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Abstract

Pulsed resources have prominent effects on community and ecosystem dynam-

ics; however, there is little research on how resource pulses affect human–wild-
life interactions. Tree masting is a common type of pulsed resource that

represents a crucial food for many species and has important bottom-up effects

in food webs. In anthropogenic landscapes, years of food shortage after mast

years can have negative outcomes for both people and wildlife, for instance

when an increased use of anthropogenic foods by animals exacerbates human–
wildlife conflicts. Here, we used novel remote sensing indicators of forest pro-

ductivity and phenology, together with weather cues and ground measures of

mast production, to assess whether years of masting and crop failures lead to

changes in human–wildlife conflict occurrence. We used a unique 14-year data-

set including the production of European beech Fagus sylvatica seeds and

brown bear Ursus arctos damage in the northeastern Carpathians as our model

system. Linking these data in a panel regression framework, we found that tem-

poral fluctuations in damage occurrence were sensitive to the year-to-year vari-

ation in beechnut production. Specifically, the number of damages during bear

hyperphagia (i.e., September to December, when bears need to accumulate fat

reserves prior to hibernation) was significantly higher in years with low beech-

nut production than in normal or mast years. Furthermore, we provide evi-

dence that beech masting and failure can be predicted through a combination

of remote-sensing, weather, and field indicators of forest productivity and phe-

nology. We demonstrate how pulsed resources, such as tree masting, can perco-

late through food webs to amplify human–wildlife conflict in human-

dominated landscapes. Given the recent range expansion of large carnivores

and herbivores in many regions, including Europe, predicting years of natural

food shortage can provide a pathway to proactive damage prevention, and thus

to foster coexistence between wildlife and people.

Introduction

Pulses in primary production, defined as infrequent,

large-magnitude, and short-duration events of increased

resource availability (Yang et al., 2008), have major

impacts on consumer communities, with bottom-up

effects that affect species interactions across trophic levels

(Ostfeld & Keesing, 2000). Mast seeding (synchronized

and intermittent production of a large seed crop by a

population of plants) is one of the most common type of

resource pulses, impacting food webs in terrestrial ecosys-

tems in major ways (Kelly & Sork, 2002; Yang

et al., 2008). For instance, the fluctuation of seed produc-

tion in temperate forests has a direct influence on the

abundance of seed consumers such as rodents which, in

turn, affects the density of generalist predators such as
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owls and mesocarnivores (Jedrzejewska & Jedrzejew-

ski, 1998; McShea, 2000; Ostfeld & Keesing, 2000). Fur-

thermore, resource pulses trigger functional responses at

both population and community level. For example, gen-

eralists can be supported by nonmast resources during

periods of low seed availability and switch back to seeds

during the resource pulse (Ostfeld & Keesing, 2000; Selva

et al., 2012). At the community level, predators may

switch their diet to alternative prey following the decrease

of seed consumers after seed depletion (Jedrzejewska &

Jedrzejewski, 1998; Yang et al., 2008). Although there is

an increasing understanding of the different ways in

which pulsed resources shape trophic dynamics in ecosys-

tems, much of this understanding has come from study-

ing ecosystem with little human influence (Jedrzejewska &

Jedrzejewski, 1998; Kelly et al., 2008; McShea, 2000; Selva

et al., 2012). How resource pulses drive species interac-

tions in human-dominated landscapes, and whether they

can also mediate the intensity and occurrence of human–
wildlife interactions, are open questions.

In human-dominated landscapes, many wild animal

species rely, to some extent, on anthropogenic food

resources (Newsome et al., 2015). Any shortage of natural

food may increase the use of anthropogenic food, which

can translate into an increase in human–wildlife interac-

tions and potential conflicts. For instance, wild boar Sus

scrofa increase their home ranges in years of low availabil-

ity of hard mast (Bisi et al., 2018) and can eventually

cause severe damage to agricultural crops (see Schley &

Roper, 2003). A scarce primary production can also result

in increased conflicts through indirect bottom-up effects

in higher trophic levels. For example, gray wolves Canis

lupus can switch their diet toward livestock (Ciucci

et al., 2018; Jedrzejewski et al., 2011; Meriggi et al., 1996;

Salvador & Abad, 1987) as a response to decreasing abun-

dance of wild prey after years of low primary productivity

(Kiffner & Lee, 2019). Often, such conflicts lead to the

persecution of wild animals and can jeopardize the con-

servation of their populations (Bautista et al., 2019).

Thus, understanding and predicting temporal variations

in natural food resources, and how they translate into

conflict, can help prevent the occurrence of damage to

human properties, and ultimately promote human–wild-
life coexistence.

