphs and the risk of Lyme disease in
humans (Jones, Ostfeld, Richard, Schauber& Wolff 1998a;
Ostfeld 2010; Ostfeld, Canham, Oggenfuss, Winchcombe,
& Keesing 2006; Ostfeld, Jones, & Wolff 1996; Schauber,
Ostfeld, & Evans 2005). However, the connection between
masting and Lyme disease in the eastern United States has
been disputed, given the variety of factors that may contribute
to the disease risk (Estrada-Pena 2009; Randolph 1998).

The ecological link between mast seeding and Lyme dis-
ease in eastern United States is as follows. In summer after a
good acorn year, host-seeking larvae of the blacklegged tick
(Ixodes scapularis) co-occur with high abundance of rodents
caused by previous year surplus food supply (Jones et al.
1998a; Ostfeld et al. 2006; Ostfeld et al. 2001). High rodent
numbers increase larval feeding chances and survival, which
leads to high nymph densities next season (Keesing et al.
2009; Ostfeld 2010; Ostfeld et al. 2006). Moreover, high
reservoir-competence of rodent hosts increases B. burgdor-
feri prevalence among tick nymphs (Ostfeld et al. 2001,
2006). Next spring, numerous infected nymphs search for
vertebrate hosts, including humans (Schauber et al. 2005).
Nymphs are mostly responsible for transmitting Lyme dis-
ease to humans because their small size makes them difficult
to detect. Moreover, their summer peak in activity coincides
with the peak of human outdoor activity (Barbour & Fish
1993; Ostfeld 2010). Thus, oak acorn production in year 7
influences rodent abundance next year (7+ 1), which subse-
quently affects infected nymph abundance and Lyme disease
risk in year T+ 2 (Barbour & Fish 1993; Ostfeld et al. 2001,
20006; Schauber et al. 2005).

Fluctuations in oak acorn production have similar effects
on wildlife in Europe (Bogdziewicz, Zwolak, & Crone 2016;
Jedrzejewska, & Jedrzejewski 1998; Pucek, Jedrzejewski,
Jedrzejewska, & Pucek 1993), but the effects of oak mast-
ing on the incidence of Lyme disease have not been
studied. Seed fall in autumn determines rodent abundance
next summer (Jensen 1982; Pucek et al. 1993; Zwolak,
Bogdziewicz, & Rychlik 2016), and small mammals are
a good reservoir for the Borrelia spirochete (Franke,
Hildebrandt, & Dorn 2013; Gern 2008; Michalik, Hofman,
Buczek, Skoracki, & Sikora 2003; Siiski, Pawelczyk, Bajer,
& Behnke 2006). Moreover, the sheep tick (Ixodes rici-
nus), ecological equivalent of 1. scapularis in the European
host—tick—pathogen system, has similar ecology to the
blacklegged tick (Barbour & Fish 1993; Beytout et al.
2007; Hubdlek, Halouzka, & Juficovd 2003; Korenberg,
Kovalevskii, & Gorelova 2002; Sinski et al. 2006). Thus, we
hypothesize that a similar chain of ecological events linking
acorn production and Lyme borreliosis risk might occur in
Europe.

Traditional methods of gathering ecological data can be
supplemented with new technologies. Temporal fluctuations
in Google search volume and Wikipedia logs have been
used to forecast influenza, dengue or tuberculosis outbreaks
(Generous, Fairchild, Deshpande, Del Valle, & Priedhorsky
2014; Ginsberg et al. 2008; Mclver & Brownstein 2014). In
a recent study, Google Trends were successfully used to col-
lect national—-scale data on fluctuations in rodent numbers,
to study the role of rodent predation pressure in wood war-
bler (Phylloscopus sibilatrix) habitat selection (Szymkowiak
& Kuczynski 2015). Indices of rodent abundance obtained
using Google search engine were positively validated with
field data (see details in Szymkowiak & Kuczynski 2015).
Here, we used temporal changes in Google search volume
to trace ecological chain reactions linking acorn production
with Lyme disease risk. We assumed that people use the Inter-
net as a source of information about ticks and Lyme disease.
Hence, an increase in number of interactions between humans
and ticks should lead to increase in the search volume of
focal keywords. We selected two unambiguous keywords i.e.,
“kleszcz” (which stands for tick in Polish) and “borelioza”
(Lyme disease), and calculated search volumes for each year
of the study period. Moreover, we calculated search volumes
for the term “na myszy” (in Polish: something for/against
mice, hereafter “mice”) for each year as this appears to
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provide a reliable index of annual fluctuations in rodent num-
bers (cf. Szymkowiak & Kuczynski 2015).

We used our dataset to test the predictions derived from
Ostfeld et al.’s works (referenced above). First, acorn produc-
tion should positively influence rodent numbers (e.g. Pucek
etal. 1993). Thus, we tested whether acorn production in year
T positively correlates with Google index of mice abundance
in year 7+ 1. Second, the positive effect of acorn production
(year T) on rodent numbers (year 7+ 1) should translate into
increase in intensity of tick-human interactions and, conse-
quently, Lyme disease cases (in year 7'+ 2). Thus, we tested
whether Google index of rodent abundance in year 7'+ 1 cor-
relates positively with Google search volume for “tick” in
year T+ 2. Next, we tested whether acorn production (year
T) correlates positively with Lyme disease-related key words
(“tick” and “Lyme disease’), and Lyme disease casesin year
T+2. To our knowledge, this is the first study linking tem-
poral fluctuations in acorn production with Lyme disease
risk in Europe. Our research answers the call of Jones et al.
(1998b), “Nevertheless, we hope that epidemiologists will
test the power of acorn production as a predictor of Lyme
disease risk in European oak forests”, which stayed ignored
for almost 20 years.

Materials and methods
Data collection

We extracted the epidemiological data on the num-
ber of reported cases of Lyme disease in Poland
from annual (2006-2013) reports on infectious diseases
(Fig. 1B). These data were collected by the Provincial
Sanitary—Epidemiological Stations and provided by the
National Institute of Public Health—National Institute of
Hygiene in Poland (http://www.pzh.gov.pl/).

Data on annual acorn production of pedunculate (Quercus
robur) and sessile oak (Q. petraea) were collected in years
2005-2011 for the purpose of the Polish Forest Gene Bank,
and provided by the State Forests in Poland. Each year, oak
seed crop was assessed in September and October on perma-
nent forest plots which were evenly distributed across all 17
Regional Directorates of the State Forests (RDSF) in Poland.
The median area surveyed in each year was 25,988.77 ha
(Q25-075% =125,441.09-26,059.23). Acorns were collected
from the forest floor and by using standard seed traps. Consid-
ering that the area surveyed during the study period was
unequal among years, we calculated the mean amount of
acorns (kg/ha) collected in each year by all RDSFs and
used it as a measure of annual acorn production across the
country (Fig. 1A). We used oak masting as a predictor of
Lyme disease risk because the geographical range of these
two species (Q. robur and Q. petraea) covers the whole
country (which corresponds to the spatial scale of other vari-
ables, see below), it dominates deciduous stands across the
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Fig. 1. Time series showing (A) acorn production, (B) detrended
number of reported Lyme disease cases, and (C) detrended Google
search volume for term “tick” (solid line), and “Lyme disease”
(dashed line), in Poland.

country, and oak acorn production is highly synchronized
across Poland (Kantorowicz 2000).

We used the search query series from the Google Trends
website to calculate the yearly (2006 to 2013) search vol-
umes of specific Lyme — and tick — related keywords
in Google search engine, and tracked how these volumes
changed over time (Fig. 1C). We used 2006 as the first
data point because it was the first year when Google search
engine market share exceeded the share of all other web
search engines in Poland (Megapanel PBI/Gemius). Google
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Table 1. Models testing predictions on acorn production — Lyme disease risk association derived from Ostfeld et al.’s works (referenced in
the main text). “Google” indicates Google search volume obtained from Google Trends (see the Materials and methods section for details).

Data was detrended before analysis. Each row represents a separate model.

Predictor Response Model estimate ~ SE tValue p Value R?
Acorn production in year T Google for “mice” in year 7'+ 1 9.49 7493  1.27 0.274 0.11
Google for “tick” in year 7+ 2 6.28 1.727  3.64 0.015 0.67
Lyme disease cases in year 7+ 2 60.4 21.94 2.75 0.04 0.52
Google for “Lyme disease” in year 7'+ 2 7.1 3.26 2.18 0.082 0.38
Google for “mice”in year T Google for “tick” in year T+ 1 0.34 0.138  2.48 0.056 0.46
Google for “tick” in year T Lyme disease cases in year T 8.43 2.843 296 0.031 0.56
Google for “Lyme desease” in T Lyme disease cases in year T 5.03 2571 1.96 0.108 0.32

keywords (“tick”, “mice”, “Lyme disease’) were chosen a pri-
ori, before we started working with the internet data. Because
Google Trends data are reported by country and language, the
spatial scale of collected internet metrics corresponds to spa-
tial scale of acorn production data and Lyme disease cases
(all national).
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us to analyze their fluctuations not explained by increasing
temporal trend itself.

Analysis

We used Generalized Linear Models (GLMs) to test
for the relationships between oak acorn production, num-
ber of Lyme disease cases, and Google search volume of
borreliosis—related keywords (summarized in Table 1). We
tested whether acorn production in year 7 is a good predic-
tor of Google search volume for “mice” (year T+ 1), “tick”
(year T+2), “Lyme disease” (year T+2), and Lyme disease
cases (year T+2). Next, we tested whether Google search
volume for “mice” (year T+ 1) is positively correlated with
Google search volume for “tick” (year T+ 2). Moreover, we
tested whether the number of reported Lyme disease cases
correlates positively with Google search volume of Lyme
disease-related key words (“fick” and “Lyme disease”) in the
same year.

To provide stronger inference, we fitted the same models
but the time lags between response and predictor variables
were rearranged (we subtracted one year from all lags). In
this set of models the relationships not matched the mecha-
nistic link between acorns, rodents, ticks, and Lyme disease
described in the Introduction section; thus, no correlation
should be expected. This approach allowed, at least partially,
to address the possibility of obtaining spurious correlations
between analyzed time-series. We used R version 3.1.2 for
performing statistical analysis (R Development Core Team
2013). The normality of residuals was assessed by graphical
inspection of residual patterns and Shapiro—Wilk test.

Results

As hypothesized, acorn production in year 7" was a good
predictior of the number of Lyme disease cases in year 7'+ 2
(Table 1 and Fig. 2C). We also found a postivie correlation
between acorn production in year 7" and Google search vol-
ume for “tick” in year T+ 2 (Table 1 and Fig. 2B). Moreover,
there was a positive correlation between acorn production
in year T and Google search volume for “mice” (T + 1) and
“Lyme disease” (T +2) (Fig. 2A and D), but both relationships
were not significant at o« =0.05 level (Table 1).

Google search volume for “mice” (year T+ 1) tended to
be positively related with the search volume for “tick” (year
T+?2) (Table 1 and Fig. 3A). Finally, the number of Lyme

Google search volume for the term “Lyme disease” in year 7, on
the number of Lyme disease cases in year 7. Shaded regions rep-
resent 95% confidence intervals, and dots represent data points.
Dashed lines represent non-significant relationships. Negative val-
ues on axes are the result of data detrending (see the Materials and
methods section).
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disease cases in year T was positively correlated with Google
seach volumes for Lyme disease-related key-words (“tick”
and “Lyme disease”) (Fig. 3B and C), but only the first rela-
tionship was significant (Table 1).

None of the relationships with rearranged time lags
between resposne and predictor variables was significant.
Acorn production was not correlated with Lyme disease
cases, nor with Google search volume for “mice”, and “Lyme
disease” in the same year (all p > 0.30). The relationship
between Google search volumes for “mice”and “tick” in year
T was negative and not significant (p =0.58). Finally, no rela-
tionships were found between Lyme disease cases in year
T and Lyme-disease related key words in year 7— 1 (all
p>0.23).

Discussion

Risk of acquiring Lyme disease by humans is directly
linked with the abundance and distribution of questing ticks.
Thus, it is essential to understand factors shaping tick popu-
lation dynamics. We used a combination of three sources of
the data: National Institute of Hygiene in Poland on Lyme
disease incidence, Polish State Forests on oak acorn crop,
and Google Trends, and demonstrated that oak acorn pro-
duction is associated with the Lyme disease risk in humans.
The increase in Google searches for “tick” two years after a
good acorn year most likely reflects the increase in the num-
ber of humans bitten by ticks. Increase in this internet search
coincided with the number of diagnosed cases of Lyme dis-
ease which supports the contention that focal search terms
indicate fluctuating disease risk.

Host importance for the total tick infection prevalence
depends on the proportion of parasite population fed by the
host (Brunner & Ostfeld 2008; Ostfeld 2010). Rodent hosts
have a great impact on tick infection prevalence in the east-
ern US because they are abundant and heavily infested with
ticks (Keesing et al. 2009; Ostfeld 2010). Moreover, they are
highly competent vectors (Mather, Wilson, Moore, Ribeiro,
& Spielman 1989) that are inefficient in killing ticks while
grooming (Keesing et al. 2009). Hence, larvae that feed on
rodents have a high probability of getting infected and to sur-
vive until molting into a nymph (Keesing et al. 2009). All
these characteristics also hold for European rodents. They
reach extreme densities after mast years (Jensen 1982; Pucek
et al. 1993; Zwolak et al. 2016), may harbor numerous tick
individuals (Harrison, Scantlebury, & Montgomery 2010;
Kiffner, Vor, Hagedorn, Niedrig, & Riihe 2011; Perkins,
Cattadori, Tagliapietra, Rizzoli, & Hudson 2003), and are a
highly competent reservoir of Borrelia spirochete (Gern et al.
1998; Hanincova et al. 2003). Moreover, survival of ticks
feeding on rodents might be exceptionally high. For exam-
ple, the percentage of larvae that reaches full engorgement
while feeding on wood mouse (Apodemus sylvaticus) ranges
from 72 to 100% (Randolph 1979). Importantly, the positive
effect of rodent numbers on abundance of infected nymphs

in Europe has been already established (Beytout et al. 2007;
Paziewska, Zwolifiska, Harris, Bajer, & Sinski 2010; Siriski
et al. 2006), such as the impact of infected nymph number on
Lyme disease risk (Beytout et al. 2007; Hubalek et al. 2003;
Jaenson et al. 2009). Here, we added oak mast seeding to
the picture, likely providing a more comprehensive view on
ecological phenomena shaping temporal variation in risk of
acquiring Lyme disease by humans in Europe.

New data sources resulting from human use of the inter-
net offer new perspectives on cheap and fast data collection.
Recently, ecologists start to utilize it to gather data that would
otherwise be logistically or economically infeasible to col-
lect. For example, Google Street View was used to remotely
extract data on nesting habitat of vultures and saved 49.5%
of funds (Olea & Mateo-Tomds 2013). Google score was
also used to measure popularity of bird and butterfly species
among public to facilitate the choice of flagship species
(Zmihorski, Dziarska-Patac, Sparks, & Tryjanowski 2013),
or to assess public interest in wetland conservation (Do, Kim,
Lineman, Kim, & Joo 2015). Here, we combined field and
internet data to trace the chain of ecological reactions that
was documented previously in the USA with extensive field
sampling.

Given the complicated ecology of Lyme disease (Randolph
2001; Ostfeld 2010), such a clear signal found in our study
provides reliable support for the notion that Lyme dis-
ease risk can be predicted using mast seeding data (Jones
et al. 1998a; Randolph 1998; Schauber et al. 2005). Nev-
ertheless, inclusion of longer time series and data from
other European countries would be a valuable direction of
future research. In western Europe, fluctuations in rodent
numbers caused by mast seeding were shown to correlate
with other zoonoses, especially with nephropathia epidemica
caused by rodent—borne hantaviruses (Clement, Vercauteren,
Verstraeten, Ducoffre, Barrios et al. 2009; Tersago et al.
2009). Thus, a good seed year may serve as a first indicator
of imminent increase in rodent-borne disease risk. Moreover,
effect of masting on Google search volumes (tick, mice) may
be further used as cues.