Due to the overall importance of masting events in

shaping trophic interactions in ecosystems, there is an

extensive literature about the proximate drivers of mast-

ing (Bogdziewicz, Ascoli, et al., 2020; Pearse et al., 2015;

Pesendorfer et al., 2021). The predominant approach is to

model the occurrence of masting events as a response to

weather cues, which are known to trigger the production

and accumulation of resources that plants need for repro-

duction (Kelly & Sork, 2002; Piovesan & Adams, 2001).

Common cues of masting include temperature, precipita-

tion, and evapotranspiration in different phenological sea-

sons, both in the year of masting and up to 2 years

before (Bogdziewicz, Kelly, et al., 2020; Nussbaumer

et al., 2018; Piovesan & Adams, 2001). Some studies have

suggested that seed production depends on carbon

resources derived from short-term photosynthetic produc-

tion during the months prior to seeding (Hoch

et al., 2013; Ichie et al., 2013). However, measuring seed

production or resource accumulation at the plant level is

time-consuming, expensive and difficult to perform at

broad spatial and temporal scales (Fern�andez-Mart�ınez

et al., 2015). These scales, in turn, are most relevant for

conservation planning and wildlife management.

Satellite-based vegetation indices (e.g., the Normalize

Difference Vegetation Index -NDVI) provide a promising

avenue to scale up information about masting. Vegetation

productivity can be routinely measured by these indices

using freely available imagery, yielding a systematic,

repeatable, and verifiable monitoring method to measure

changes in resource availability across space and time

(Pettorelli et al., 2011). Indeed, these vegetation indices

have been widely used to monitor primary productivity,

vegetation biomass or carbon uptake in forests and other

ecosystems (Garbulsky et al., 2013; Pettorelli et al., 2011;

Pettorelli, Vik, et al., 2005). Vegetation indices also

appear promising to predict mast seeding events (Bajocco

et al., 2021; Camarero et al., 2010; Fern�andez-Mart�ınez

et al., 2015; Garcia et al., 2021; Vergotti et al., 2019),

although applications of this kind are still rare. Further-

more, vegetation indices can reveal how changes in vege-

tation phenology and productivity affect higher trophic

levels (Pettorelli et al., 2011; Pettorelli, Vik, et al., 2005).

For example, fluctuations in resource availability explain

spatio-temporal variation in rutting and calving of Euro-

pean red deer Cervus elaphus (Loe et al., 2005), body

mass, calf survival and the location of calving grounds of

reindeer Rangifer tarandus (Griffith et al., 2002; Kuem-

merle et al., 2014; Pettorelli, Weladji, et al., 2005), locust

Schistocerca gregaria outbreaks (Despland et al., 2004),

migrations in Mongolian gazelles Procapra gutturosa

(Mueller et al., 2008) or seasonal variation of habitat use

in red deer, roe deer Capreolus capreolus and Eurasian

lynx Lynx lynx (Oeser et al., 2019). Altogether, this sug-

gests a considerable potential of vegetation indices to

explain how crop failure in natural vegetation might

translate into conflicts between wildlife and people, and

to improve the prediction of conflict occurrence.

Here, we investigated the use of remote sensing indica-

tors of vegetation growth, along with weather cues, to

predict masting events and, ultimately, conflicts related to

mast failures. We used a unique 14-year dataset (2007–
2020) comprising the production of European beech
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Fagus sylvatica seeds (beechnuts) and brown bear Ursus

arctos damage in the northeastern Carpathians (southeast-

ern Poland) as our model system. Conflicts arising from

brown bear damage are predicted to grow due to the

recovery and expansion of many bear populations into

human-dominated landscapes (Chapron et al., 2014).

Indeed, brown bears inhabit a wide range of habitats and

have a broad diet, which also includes anthropogenic

foods, such as livestock, crops and honey (Bojarska &

Selva, 2012; Can et al., 2014; Garc�ıa-Rodr�ıguez

et al., 2021). As a generalist species, the brown bear can

adapt well to fluctuations in food availability (Bojarska &

Selva, 2012). Brown bears are known to rely strongly on

the seeds of masting trees, such as white bark pine Pinus

monticola in northwestern North America (Mattson

et al., 1992), pine nuts from Siberian pine Pinus sibirica

in boreal forest of north-central Asia (Niedziałkowska

et al., 2019), or beechnuts in temperate Europe (Ciucci

et al., 2014; Naves et al., 2006). Bears rely on mast seed-

ing particularly during hyperphagia (September–Decem-

ber), when they need to accumulate fat reserves prior to

hibernation (Bojarska, 2014; Ciucci et al., 2014; Naves

et al., 2006). During mast years, these resources are par-

ticularly abundant. Additionally, after masting years, seeds

can remain available under the snow until the end of the

following winter, allowing bears to consume them after

they emerge from their dens (Bojarska, 2014). However,

masting and years of crop failure occur at highly irregular

intervals (Hilton & Packham, 2003; Nussbaumer

et al., 2018). Since beechnuts are a key food resource for

bears in temperate Europe (Bojarska, 2014; Ciucci

et al., 2014; Naves et al., 2006), we hypothesized that the

availability of beechnuts shapes the consumption of other

food resources, including human foods (Figure 1). We

tested this hypothesis using a unique time series of

human–bear conflict occurrence and ground measures of

beechnut production. Finally, we modeled the temporal

changes in beechnut production using novel remote-

sensing indicators of vegetation growth and phenology

and weather cues as a means to forecast years when

beechnut production will be low and conflicts intense.

Materials and Methods

Study area

Our study area is located in the Carpathian Mountains in

the Podkarpackie Province, Poland (Figure 2). This area

is characterized by gentle slopes and low-to medium-

elevation mountains ranging from about 200 to 1200 m.

The land is mainly covered by forest (62%) and agricul-

ture (32%) (Bautista et al., 2021). The natural vegetation

can be divided into three altitudinal zones: (1) the foothill

zone (<500 m), which is nowadays mostly occupied by

human settlements and agriculture, with a limited cover

of mixed deciduous forests; (2) the lower montane zone

(500–1150 m) primarily consisting of forests dominated

by beech and silver fir Abies alba and (3) the zone above

the upper tree line (>1150 m), where subalpine and

alpine communities are typical. The climate is continental

with cold winters and mild summers. The mean tempera-

ture between 2005 and 2020 was 18°C (SD = 0.8) in July

and � 3°C (SD = 0.8) in January. Annual precipitation

for the same period ranged between 790 and 1200 mm,

with a maximum during the summer (average precipita-

tion between 100 and 150 mm, maximum of 320 mm in

July) and a minimum in winter (average precipitation

between 50 and 60 mm, with a minimum of 10 mm in

January; data provided by the Polish Institute of Meteo-

rology and Water Management, https://dane.imgw.pl/

data/).

Bear damage data

We compiled data on bear damage to livestock, apiaries

and fruit tree plantations from official claims collected

through the damage compensation program in the Pod-

karpackie Province by the Regional Directorate for Envi-

ronmental Protection in Rzesz�ow. The compensation

scheme has been in place since 1999 and includes damage

inspection and verification by trained personnel (Bautista

et al., 2017). Each damage record contained information

about the type and date of damage (day/month/year). We

obtained data from 654 bear damage events (mostly to

apiaries) from 2007 to 2020 (Figure 2). The annual
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Figure 1. Conceptual diagram showing the partial expected effect of

beechnut production on brown bear damage occurrence. In masting

years bears will feel satiated and the number of damages will be low.

In turn, in years of crop failure bears are expected to damage more

human properties in their search for alternative food resources.
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number of recorded damages ranged from 15 to 104

(mean of 47 damages annually, SD = 28.8), with a maxi-

mum in July (ranging from 2 to 30 damages) and a mini-

mum in the winter months, when most bears hibernate

(ranging from 0 to 4 damages).

Beechnut production data

We assessed beechnut availability by counting seeds on 30

sampling plots every year in the period 2007–2020. To

sample the beechnuts, we installed 30 sampling plots of

1 9 1 m2 on the ground in beech forests at three sites,

10 plots per site (Figs. 2 and 3). Beechnut sampling con-

sisted of counting all beechnuts in each plot and distin-

guishing intact from non-intact beechnuts. While

counting beechnuts on the ground might underestimate

seed fall, because some beechnuts are immediately

removed by animals, it reliably distinguished mast from

non-mast years (Zwolak et al., 2016) and gives a proxy of

the beechnuts available to brown bears. Every year, the

plots were cleaned in late summer before sampling and

also after collecting the beechnuts for subsequent sam-

pling sessions within the same year. The number of sam-

pling sessions differed among years, as did the number of

days elapsed between cleaning the plots and collecting the

beechnuts (hereafter sampling duration; see Table S1).

This was due to weather, field conditions and logistics.