Acorn production cannot be experimentally manipulated
at a scale large enough to affect Lyme disease incidence in
humans. Thus, causality must be cautiously inferred from cor-
relative studies at large scales (Schauber et al. 2005). Ideally,
such studies should be followed up by small scale experi-
ments that test proposed mechanisms (Jones et al. 1998a;
Schauber et al. 2005). Here, we showed the link for temper-
ate forest of Eastern Europe and outlined a promising area of
future experimental research.
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Summary

1. Relatively little is known about the effects of anthropogenic environmental changes on reproduc-
tive ecology of trees. Yet, recruitment is a primary determinant of the long-term dynamics of plant
populations in changing environments.

2. We used the Long-Term Ecological Research site at Harvard Forest to evaluate the effects of
chronic (over 25 years) nitrogen fertilization on reproductive ecology of red oaks (Quercus rubra).
3. Oaks growing in fertilized plots produced 4-9 times more acorns than control trees. However,
nitrogen deposition simultaneously affected oaks’ biotic interactions. It increased pre-dispersal seed
predation by insects (primarily weevils, Curculio spp.) on fertilized plots, most likely as the result
of the disruption of predator satiation. In addition, infestation by weevils was more likely to result
in embryo destruction in fertilized than in control acorns. Furthermore, the proportion of acorns dis-
persed and cached by rodents decreased on fertilized plots. Finally, germination of fertilized acorns
was lower than control acorns, even after controlling for the effects of weevils and rodents.

4. Inclusion of the altered biotic interactions reversed the final picture of the effects of long-term
nitrogen fertilization on oak reproduction: the positive effects on acorn quantity were trumped by
the nitrogen-mediated changes in biotic interactions.

5. Synthesis. Our results stress the importance of considering indirect effects and consumer interac-
tions when evaluating the effects of environmental change on plant population dynamics. Long-term
nitrogen fertilization has a strong potential to decrease the recruitment of masting trees. Given the
ubiquitous increase in the anthropogenic nitrogen deposition, processes similar to those found in our
system might operate in others, resulting in a widespread alteration in trees’ recruitment dynamics.

Key-words: global change, mast seeding, nitrogen fertilization, predator satiation, recruitment,
reproductive ecology, seed dispersal, seed predation, seed production, weevils

et al. 2015; Fernandez-de-Una et al. 2016). Studies of large-
scale ecosystem alterations often overlook reproductive ecol-

Introduction

Ongoing environmental changes exert increasing pressure on
forests world-wide, and studies of their effects have become a
priority for forest ecologists (Bonan 2008). To date, most
research on the effects of environmental change on trees have
focused on tree growth, carbon sequestration, seedling and
tree survival, or phenology in the context of global warming
or changes in atmospheric chemistry (CO, and other pollu-
tants) (Wallace er al. 2007; Thomas et al. 2010; Rapp et al.
2012; Talhelm et al. 2013; Keenan et al. 2014; Murdiyarso

*Correspondence author. E-mail: micbog@amu.edu.pl
Present address: Department of Biology, Tufts University, 163 Pack-
ard Ave, Medford, MA 02155, USA.

ogy of trees, yet long-term changes in reproduction determine
whether tree populations can track moving windows of appro-
priate climate or soil conditions (Richardson et al. 2005;

Pérez-Ramos et al. 2010). Therefore, insufficient information
on changes in tree reproduction undermines our ability to
predict responses of forests to global changes.

Anthropogenic nitrogen deposition is one of the main

dimensions of global change (Vitousek et al. 1997). Anthro-
pogenic emission of reactive nitrogen and its deposition in
soils have doubled since the 1890s and are projected to dou-
ble again by 2050 (Galloway et al. 2004, 2008). Currently,
the amount of anthropogenic nitrogen added to terrestrial
ecosystems exceeds the amount provided by all natural

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society
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sources combined (Galloway et al. 2004). This sharp increase
in nitrogen availability affects organisms and their interactions
(Aber et al. 1989; Tylianakis et al. 2008). For example,
N-fertilization increases tree growth and seed production
(Callahan et al. 2008; Smaill et al. 2011) and can benefit
seed dispersal by indirectly affecting behaviour of animal dis-
persers (Yi et al. 2016). In contrast, N-fertilization decreases
seedling emergence and survival for a range of tree species
(Catovsky & Bazzaz 2002; Patterson et al. 2012; Talhelm
et al. 2013; but see Sefcik, Zak & Ellsworth 2007). Moreover,
it alters tissue production and concentration of secondary com-
pounds in plant tissues, which enhances herbivory (Tylianakis
et al. 2008). Therefore, to understand the final effects of nitro-
gen deposition on tree reproduction, we need to integrate both
direct effects (e.g. on seed quantity and quality) and indirect
changes in plant-animal interactions on seed survival and
establishment (Tylianakis et al. 2008; Kiers et al. 2010).

In this study, we evaluated the effects of long-term
(>25 years) N-fertilization on reproductive ecology of red
oaks (Quercus rubra), a tree species that is important eco-

nomically and provides food resources to dozens of species
(Ostfeld & Keesing 2000; McShea et al. 2007; Bogdziewicz,
Zwolak & Crone 2016). Previous studies suggested that
N-fertilization enhances reproduction of large-seeded, masting
plants, such as oaks, by boosting their growth, seed produc-
tion and seed size (Callahan et al. 2008; Smaill et al. 2011).
However, the influence of nitrogen addition on oak reproduc-
tion depends not only on its direct impacts on seed produc-
tion, but also on indirect consequences of changes in the
quantity and quality of acorns on interactions with grani-
vores. In this study, we focused on pre-dispersal seed preda-
tion by weevils (Coleoptera: Curculionidae) and seed
dispersal by rodents. Both groups of organisms exert strong
influence on oak reproduction: weevils can destroy up to
70-90% of the entire acorn crop of an individual tree (Craw-
ley & Long 1995; Espelta et al. 2008; Lombardo &

Similarly, past studies indicate that changes in quantity and
quality of acorns are likely to alter oak—animal interactions.
Oaks produce large numbers of seeds at irregular intervals
(mast seeding: Kelly 1994). One of the best-supported evolu-
tionary explanations of this reproductive strategy is predator
satiation (e.g. Janzen 1971; Norton & Kelly 1988; Crawley &
Long 1995; Koenig & Knops 2002; Linhart et al. 2014); that
is, during low mast years low seed production reduces the
population of seed predators and high seed production during

mast years exceeds the consumption capacity of consumer
populations. Increased acorn production might disrupt this
mechanism by providing food in non-mast years (McKone,
Kelly & Lee 1998). Changes in seed chemical composition
would also be likely to affect plant—consumer interactions.
Weevil larvae frequently damage only a portion of the seed
cotyledon and leave the embryo undamaged, and the infested
acorn is still able to germinate (Steele ef al. 1993; Bonal,
Munoz & Diaz 2007; Munoz, Bonal & Espelta 2014). Bigger
acorns are generally more likely to survive infestation (Bonal,
Munoz & Diaz 2007; Xiao, Harris & Zhang 2007; Munoz,
Bonal & Espelta 2014). Moreover, a higher tannin concentra-
tion around the embryo promotes consumption of the acorn
basal end, and acorns with lower tannin content would be less
likely to survive infestation (predator satiation at the seed
level, cf. Bonal, Mufioz & Diaz 2007). Finally, rodents trans-
port and bury seeds in topsoil for later consumption (scatter-
hoarding), but some cached seeds are never recovered and
can germinate (Vander Wall 2010). Buried seeds are protected
from other seed predators and escape high density-dependent
mortality under the mother tree which benefits plant recruit-
ment (Jansen et al. 2012; Johnson et al. 2012; Zwolak &
Crone 2012). The fate of scatter-hoarded seeds is often deter-
mined by one or more seed traits (reviewed in Lichti, Steele
& Swihart 2016). For example, larger seeds are cached more
often than smaller ones (Theimer 2003; Jansen, Bongers &
Hemerik 2004; Steele et al. 2014), and high-tannin seeds are

McCarthy 2008) and small mammals act as key seed dis-
persers of oak acorns (Steele 2008; Lichti er al. 2014) but
can easily shift from mutualists to seed predators depending
on various environmental conditions (Theimer 2005; Zwolak
& Crone 2012).

Past research suggests that N-fertilization should affect both
the quantity of seeds produced and their quality as food for
granivores. For example, high availability of nitrogen should
increase the amount of plant internal resources, leading to
higher reproductive output and lower interannual variation of
seed production in masting plants (e.g. Kelly & Sork 2002;
Tanentzap, Lee & Coomes 2012; Crone & Rapp 2014).
Higher resource availability may also lead to increased seed
size (see Callahan et al. 2008). On the other hand, N-fertiliza-
tion could lead to a decrease in tannin concentration in red

oak acorns, for example, according to the carbon—nutrient bal-
ance hypothesis, which maintains that the concentration of
carbon-based secondary compounds in plant tissues should
decrease in response to increase in nitrogen availability

(Stamp 2003).

often preferred for storage (Wang & Chen 2008; Vander Wall
2010; but see Zhang, Steele & Yi 2013). Thus, depending on
the magnitude and the direction of N-effects on acorns traits,
nitrogen addition might result in a higher (e.g. due to
increased acorn size) or lower proportion (e.g. due to varied

tannin concentration) of cached acorns.

Specifically, we measured the effects of chronic N-fertiliza-
tion on the quantity and quality (tannin concentration and
acorn volume) of acorns. We also estimated weevil infestation
and probability of embryo survival of weevil-infested seeds.
Finally, we measured preference of granivorous rodents for
removing, consuming or caching seeds from N-fertilized trees,
and the seedling establishment of these seeds. We combine
the net effects of these various interactions in a simple alge-
braic model to predict the net number of established seedlings
from N-fertilized and unfertilized trees. Together, these exper-
iments show the potential for the effects of environmental
change on oak reproduction, the relative importance of direct
effects on acorn production, and indirect effects mediated by
seed consumers.

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology



Materials and methods
STUDY LOCATION

Long-term ecological research

The Chronic Nitrogen Amendment Experiment is located at Harvard
Forest in Petersham, Massachusetts, USA. This ongoing experiment is
located at a site dominated by ~60-year-old red oaks and divided into
four experimental (30 x 30 m) treatments that are further divided
into 36, 5 x 5 m subplots (Aber et al. 1989; Frey et al. 2014). Since
1988, six monthly applications of NH4NO; have been applied to the
plots during the growing season (Aber ef al. 1989). Two plots
receive 50 kg ha™! year ' (‘low-N" plots), and one receives
150 kg ha ' year " (‘high-N" plot). The low-nitrogen treatment is
applied at two plots because sulphur (74 kg ha™' year™') was added
on one of them for the first 10 years of the experiment. The addition
of sulphur was discontinued because no effects were observed (Magill
et al. 2004).

Acorn tracking and seedling establishment experiments

For acorn tracking and establishment experiments (conducted in
2013-2014, see below), we established four sites in other parts of
Harvard Forest. The sites were located in red oak-dominated hard-
wood forests and spaced 1.25-5 km apart. Rodent live-trapping
revealed relatively low abundance of rodents that was similar among
the plots (mean no. of captured individuals = SE: 4 + 1.27); acorn
rain was estimated with seed traps as 8 + 2 acorns m > (mean per
plot + SE) (Appendix S1 in Supporting Information). Small mammal
communities at the study sites were dominated by mice of genus
Peromyscus. Although not captured, Eastern grey squirrels (Sciurus
carolinensis) and Eastern chipmunks (Tamias striatus) were fre-
quently seen at the sites and recorded with camera traps.

MEASUREMENTS AND EXPERIMENTS

Estimation of acorn production

We estimated acorn production of individual trees in years 2013—
2015 by collecting and counting acorns in the interior of the treatment
plots (excluding outer subplots) in a 2-m-radius circle centred at each
tree trunk at the beginning of October (30 trees in control, 20 in low-
N, and 16 in high-N treatments). Acorns were bagged separately
according to the tree of origin, transported to the laboratory and
refrigerated (4 °C) until further processing.

Acorn traits and weevil predation

In the laboratory, we weighed, measured (width and length) and
assessed insect infestation for individual acorns from each treatment
group (years 2013-2015, control = 1448 acorns, low N = 674, high
N = 875). Based on acorn dimensions, we calculated acorn volume
(following procedure of Bonal, Munoz & Diaz 2007; see
Appendix S1 for details). We also calculated the ratio between acorn
length and width (as indicator of acorn shape) as acorn shape might
influence rodent foraging decisions (Munoz, Bonal & Espelta 2012).
We cut each acorn transversely into a top (basal) and bottom half
(apical) and counted all insect larvae in each half (following earlier
protocols, for example Steele er al. 1993; Bonal, Munoz & Diaz
2007). In the article, we only report data for Curculio larvae because
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larvae of other insects (mostly Diptera; Gibson 1971) were present in
less than 10% of all acorns. In 2014, we recorded whether the infesta-
tion resulted in embryo depredation and scored the estimated amount
of cotyledon consumed.

Tannin concentration

A sample of sound acorns (n = 5-10) from each tree were combined
to make one composite sample per tree for tannin analyses. Previous
studies provided evidence for chemical gradients in acorns that pro-
mote consumption of the basal end of the acorns (i.e. avoidance of
the apical end) by seed predators (Steele e al. 1993). We therefore
cut each acorn transversely into a top (basal) and bottom half (apical),
removed the outer shell and pericarp and analysed the basal and api-
cal halves separately. Two combined samples (each one consisting of
either basal or apical halves of the acorns) were then immediately cut
into smaller pieces, quick-frozen by immersion in liquid nitrogen,
freeze-dried for 96 h and then ground to a fine powder. We analysed
tannin concentration using the radial diffusion assay (Hagerman
1987) by calculating tannic acid equivalent (TAE, A. Hangerman,
pers. comm.) for two replicate samples for each acorn sample. We
analysed tannin concentration in 2013 and 2014 because acorn pro-
duction in 2015 was too low to obtain sufficient material.

Acorn tracking experiments

To evaluate the effects of nitrogen fertilization on rodent dispersal
behaviour, we conducted an acorn tracking experiment. We tracked
acorns using the tin tag method (Xiao, Jansen & Zhang 2006). Prepa-
ration of acorns consisted of drilling 0.8 mm diameter holes through
the basal end of the acorn, inserting and tying a stainless steel wire
(120 mm length, 0.2 mm diameter) to the acorn, and attaching a red,
uniquely numbered plastic tag (30 x 40 mm) to the terminal end of
the wire. All acorns were weighed before the experiments. We placed
acorns in enclosures (I m x 1 m x 0.5 m, l-cm mesh hardware
cloth) with openings on each side to allow rodent access, but exclude
other seed predators such as black bears (Ursus americanus) (Moore
et al. 2007). Acorns were floated and visually examined for oviposi-
tion holes to determine weevil infestation; only non-infested acorns

were used in experiments.

At each site, we deployed four enclosures spaced 100 m from each
other. In each enclosure, we presented 15 acorns of each treatment
(control, low-N and high-N; 720 acorns in total). We deployed acorns
in October 2013 and checked and recorded acorn fates every day for
first 10 days and then on the 15th, 30th, just after snowmelt in 2014,
and again in July 2014 to determine their final fate. At each check,
we recorded acorns that were eaten at the seed station or removed. If
removed, we searched around the seed depots in ~20 m radius cen-
tred at the depot, with haphazard searches conducted at longer dis-
tances. For the acorns we found, we measured the distance from the
depot and categorized the fate of the acorn as: (i) consumed, (ii) left
on surface, (iii) buried in soil, or (iv) missing. Acorns found on the
surface or cached were marked with a stick and their fate was further
monitored at each check.