Traditional approaches that measure beech productivity

by collecting seed crops from October to November risk

overlooking wide interannual variation in phenological

stages in deciduous forests (Melaas et al., 2013; Senf

et al., 2017). To avoid this pitfall and to minimize post-

dispersal loss of beechnuts to predators (Packham

et al., 2008), we selected for each year the sampling ses-

sions that had (1) the minimum sampling duration, and

(2) included the days of maximum seed fall in our data

(i.e., from late August to the end of October, depending

on the year; Table S1). For years when the sampling ses-

sions had similar duration, we selected the session in

which the seed fall was higher (see years 2010 and 2016

in Table S1).

Predictors of beechnut production

To model and predict beechnut production, we obtained

weather data identified as important for beech seeding in

previous studies. Specifically, the production and accumu-

lation of resources that beech trees need for reproduction

is commonly related to (1) a cold and wet summer

2 years before masting, (2) a dry and warm summer

1 year before masting and/or (3) a warm spring in the

masting year (Bogdziewicz, Kelly, et al., 2020; Nuss-

baumer et al., 2018; Piovesan & Adams, 2001). Accord-

ingly, we extracted the mean maximum temperature and

summed precipitation in summer (June and July) for one

and 1 years before the assessment year (lag1 and lag 2)

and in spring (April and May) of the actual assessment

year (lag 0). We also included mean temperature of the

SITE 2
SITE 1

SITE 3
)

)

)

Poland

Ukraine

Slovakia

10km

brown bear damage
) beechnut sampling site

national park
country border

Study area

Figure 2. Map of the study area showing the locations of the three beechnut sampling sites and brown bear Ursus arctos damages in the

northeastern Carpathians (SE Poland) in 2007–2020.
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growing season (May–August), since raising temperatures

can enhance beechnut production (Bogdziewicz, Kelly,

et al., 2020), and the minimum absolute temperature in

late spring (May and June) because late spring frost is

associated to crop failure in masting plants

(Bogdziewicz, 2021; Neilson & Wullstein, 1980). We

extracted all weather data from the Polish Institute of

Meteorology and Water Management (https://dane.imgw.

pl/data/), and used data from the nearest meteorological

station with available data to our three sampling sites (see

Table S2).

We tested two types of remote-sensing indicators of

beechnut productivity and phenology. First, we used

spectral-temporal metrics derived from Landsat imagery

at a 30-m spatial resolution (Oeser et al., 2019), using the

Tasseled Cap (TC) greenness index as a proxy of vegeta-

tion productivity (Crist & Cicone, 1984). Specifically, we

calculated TC greenness for all Landsat pixels covering

the sampling sites for every image within our study per-

iod and then summarized index values over time by cal-

culating median values. To capture phenological

variations throughout the year, we calculated separate

median values for three temporal windows, representing

key phenological stages in European temperate forests

(Oeser et al., 2019): start-of-season (day of year 60–151,
42 images), peak-of- season (day of year 152–243, 53

images), and end-of-season observations (day of year

244–334, 54 images). Second, to better capture the timing

of phenological stages and their year-to-year variations,

we additionally derived phenological metrics (i.e., pheno-

metrics) from MODIS satellite imagery at a 250 m resolu-

tion. MODIS-based phenological metrics have been

shown to be useful to analyze beech masting events

(Bajocco et al., 2021). In total, we calculated 12 pheno-

metrics based on the Enhanced Vegetation Index (EVI),

including measures of the date of the start, peak and end

of the growing season, the start and end dates, as well as

the length and slope of both the vegetation green-up and

senescence stages, and the yearly total productivity (mea-

sured as the integral of the growth curve: Table S2). We

calculated all Landsat- and MODIS-based metrics for

every year between 2005 and 2020 (extent of the field

sampling and 2 years prior). We used the Google Earth

Engine (Gorelick et al., 2017) for calculating Landsat met-

rics (see Oeser et al., 2019 for more details on the satellite

image processing and metric calculation) and derived

MODIS-based metrics using the R-package phenofit

(Kong, 2020). For further details about the predictors of

beechnut production, we refer to Table S2.

Statistical analyses

Temporal fluctuations of damage in relation to
beechnut production

We hypothesized that the number of bear damages

decreases in masting years (i.e., years of high beechnut

production) and increases in years of crop failure (i.e.,

low beechnut production). To test our hypotheses, we

used Generalized Linear Models with a negative binomial

distribution, with the number of damages as the depen-

dent variable and beechnut production as the predictor

variable. Specifically, we analyzed the number of damages

in (1) bear hyperphagia (September–December, which

covers the period of seed fall in beech forests); and (2)

after bears emerge from their dens in the following year

and start to feed (January–June) as responses to different

categories of beechnut production (i.e., crop failure, com-

mon crop and masting). We decided to categorize beech-

nut production because beyond a certain threshold of
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Figure 3. Temporal trends in European beech Fagus sylvatica seed