Seedling establishment experiment

To evaluate the effects of nitrogen fertilization on acorn germination,
we conducted seed sowing experiments. We sowed non-infested
acorns in 18 x 18 cm wire mesh enclosures (mesh size 13 mm).
Acorns were buried 2 cm below the soil surface. At each site, we set
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out six sets of four enclosures (24 cages per site). Enclosures within
each set were spaced ~2 m apart forming a square. The sets were
located in 30-m intervals on two transects that were spaced 30 m
from each other. We sowed acorns (five per cage) in October 2013.
In each set, we sowed control acorns in two enclosures, and in the
other two, we sowed randomly low-N or high-N acorns (con-
trol = 240 acorns, low N = 120, high N = 120). Established seed-
lings were determined the following October (i.e. 2014).

The above treatment was crossed with a treatment for rodent exclu-
sion: in half of the enclosures, rodents were excluded and in other
half we cut 70 x 70 mm holes to allow access by small mammals.
This allowed us to separate the effects of nitrogen-induced changes in
seed traits per se on the probability of establishment (e.g. establish-
ment lowered by the decline in tannin concentration in acorns; closed
cages), from the potential effects of nitrogen fertilization resulting
from trait-mediated changes in pilferage rates (e.g. greater retrieval of
larger acorns by rodents (Perea et al. 2016)).

DATA ANALYSIS

We analysed data using generalized linear mixed models (GLMMs)
implemented via ‘LME4’ package (Bates et al. 2015) in R (R Develop-
ment Core Team 2015). We tested for statistical significance of fixed
factors with Wald type II chi-square test. Unless stated otherwise, the
degrees of freedom for fixed effects equalled 1. In all models, we
arrived to final model structure by removing non-significant interac-
tion terms. The data were deposited in Dryad repository (Bogdziewicz
et al. 2016).

EFFECTS OF N-FERTILIZATION ON QUANTITY AND
QUALITY OF ACORNS

We tested the effects of N-fertilization on the number of acorns pro-
duced using a Poisson family, log-link model with tree-level acorn
count as the response variable, and nitrogen treatment (control, low-
N, high-N), year and treatment x year interaction as fixed effects.
We used tree ID as a random effect. We tested whether acorns dif-
fered in size among treatments using a Gaussian family, identity link
model with acorn volume as the response variable, the treatment and
year as fixed effects, and tree ID as the random effect. We also tested
for differences in acorn shape (height to width ratio) using a similar
model. We tested whether tannin concentration in acorns differed
among treatments using a Gaussian family, identity link model with
log-transformed TAE as the response variable. This model included
nitrogen treatment, acorn part (basal/apical), year, treatment x acorn
part and treatment X acorn part X year interactions as fixed effects,
and tree ID as a random effect.

EFFECTS OF N-FERTILIZATION ON SEED-CONSUMER
INTERACTIONS

We modelled the prevalence of larvae in acorns using a binomial
family, logit link model with weevil infestation (0/1) as the response
variable, treatment, individual tree crop size, acorn volume, year and
interaction terms: treatment x individual tree crop size, treat-
ment x year as fixed effects, and tree ID as a random effect. We also
analysed the multi-infestation (i.e. the number of larvae per infested
acorn), but it did not differ among treatments (see Appendix S1). We
analysed the proportion of cotyledon depredated by weevil larvae
using a binomial family, logit link model with the proportion of
cotyledon consumed (Zuur et al. 2009) (using only acorns infested by

weevils) as the response variable, nitrogen treatment, weevil larvae
count, acorn volume, year, and interaction of treatment x volume,
treatment x larvae count, and treatment x year as fixed factors, and
tree ID as a random effect. To analyse embryo survival of infested
seeds, we used a binomial family, logit link model with embryo sur-
vival (0/1) as response variable, and the same set of fixed and random
effects as in the cotyledon depredation model.

In the rodent-caching experiment, we tested whether the fate of
acorns differed among treatments (control, low N, high N) with
regard to (i) probability of removal, (ii) probability of consumption,
(iii) probability of caching, and (iv) removal distance using four mod-
els. For response variables (i)—(iii), we used binomial family, logit
link models. For response (iv), removal distance, we used a Gaussian
family with log-transformed removal distance and an identity link.
Each model included seed station nested within study plot as random
effects. Fixed effects included treatment and acorn mass.

To evaluate the effects of N-fertilization on seedling establishment,
we tested whether the establishment from experimental caches dif-
fered among treatments using a binomial family, logit link model. We
compared the establishment of control and N acorns by building a
GLMM with treatment (control, low N, high N), rodent access (open
vs. closed cages) and the interaction term as fixed effects. Random
effects included block (i.e. cages set) nested within study site.

THE NET EFFECT OF NITROGEN FERTILIZATION ON
RED OAK REPRODUCTION

As a final step, we combined the results of experiments and calcu-
lated the net effect of N-fertilization on the reproductive output of red
oaks by building a model:

Net =A, x (1 =P; x (1 = 8,)) X P. X G,.

In the model, the net reproductive output (Net) equals the number
of acorns produced (A,) reduced by the proportion of acorns infested
(P;), multiplied by the probability that infested acorns do not survive
(1-S,). Of the non-destroyed acorns, a proportion will be dispersed
and cached by small mammals (P.) and finally establish with proba-
bility G,. We used parameter estimates from the above-described
GLMMs and obtained standard errors with parametric bootstrapping,
that is sampling from the distributions defined by the mean and stan-
dard error of each coefficient to obtain a joint distribution for the
derived variables.

Results

EFFECTS OF N-FERTILIZATION ON QUANTITY AND
QUALITY OF ACORNS

Nitrogen fertilization significantly increased acorn production
in red oaks (x2 =179.16, d.f. =2, P < 0.001, Fig. 1). Acorn
production was highest at the high-N plot (from 4 to 9 times
higher than at the control plot, depending on year; control vs.
high N: ¥*>=11332, P<0.00l; low N vs. high N:
Xz =176.80, P <0.001), followed by the low-N plots (2-7
times higher than at the control; control vs. low N:
x> =19.59, P <0.001). The effect of nitrogen fertilization
varied by year (3 = 35.18, d.f. = 4, P < 0.001): the increase
in acorn production in N-fertilized plots relative to the control
plot was similar in 2013 and 2014 and weaker in 2015.
Acorns produced by oaks growing at fertilized sites were
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Fig. 1. Acorn production by red oaks in years 2013-2015. ‘Low N’
refers to acorns produced by red oaks growing on plots that were fer-
tilized with 50 kg ha™' year ' of reactive nitrogen per year, and
‘high N” with 150 kg ha ' year '. ‘Control’ refers to oaks growing
on plots receiving ambient levels of nitrogen. Boxes denote 25th,
50th and 75th percentiles, whiskers denote the farthest data points
within 1.5 interquartile range, and dots denote outliers beyond the 1.5
interquartile range.

smaller than acorns from the control plot (mean £+ SD: con-
trol: 75.90 £ 18.55 cm?; low N: 57.68 & 14.66 cm?; high N:
65.56 £+ 22.52 cmz), although the difference between control
and high N was non-significant (control vs. low N:
¥* =12250, P<0.01; control vs. high N: y?=2.89,
P =0.09). Acorns of low N were smaller than high-N treat-
ment (x> = 21.20, P < 0.001). Moreover, acorns produced by
oaks growing on N-fertilized plots were more spherical than
control acorns (i.e. had smaller length to width ratio,
v* =17.73, d.f. = 2, P < 0.001, Fig. S1).

Overall, nitrogen treatment did not have a significant effect
on tannin concentration in acorns (x2 =0.84, d.f. =2,
P = 0.65). However, the effect of nitrogen fertilization on tan-
nin concentration differed with acorn part and year (treat-
ment X acorn part X year interaction: xz =9.66, d.f.=2,
P = 0.007). When years were analysed separately, fertilization
affected tannin concentration in 2013 (x> = 7.32, d.f. =2,
P =0.02), and this effect differed between acorn parts
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(xz = 20.46, d.f. =2, P <0.001, Fig. S2). Nonetheless, gen-
eral effects of nitrogen treatments were similar in basal and
apical halves of acorns: low-N acorns had a lower tannin con-
centration than control acorns in both acorn parts (basal half:
x> =10.04, P =0.001; apical half: y*>=3.79, P =0.05),
whereas the difference between control and high-N acorns
was not significant (basal half: %> =2.31, P = 0.12; apical
half: ¥ = 0.26, P = 0.60). In 2014, we found no effect of
nitrogen treatment on tannin concentration (x> = 0.03,
df. =2, P=0.98). Generally, tannin concentration was
higher in apical than in basal part of the acorns (x> = 29.53,
P < 0.001).

EFFECTS OF N-FERTILIZATION ON SEED-CONSUMER
INTERACTIONS

The overall prevalence of weevil larvae in acorns was 38% in
control, 49% in low-N and 59% in high-N acorns (Fig. 2). The
probability of acorn infestation increased with acorn volume
(Xz = 16.58, P < 0.001). When controlling for acorn volume,
the odds of infestations by weevils were 1.61 times greater for
low-N (95% CI: 1.1-2.4) and 2.66 times greater for high-N
acorns (95% CI: 1.9-3.8) in comparison with control acorns.
These differences were statistically significant (control vs. low
N: y?>=6.56, P =0.01; control vs. high N: x> =24.72,
P <0.001; low N vs. high N: 3> =6.83, P =0.008). The
prevalence of weevils decreased with increasing acorn produc-
tion of individual trees (x2 = 15.14, P < 0.001; Fig. 2). The
prevalence did not differ among years (x> = 4.88, d.f. =2,
P = 0.08). All interaction terms were non-significant (P > 0.2).

The proportion of cotyledon consumed by weevil larvae
was ~1.5 times higher in N-fertilized acorns (both low and
high N) than in control acorns, and decreased with acorn vol-
ume (x2 = 3.40, P = 0.05). When controlling for acorn vol-
ume, the proportion of cotyledon consumed was lower in
control acorns than in both low-N (x2 = 9.05, P = 0.002) and
high-N acorns (> = 18.22, P <0.001). It did not differ
between low-N and high-N acorns (x> = 0.23, P = 0.63).
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Fig. 2. The proportion of acorns infested by weevil larvae (prevalence) in relation to the tree-level index of acorn production and nitrogen treat-
ment. The estimates are pooled for 2013-2015, because no significant difference was found in infestation among years. Trend lines are reported
with 95% confidence intervals and are based on predictions from generalized linear mixed model (see Methods section for details). ‘Low N’
refers to acorns produced by red oaks growing on plots that were fertilized with 50 kg ha~' year™' of reactive nitrogen per year, and ‘high-N’
trees were fertilized with 150 kg ha™" year™'. Control oaks were grown on plots receiving ambient levels of nitrogen.
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Fig. 3. Survival of embryos of weevil-infested acorns in relation to log-transformed acorn volume and nitrogen treatment. Trend lines are
reported with 95% confidence intervals and are based on predictions from generalized linear mixed model (see Methods section for details). ‘Low

N’ refers to acorns produced by red oaks growing on plots that were fertilized with 50 kg ha

~! year™! of reactive nitrogen per year, and ‘high-

N’ trees were fertilized with 150 kg ha™" year '. Control oaks were grown on plots receiving ambient levels of nitrogen.

None of the interaction terms were significant (P > 0.40).
Probability of embryo survival in infested acorns increased
with acorn volume (x> = 10.84, P < 0.001, Fig. 3). After
controlling for acorn volume, the odds of acorn survival were
3.03 times higher in control acorns than in low-N acorns
(xz = 6.80, P =0.009), and 2.22 times higher in controls
than in high-N acorns (XZ =4.59, P = 0.03, Fig. 3). The odds
of acorn survival did not differ between low-N and high-N
acorns (x2 = (0.32, P = 0.56). None of the interaction terms
were significant (P > 0.15), and we removed them from the
final model.

In the rodent-caching experiment, 46% of all acorns were
eaten in situ. Predation of control acorns was higher than that
of both low-N (x> = 6.70, P = 0.009; Fig. S3) and high-N
acorns (3> = 31.24, P < 0.001). A higher proportion of low-
N acorns was consumed in situ than that of high-N acorns
(x* = 11.18, P < 0.001). The probability of in sifu predation
was slightly higher for smaller acorns (3% = 3.29, P = 0.07).
Eighteen percent of experimental acorns were removed by
small mammals. The proportion of removed acorns differed
among treatments (x2 = 19.10, d.f. =2, P <0.001) and was
positively affected by acorn mass (x> = 5.90, P =0.01).
Removal of control acorns (25%) was higher than that of both
low-N (17%, xz = 4.80, P < 0.001) and high-N acorns (12%,
¥* =22.14, P <0.001). High-N and low-N acorns did not
differ in removal rates (x2 = 3.05, P = 0.08).

Fifty-six percent of removed acorns were found consumed
and 19% were found cached. Acorn retrieval did not differ
between treatments (xz =1.17, d.f. = 2, P = 0.56). The pro-
portion of removed acorns that were consumed did not differ
between treatments (xz =147, df. =2, P=0.47) and was
not influenced by acorn mass (x2 =0.04, P = 0.83). Simi-
larly, caching probability of removed acorns did not differ
between treatments (x2 =374, df. =2, P=0.15) and was
not influenced by acorn mass (x2 =0.04, P =0.83). How-
ever, differences in acorn removal resulted in differences in
the absolute proportion of cached and non-retrieved acorns
(* = 11.37, d.f. = 2, P = 0.003; Fig. S3). A higher propor-
tion of control acorns than that of both low-N and high-N

acorns was cached (control vs. low N: xz =5.76, P = 0.016,
control vs. high N: x* = 7.45, P = 0.006). Low-N and high-
N acorns did not differ in caching probability (x> = 0.65,
df. =1, P =0.41). Dispersal distance did not differ among
treatments (x> = 3.85, d.f. =2, P = 0.14; Table 1) and was
not influenced by acorn mass (3> = 0.87, P = 0.37).

In the germination experiment, seedling establishment was
higher in control than in both low-N and high-N treatments,
both in open and closed cages (x> =29.34, df =2,
P < 0.001; Fig. 4). This effect was stronger when rodents
where excluded (nitrogen x rodent access interaction:
xz = 8.64, P = 0.01; see Table S1 for all post hoc tests). This
interaction was driven by a stronger effect of rodent predation
on establishment of control acorns in comparison with those
from N-treatments (Fig. 4).
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Fig. 4. Probability of seedling establishment of buried acorns. ‘Low
N’ refers to acorns produced by red oaks growing on plots that were
fertilized with 50 kg ha™' year ' of reactive nitrogen per year, and
‘high N” with 150 kg ha ' year '. Control refers to oaks growing on
plots receiving ambient levels of nitrogen. Closed denotes emergence
when rodents were excluded, and Open refers to emergence when
rodent access was allowed. Dots represent GLMM estimates, and
whiskers represent standard errors (for detailed description of the
model, see Methods).
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THE NET EFFECT OF NITROGEN FERTILIZATION ON
RED OAK REPRODUCTION

Strong positive effects of nitrogen fertilization on acorn pro-
duction were trumped by the negative biotic effects (Fig. 5).
Depending on the year, N-fertilization reduced the mean net
recruitment by ca. 13-29% (low-N) and by 3-16% (high-N)
in comparison with control. The relative reduction in recruit-
ment was more pronounced in the low-N treatment than in
the high-N treatment because it was compensated by the
stronger increase in acorn production in the latter.

Discussion

We found strong, multilevel effects of long-term N-fertiliza-
tion on reproductive ecology of red oaks. Nitrogen addition
increased acorn production up to nine fold, but simultane-
ously resulted in higher pre-dispersal seed predation by wee-
vils, decreased caching by rodents and decreased seedling
establishment. All these combined effects led to decrease in
the net recruitment rate (Table 1). These results point to the
importance of considering indirect effects and consumer inter-
actions when evaluating the effects of global changes on tree
reproductive ecology; inferences based on acorn quantity
alone would lead to the opposite conclusions.