production in three sampling sites in the north-eastern Carpathians

(SE Poland) in 2007–2020. Beechnut production was sampled yearly

in 30 1 9 1 m2 plots distributed evenly across three sampling sites

and was measured in the number of seeds per m2 and standardized

by the duration in days of the sampling session (see Table S1 for

details).
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production the response of bears and other seed con-

sumers to masting remains the same (Zwolak et al., 2022,

see also Figure 1). That is because masting satiates con-

sumers to reduce seed losses and enhance survival and

recruitment (Kelly & Sork, 2002). Consequently, beyond

a threshold of production the rate of seed consumption

reaches a plateau at which it remains constant irrespective

of the size of the seed surplus (Zwolak et al., 2022). A

similar logic is expected for years of crop failure; below a

certain threshold, seed consumers (e.g., the brown bear)

would be forced to feed on alternative food resources

(e.g., honey and larvae from beehives) (Bogdziewicz

et al., 2016). To create these categories, we first standard-

ized the predicted values of beechnut production by the

sampling duration and then calculated the yearly average

across plots. Then, we classified each year as crop failure

(i.e., production below the first quartile), common crop

(i.e., between the first and the third quartile) and masting

(i.e., above the third quartile).

Predicting seed failure in European beech

We first explored the best predictors of temporal trends

in beechnut production. We used Generalized Linear

Mixed Models with the plot ID as a random intercept

and a negative binomial error distribution to control for

overdispersion. We also included the year as a random

intercept and the beechnut production in lag1 as fixed

effect to control for (1) within year dependency and (2)

possible temporal autotion to the first order. We included

beechnut production in lag1 instead of an autocorrelation

structure, because this allowed to directly compare the

effect of seed crop from the previous year with other pre-

dictors of beechnut production. Moreover, in preliminary

analyses, we found this model to be more parsimonious

than a first-order autoregressive model (DAICc = 36). We

did not include ‘site’ as a fixed effect, because this

decreased the model fit (DAICc = 6) and there was no

heterogeneity detected in the residuals across different

sites. To account for any potential effects of differences in

sampling intensity, we used the sampling duration as an

offset.

To identify the main predictors of beechnut produc-

tion, we first constructed single-variable models to avoid

overfitting and to reduce the risk of finding spurious cor-

relations. Then, we constructed a global model including

all predictors for which the confidence intervals of stan-

dardized coefficients in the single-variable models

excluded zero. This global model included data on beech-

nut production for the period 2009–2020 (data in 2007

and 2008 were not included in the model because we

could not calculate some remote-sensing predictors due

to persistent cloud cover). Based on this model, we

generated candidate models for all possible combinations

of predictor variables, while keeping the offset (sampling

duration) fixed. To find the most parsimonious models,

we compared candidate models according to Akaike’s

Information Criterion, adjusted for small sample sizes

(AICc; Table S2). Then, we calculated a weighted average

of the coefficient estimates present in the most parsimo-

nious candidate models (i.e., DAICc <4). To assess the

relative importance of each predictor included in all can-

didate models, we calculated the Akaike weight for each

model and summed weights per predictor across models

including that variable. For prediction purposes, we con-

structed a second global model using a subset of the data

for the period 2009–2017. We used the same predictors

and the same fitting procedure as for the global model

using all data. We predicted beechnut production per plot

and year in the period 2018–2020, based on the averaged

coefficients from the set of the most parsimonious mod-

els. To predict the beechnut production in the years 2019

and 2020 we used the predicted value of beechnut pro-

duction in the previous year instead of the observed val-

ues. We standardized the predicted values of beechnut

production by the sampling duration and calculated the

averaged and associated confidence across plots for each

year.

All analyses were conducted in R version 4.0.2 (R Core

Team, 2020) using the packages glmmTMB (Brooks

et al., 2017) for generalized linear models and mixed-

effects models, MuMIn (Barton, 2014) for model selec-

tion, model averaging and prediction of averaged models

and ggplot2 (Wickham, 2016) for data visualization.

Results

We found that temporal fluctuations in the occurrence of

bear damage during hyperphagia were sensitive to the

year-to-year variation of beechnut production. Specifi-

cally, the number of damages in hyperphagia was signifi-

cantly and consistently higher in years with very low

beechnut production (i.e., crop failure) in comparison to

the number of damages occurring in masting years and

years of common crop (Table 1, Figure 4). We did not

find any relationship between the number of damages

during hypophagia and the beechnut production in the

previous year (Table 1).