N-FERTILIZATION INCREASES PRE-DISPERSAL ACORN
PREDATION

Despite substantial differences in acorn production among
years, the proportion of acorns infested by weevils did not
change over time (i.e. no effect of predator satiation at the
population level). This result contrasts with studies on other
species of oaks (e.g. Crawley & Long 1995; Espelta et al.
2008), but is consistent with our observations in the north-
eastern USA (relatively constant levels of weevil infestation
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Fig. 5. Estimated net recruitment of red oaks: the number of acorns
produced multiplied by weevil pre-dispersal acorn predation, probabil-
ity of rodent dispersal and acorn germination. Whiskers indicate 95%
confidence intervals. ‘Low N’ refers to acorns produced by red oaks
growing on plots that were fertilized with 50 kg ha™' year™! of reac-
tive nitrogen per year, and ‘high-N’ trees were fertilized with
150 kg ha~! year . Control oaks were grown on plots receiving
ambient levels of nitrogen.
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Table 1. Summary of the effects of long-term N-fertilization on the
reproductive ecology of red oaks

Fertilization effect

Quantity and quality of acorns

Acorn production

Tannin concentration

Acorn size

Ouak seed—consumers interactions

Proportion of acorn crop infested
by weevils

Proportion of cotyledon consumed
by weevil larvae

Survival of weevil-infested acorns

Proportion of acorns cached by
rodents

Germination probability

The net effect

Twofold to nine fold increase
Decrease in ‘low N’, in 2013
Decrease

10-20% increase
20-30% increase

Twofold to threefold decrease
Decrease from 6.3% to 1.7%
(low N) or 0.008% (high N)
Twofold to threefold decrease
3-29% decrease in recruitment

of red oak acorns in a 16-year data set; M. Steele, unpubl.
data). Weevils are known to undergo diapause that lasts
2-4 years (Menu & Debouzie 1993; Venner et al. 2011). The
diapause may allow weevils to track acorn production and
buffer their populations against the negative effects of low
mast years (Kelly er al. 2000; Maeto & Ozaki 2003). The
tracking is most effective when masting occurs at a pre-
dictable cycle, for example in alternate years, and out-of-syn-
chrony lean years severely decrease weevil numbers (Shibata
et al. 2002; Maeto & Ozaki 2003). Similarly, two or more
lean years in a row severely reduce weevil abundance (Higaki
2016). Thus, the higher proportion of acorn crop destroyed by
weevils at the fertilized sites is likely to be the result of a
more stable acorn supply, consequently a higher average sur-
vival of weevil cohorts, and a localized build-up of the weevil
population (McKone, Kelly & Lee 1998; Maeto & Ozaki
2003; Higaki 2016). Enhanced seed production induced by
global changes was reported for other masting plants (e.g.
Richardson et al. 2005; Overgaard, Gemmel & Karlsson
2007; Buechling ez al. 2016), but the apparent positive effects
were treated cautiously because of possible consequences for
seed predation (McKone, Kelly & Lee 1998; Richardson
et al. 2005; Koenig ef al. 2015). Our study shows that the
enhanced seed production indeed comes with elevated costs.

N-FERTILIZATION REDUCES ACORN DISPERSAL

Reproduction of many large-seeded plant species relies on
seeds that are dispersed and buried by scatter-hoarding birds
and mammals, but are not recovered under certain conditions
(Theimer 2005; Vander Wall 2010; Jansen et al. 2012; Lichti,
Steele & Swihart 2016; Pesendorfer et al. 2016; Zwolak,
Bogdziewicz & Rychlik 2016; Zwolak ef al. 2016). Nitrogen
fertilization decreased the proportion of cached and non-
retrieved acorns from 6.3% of controls to 1.7% of low-N

acorns, and to only 0.008% of high-N acorns. The differences
in caching rates followed from the first step of the seed-hand-
ling process (Wang et al. 2013): rodents removed a lower
proportion of nitrogen-fertilized than control acorns, but once
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acorns were removed, there was no difference in the fates of
acorns of different origin. Generally, rodents maximize their
energy intake by removing higher energy, larger and lower
tannin seeds (Lichti, Steele & Swihart 2016). Acorns of larger
size are more likely to be removed and cached (Ivan & Swi-
hart 2000; Steele et al. 2014; Lichti, Steele & Swihart 2016),
which is consistent with our observation that smaller acorns
at N-sites were less likely to be dispersed. Acorns from the
‘low-N" site had also lower tannin concentration which also

leads to higher rejection rate by rodents (Schmidt, Brown &
Morgan 1998; Wang, Wang & Chen 2012; Wang et al.
2013). Moreover, acorns at N-sites were more spherical than
control acorns, and the shape of acorns affects rodent beha-
viour as well, likely by affecting the mechanical cost of trans-
port (Munoz, Bonal & Espelta 2012). Nevertheless, we do
not exclude the possibility that the change in rodent behaviour
was caused by a nitrogen-induced alternation in chemical
composition of acorn cotyledons that remained undetected in
this study. In our other experiments, N-fertilization decreased
the rate of cotyledon consumption by weevils and decreased

seedling establishment of non-infested acorns, suggesting
other changes in acorn chemical composition.

Contrary to our results, one other study that examined the
effects of N-fertilization on the rodent seed dispersal in Kor-
ean pine (Pinus koraiensis) found an increase in energy con-
tent of seeds and alternation in volatile compounds that led to
decreased predation and increased caching of seeds (Yi et al.
2016). Thus, the effects of N-fertilization on seed traits are
likely to be species specific, which agrees with past studies
examining the effects of N-addition on chemical composition
of plant tissues (Stamp 2003; Endara & Coley 2011). Seed
traits largely determine rodent predation and dispersal that act
as strong ecological filters in plant communities (Howe &
Brown 2001; Pérez-Ramos et al. 2008; Bricker & Maron
2012). Thus, nitrogen-mediated changes in seeds quality
might alter preferences of seed predators potentially leading

to shifts in composition of plant communities. Studies exam-
ining such effects will be a valuable area of future research.

N-FERTILIZATION REDUCES SEEDLING GERMINATION

The decrease in establishment of oak seedlings found in our
study is consistent with results from a limited number of pre-
vious experiments that found decreases in establishment and
survival of tree seedlings in response to N-fertilization
(Catovsky & Bazzaz 2002; Patterson et al. 2012; BassiriRad
et al. 2015; but see Sefcik, Zak & Ellsworth 2007). The exact
mechanisms of the lowered establishment are currently poorly
known (Catovsky & Bazzaz 2002; BassiriRad er al. 2015),
but in small-seeded trees, such as maples, the lowered estab-
lishment follows from increased litter accumulation caused by

increased N-deposition (Patterson ef al. 2012). In other spe-
cies, including oaks, the lowered establishment and survival
is probably caused by the imbalance of above- and below-
ground resource allocation (Catovsky & Bazzaz 2002; Bas-
siriRad et al. 2015). These effects are unlikely to be compen-
sated at later life stages because N-fertilization increases

browsing damage of oak saplings (Cha er al. 2010). More-
over, in adult trees, increased N-deposition increases growth
but simultaneously also mortality, leading to a net loss of
living basal area (Wallace ez al. 2007).

CAVEATS AND OTHER POTENTIAL EFFECTS OF
N-FERTILIZATION ON OAKS’ REPRODUCTIVE ECOLOGY

Some estimates of the N-driven reduction in oak recruitment
are likely conservative. For example, we assumed that germi-
nation of weevil-infested but not destroyed (i.e. with intact
embryos) acorns did not differ among treatments. However,
weevils consumed a higher proportion of cotyledons in
N-treatments than in control treatments, which will further
lower establishment and survival of seedlings because a smal-
ler pool of resources is available for seedling development
(Bonal, Munoz & Diaz 2007; Xiao, Harris & Zhang 2007,
Munoz, Bonal & Espelta 2014). Secondly, we assumed that
the dispersal of sound and infested but not destroyed acorns
is similar. However, infested acorns are less preferred for
caching (Steele, Hadj-Chikh & Hazeltine 1996; Perea, San
Miguel & Gil 2011), and the number of infested but non-
destroyed acorns was higher in N-treatments. Thirdly, more
stable seed production might alter interactions of plants with
other consumers. For example, seed production of masting
trees determines population dynamics of small mammals and
birds and causes aggregation of large-bodied seed predators in
mast-rich habitats (Bogdziewicz, Zwolak & Crone 2016).
Thus, N-mediated increases in seed production could result in

not only more intense seed predation by weevils, but also
increased predation by vertebrates.