Overall, our results showed that year-to-year variation

in beechnut production at the population level can be

predicted by a combination of remote-sensing indicators

of forest productivity and phenology, weather cues and

the beechnut production from previous years (range of

the conditional and marginal R2 from the set of most

parsimonious models = 0.71–0.74 and 0.05–0.32, respec-
tively; Table S4). We found that three combinations of
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conditions explained mast years in beech forests: (1) a

cold summer 2 years before masting, (2) a low beechnut

production and high yearly forest productivity 1 year

before masting, and (3) low summer productivity in the

masting year (Table 2; Table S3 and S4). The fact that

beechnut production was negatively correlated with the

production in the previous year (i.e., negative temporal

autocorrelation) indicated that crop failure occurrence

was most likely after a masting year (Table 2). Other pre-

dictors also present in the most parsimonious models,

but of lesser importance, included (in decreasing order of

importance) the start day of the senescence phase in lag1,

the absolute minimum spring temperature in lag0, the

starting day of the growing season, and the length of the

senescence phase in lag1 (Table 2, Table S3 and

Table S4). The predicted values of beechnut production

in each plot for the period 2018–2020 were significantly

correlated with the observed values (r = 0.66, P < 0.0001,

d.f. = 70, Fig. S2) and their yearly means across plots cor-

rectly classified the seed failure in 2019 (Figure 4).

Discussion

Human–wildlife conflicts are a major challenge for the

coexistence of people and wildlife, yet how variation in

natural food availability increases the reliance on anthro-

pogenic foods, and through this, conflicts, remains poorly

understood. Here, we provide evidence that bear damages

in temperate ecosystems increase in years of beechnut

crop failure using a combination of remote-sensing and

field-measured productivity indicators. Our study pro-

vides empirical evidence on how bottom-up effects of

resource pulses, such as masting, shape the interactions

between wildlife and humans. To the best of our knowl-

edge, this is the first study linking human–wildlife con-

flicts with a combination of data on primary productivity

measured from the space and on the ground. Further-

more, we demonstrate that combining weather cues and

remote-sensing indicators of vegetation growth and phe-

nology can explain and predict year-to-year variation in

beechnut production linked to wildlife damage. This

opens up new opportunities to forecast years when con-

flicts will likely be intense and, thus, to improve conflict

management and proactively reduce conflicts.

This study provides important evidence that temporal

fluctuations in bear damage occurrence are sensitive to

Table 1. Summary of negative binomial generalized linear models

analyzing the number of brown bear damages at different seasons as

a response to beechnut production in the north-eastern Carpathians

(SE Poland) in 2007–2020.

Predictors

Responses

Damages hyperphagia

(September–December)

Damages after

winter (January–

June)

Intercept

(common crop)

1.83*** (1.03–2.64) 2.86*** (2.42–3.48)

Crop failure 1.18* (0.23–2.13) 0.23 (�0.66–1.11)

Masting 0.62 (�0.41–1.65) 0.58 (�0.24–1.40)

Observations 14 14

The beechnut production was categorized as crop failure, common

crop and masting year based on percentiles values of the mean tem-

poral trend (see Methods for details). The 95% confidence intervals

are shown in brackets below the estimates.

*P < 0.05.

***P < 0.001.

N
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Figure 4. The effect of European beech Fagus sylvatica seed

production on the occurrence of brown bear Ursus arctos damages in

the northeastern Carpathians (SE Poland) in 2007–2020. The upper

plot shows the regional-level mean beechnut production (blue lines)

and the number of confirmed and compensated bear damages during

hyperphagia (September–December; gray bars). Masting behavior is

measured in terms of mean interannual variability in beechnut produc-

tion (CVi) and synchrony (r) at the plot level and interannual variability

at the population level (CVP) (Kelly & Sork, 2002). Boxplots show the

distribution of the number of brown bear damages conditional on dif-

ferent categories of beechnut production (see Methods for details).

Results from generalized linear models show that the number of dam-

ages is significantly higher in years with very low beechnut production

(i.e., crop failure) in comparison with years of common crop (see

Table 1). Boxplots indicate range, quartiles and median of distribu-

tions.
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the year-to-year variation of mast pulses in Europe. Mast

failure is known to increase the occurrence of conflicts

related to bears in the urban-wildlife interface in other

parts of the world. For instance, the use of human facili-

ties by grizzly bears Ursus arctos horribilis in North Amer-

ica and by Asiatic black bears Ursus thibetanus in Japan

increases in years when the availability of hard mast is

small (Fujiki, 2021; Mattson et al., 1992). However, the

previous available literature on the topic for the European

brown bear had shown mixed support for this relation-

ship. In Scandinavia, conflicts related to bears using resi-

dential areas did not increase in years of berry scarcity,

their primary food in hyperphagia (Hertel, Zedrosser,

et al., 2018). Similarly, although an overall pattern of

increasing damages in years of low food availability was

found in Northern Spain, this relationship varied strongly

among and even within bear populations (Zarzo-Arias

et al., 2020). This can be related to the fact that bears are

generalists with a broad diet that can easily adapt to tem-

poral changes in food availability. Although bears can

track pulsed resources (Schindler et al., 2013), masting

events occur synchronously over hundreds or even thou-

sands of kilometers (Pearse et al., 2021), which may force

bears to switch their diet to other food resources in years

of crop failure. For example, in temperate ecosystems,

they can rely on berries and other fleshy fruits to avoid

the nutritional stress induced by annual failures in beech-

nut production (Ciucci et al., 2014). However, bear

diet also includes anthropogenic food such us honey and

livestock (Bautista et al., 2017, 2021), and, as proven here,

they can cover food shortages consuming them (see also

Mori et al., 2021). Accordingly, guaranteeing the avail-

ability of alternative natural foods in years of crop failure,

for example through berry picking control (Garc�ıa-

Rodr�ıguez et al., 2021), can be an effective way to miti-

gate conflicts.

In spite of bears’ diet flexibility (Bojarska &

Selva, 2012), hard mast is known to be key food for bears

in temperate ecosystems (Ciucci et al., 2014; Naves

et al., 2006), with aggregative and reproductive responses

to masting reported in some bear populations (Bogdzie-

wicz et al., 2016). For example, reproductive rates in

American black bears Ursus americanus can increase in

years of high mast production (e.g., Costello et al., 2003).

Similarly, reproductive rates and body mass in Scandina-

vian female brown bears increase in years of high abun-

dance of bilberry Vaccinium myrtillus (Hertel, Bischof,

et al., 2018). That, in turn, can lead to more conflicts in

subsequent years related to a larger number of females

with cubs and young dispersers seeking shelter and food

near humans (Elfstr€om et al., 2014; Obbard et al., 2014).

The existence of similar dynamics in our model system

could also explain the observed pattern of more damages

in years of crop failure, which usually occur after a mast

year (see Figure 4). Unfortunately, we lacked reliable

demographic data for our study system to explore this

further. Understanding the compounding effect of crop

failure and animal population increase after masting

events on conflict occurrence would be interesting to

explore in future studies.

The fact that the occurrence of bear damage to bee-

hives does not solely depend on the availability of beech-

nuts can be inferred from the variation in the number of

damages within each category of beechnut production;

for example, from 9 to 41 damages in years of crop fail-

ure (see Figure 4). Besides changes in the bear population

size over time, other factors that can influence the tempo-

ral patterns of damage occurrence are the dispersal of

juveniles (Barto�n et al., 2019) or the occurrence of so-

called “problem bears” (i.e., individuals that cause

repeated damage to apiaries) (Krofel et al., 2020). Also,

the annual variation in the production of other food

TABLE 2. Summary of the averaged model coefficients across the set of most parsimonious models relating beechnut production to weather cues

and remote-sensing indicators of forest productivity and phenology in the north-eastern Carpathians (SE Poland) in 2009–2020.

Predictor Estimate SE Adj. SE P-value AICc1

Beechnut production in lag1 �0.255 0.0700 0.0703 0.0003 0.937

Mean maximum summer temperature in lag2 �0.869 0.5098 0.5109 0.0891 0.810

Median summer TC greenness in lag0 �0.235 0.0707 0.0709 0.0009 0.755

Yearly total productivity in lag 1 0.325 0.0897 0.0900 0.0003 0.668

Start day of the senescence phase in lag1 �0.238 0.1473 0.1475 0.1067 0.610

Absolute minimum spring temperature in Lag0 0.045 0.3063 0.3071 0.8828 0.352

Starting day of the growing season in lag0 �0.005 0.0392 0.0393 0.9010 0.336

Length of the senescence phase in lag1 �0.050 0.1167 0.1169 0.6671 0.259

Observations of sampled beechnuts in 2007 and 2008 could not be included in the model because some RS variables were missing due to cloud

cover.
1

Relative importance of each predictor included in all candidate models, calculated as the sum of the Akaike weights of all models including the

respective variable. A summary of the model selection is presented in the Table S2.
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resources could interfere in the effect of mast failures on