On the other hand, the number of acorns not harvested by
rodents was higher in N-treatment. We assumed uncached
acorns do not germinate, which might underestimate the
regeneration potential of fertilized oaks. However, the estab-
lishment of seedlings of red oaks is extremely low without
burial (e.g. surface: 0.3% vs. buried: 86%; Haas & Heske
2005), and in the eastern North American hardwood forests
acorns are dispersed and buried almost exclusively by rodents
(Steele 2008). Moreover, seed dispersal allows seeds to
escape the distance- and density-dependent mortality near the
parent plant (Hirsch ef al. 2012), and increases the likelihood
of colonization of habitats favourable for germination and
establishment for a number of plant species, including oaks
(Steele et al. 2014; Yi et al. 2013). Therefore, the drop in
acorn predation near parent plants caused by nitrogen fertil-

ization is unlikely to counterbalance the decrease in acorn
dispersal.

The effects of N-fertilization on plant reproduction are
likely to be scale dependent. Contrasting nitrogen with control
acorns in our experiment allowed rodents to harvest mostly
preferred acorns (here, control). In a world polluted with
nitrogen, all plants will be affected, but not all will respond
in the same manner (Stamp 2003). Thus, nitrogen-induced
changes in seed traits will be species specific (see Yi et al.
2016), which might alter preferences of seed consumers and
potentially lead to shifts in plant communities (Lichti er al.
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2014). This effect will likely interact with the effects of
N-pollution on understorey vegetation; these have been shown
to vary among systems from decline, through no effect, to
increase in cover (Thomas et al. 1999; Gilliam 2006; Gilliam,

Hockenberry & Adams 2006). Decrease in plant cover is
likely to decrease rodent abundance (e.g. Malo et al. 2012;
Zwolak, Bogdziewicz & Rychlik 2016), which could increase
caching by increasing per capita seed availability (Theimer
2005). Furthermore, rodents prefer to cache seeds in open

habitats where the pilferage risk is lower (Munoz & Bonal
2007, 2011; Steele et al. 2015). Both effects could decrease
or increase caching rates depending on the scale and the mag-
nitude of the effect. Thus, it would be useful to study these
effects in different systems in order to find out whether these
could mitigate negative effects of N-fertilization on tree repro-
duction. Similarly, the LTER experiment is surrounded by a
non-treated matrix, which could lead to redistribution of wee-
vils in space. For example, if elevated weevil predation was
mostly driven by aggregation of weevils in a N-rich habitat,
then larger scale pollution might moderate the increase in pre-
dispersal predation rate.

Conclusions

Our research shows that N-fertilization has a strong potential
to decrease the recruitment of masting trees. Any positive
effects of fertilization on acorn production were eliminated by
the N-mediated changes in biotic interactions. Given the ubiq-
uitous increase in the anthropogenic nitrogen deposition (Gal-
loway et al. 2004), processes similar to those found in our
system might operate in others, resulting in a widespread
alteration in trees’ recruitment dynamics. For example, oak
decline and replacement by other tree species is a well-recog-
nized problem and received significant scientific attention in
both North America (Abrams 2003; McShea et al. 2007) and
Europe (Thomas, Blank & Hartmann 2002). When investigat-
ing causes of this decline, researchers focus mostly on
changes in climate conditions, disturbance regime and intro-
ductions of exotic pathogens and pests that decrease growth
and survival of seedling and adult trees (Thomas, Blank &
Hartmann 2002; Abrams 2003; McShea et al. 2007). Our
study documents a different mechanism that can play an
equally significant role in this phenomenon: anthropogenic
nitrogen addition reduces oak reproduction through its effects
on oak—granivore interactions.
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lent in acorns produced by red oaks receiving different fertilizer treat-

ments in 2013.
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Acorn volume calculation
We have caluculated the acorn volume following difiea Bonal, Mufioz & Diaz (2007)

procedure, using following term:

Volume = (nL <¥>2> * (%)

The first term is the volume of cylindrical acorasd the second term is correction for acorn

shape.

Multi-infestation

We modeled multi-infestation.€., the number of larvae per infested acorn) usifmpisson
family, log link model with weevil larvae count asresponse variable, treatment, individual
tree crop size, acorn volume, acorn part (basaédpiyear, and interaction terms: treatment x
year, treatment x acorn part as fixed effects,teg@l ID as a random effect.

Multi-infestation did not differ between treatmefitsean + SD: 1.82 + 1.29% = 4.81, df = 2,

p = 0.09).

Small mammal trapping and acorn fall estimation

Methods

At each site we established small mammal trappritgwgith 49 Sherman live-traps spaced 10
m from each other (7 x 7 rows). We conducted tnagait the end August 2013 (the year of
seed tracking experiment) for 5 consecutive nigits. baited traps with oats and sunflower

seeds and checked every day at morning (08:00)eseding (20:00). We identified each
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capture to species, marked each with an uniquetybewned ear tag, and then released it at the
place of capture. Trapping was done with IACUC pesion #13-04-162.

To measure seed fall, we set 20 seed traps on k{80 in total). Traps were
constructed of plastic containers (52.7 x 36.8 xcd) covered with mesh wire and placed on
1.2 m wooden poles. We distributed traps in a ifgdtrandom design. We used small
mammal trapping grid as reference and divided esathinto grid of twelve 30 x 20 m
rectangles. Each rectangle contained 6 points dpa@m apart. We then draw two random
points within each rectangle and located seed tifag®. Two random rectangles were left
without traps. We set traps in the 3rd week of 4812013 and checked every week until no
acorns were retrieved (middle of November). Colldcacorns were bagged, transported to

the laboratory, divided into categories (soundestéd, underdeveloped), and counted.

Results

We captured (mean = SE) 4 + 1.2 individualdrefomyscus sp. per site. No other species of
rodents were captured. However, we observed greyrrets Sciurus carolinensis and
chipmunksTamias sp. on multiple occasions. Estimated acorn fall w&2& 2.11 acorns per

m-.
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Table S1. The results of post-hoc comparisons of probablityeedling establishment among
treatments. Seedling estabishement in control platsshigher than in nitrogen treatments in
all comparisons. “Low N” refers to acorns produbgded oaks growing on plots that were
fertilized with 50 kg h# yr* of reactive nitrogen per year, and “High N” with(lkg ha yr

! In the experiment, nitrogen treatment was crosg#irodent exclusiorClosed denotes
seedling emergence when rodents were exclude®peurefers to emergence when rodent
access was allowed. The statistics were obtaindd®IiMM model (see Methods for

details); we tested for statistical significanceng3Vald chisquare test.

Rodent Closed Open

access:

Nitrogen  Control vs. Control vs. Low N vs. Control vs. Control vs. Low N vs.

treatment: Low N High N High N Low N High N High N

Statistics: ¥°=26.59, x°=15.83, y°=1.12,p ¥°=5.89, ¥°=7.23, ¢°=0.03,

p<0.001 p<0.001 =0.28 p=001 p=0.007 p=0.85
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Figure S1. Shape of acorns expressed as lenghtito katio produced by red oaks receiving
different fertilizer treatments. “Low N” refers &worns produced by red oaks growing on
plots that were fertilized with 50 kg har™ of reactive nitrogen per year, and “High N” with

150 kg ha yr. Control refers to oaks growing on plots receivamgbient levels of nitrogen.
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Fig. S2. Tannin acid concentration expressed asrtatid equvialent in acorns produced by
red oaks receiving different fertilizer treatmem£013. No differences among N-treatments
were found in 2014 (not shown, see Results). Degsasent GLMM estimates and whiskers
represent standard errors (for detailed descriifdhe model see Methods). “Low N” refers
to acorns produced by red oaks growing on plotswiese fertilized with 50 kg hhyr” of
reactive nitrogen per year, and “High N” with 15@tka® yr. Control refers to oaks growing

on plots receiving ambient levels of nitrogen.
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