damage occurrence. For instance, during years of low

beechnut production, high availability of fleshy fruits can

act as a buffer and deter bears from raiding apiaries,

whereas a high production of honey can possibly attract

bears to apiaries and amplify the impact of the mast fail-

ure. The presence of these other sources of temporal vari-

ation in damage occurrence compromises finding a non-

linear, threshold-type response of bear damage occurrence

to variation in the beechnut production as shown in

Fig. 1 (see also Fig. S3). Yet, categorizing beechnut pro-

duction in masting, common crop and years of crop fail-

ure has helped us to capture a significant effect of mast

failures on increased damage occurrence. Similar

approaches have been proven useful to, for example,

understand how numerical responses to masting by

rodents influence their patterns of habitat selection (Zwo-

lak et al., 2016) and interspecific interactions (Selva

et al., 2012) or how masting influences wild boar repro-

ductive rates (Bieber & Ruf, 2005).

Although the observed positive relationship between

years of mast failure and damage occurrence in our data

is relatively small, we argue that this effect is highly rele-

vant. On average, the number of damages in years of crop

failure is twice as high as the number of damages in

masting years, and this difference can be up to 13 times

high (a minimum of 3 damages in a masting year vs. a

maximum of 41 in a year of crop failure, see Figure 3).

The number of damages in our study area is low in com-

parison to other bear populations in Europe (Bautista

et al., 2017). This is partly due to the low densities of

both bears and farms in a rather large and productive for-

est (Bautista et al., 2015, 2017, 2021). Accordingly,

although, the observed effect may not be of extreme rele-

vance for wildlife managers in our study area at present,

it can be very relevant in the future due to, for example,

an increase in the bear population (Zarzo-Arias

et al., 2020), in the amount of natural areas transformed

into agriculture fields (Dobrovolski et al., 2011) and/or

due to changes in species interaction and productivity in

forest ecosystems related to climate change (e.g., Bogdzie-

wicz, Kelly, et al., 2020). Similarly, the effect of masting

on bear damage occurrence is likely an important warn-

ing for managers working in other areas where the forest

productivity is lower and/or the food competition is

enhanced by a population at carrying capacity or a sec-

ond sympatric bear species (see Hertel, Zedrosser,

et al., 2018).

The success of conflict prevention programs depends

on our ability to forecast when conflicts will be more

likely to occur. Our results suggest that in our beechnut-

bear model system, predicting crop failure is a pathway to

predict when bear damages will increase. We showed that

combining remote-sensing indicators with weather cues,

together with a moderately long time series of beechnut

production ground data, can successfully predict beechnut

crop failure. The most important predictor of beechnut

production in our data was the beechnut production in

the previous year with a negative effect (see Table 2),

which indicates that a crop failure is more likely occur-

ring after a masting year. This finding supports the

hypothesis that a large seed crop depletes internal

resources and makes a heavy reproduction unlikely in the

following year (Pearse et al., 2015). In terms of weather

cues, we found that masting occurs years after cold sum-

mers, which can prime resource accumulation for floral

induction in the following year (Nussbaumer et al., 2018;

Piovesan & Adams, 2001). Likewise, crop failures seem to

be linked to years when minimum spring temperatures

are high, which avoids the environmental veto that catkin

frost impose upon reproduction (Bogdziewicz

et al., 2019). Regarding the remote-sensing predictors

used, we showed that beechnut production increases

1 year after a high yearly forest productivity, and low

summer forest productivity in the masting year. High for-

est productivity 1 year before masting supports the

hypothesis that resources for reproduction are accumu-

lated in the years preceding masting events (resource bud-

get model, see Abe et al., 2016), which furthermore could

explain that a cold summer 2 years before masting primes

trees to accumulate resources.

Additionally, these finding also converge well with the

resource switching hypothesis, which predicts that a vari-

able fraction of current-year resource acquisition is allo-

cated to seed production (Bogdziewicz, Ascoli,

et al., 2020; Kelly & Sork, 2002). Accordingly, the high

forest productivity 1 year before masting could also be

related to a higher vegetative growth before reproduction.

Furthermore, a low summer productivity can be con-

nected to a smaller leaf area index in beech during mast-

ing years, which indicates a resource allocation shift from

leaf to fruit production in masting years (M€uller-Haubold

et al., 2015). Altogether, that gives strength to the idea

that both plant growth and reproduction exploit the same

plant resources, which are mostly allocated to one of

them in a given year (Bajocco et al., 2021; Vergotti

et al., 2019). Thus, our models have plausible results that

resonate well with ecological theory, building trust in

using our methodology as a monitoring and forecasting

tool.

Because masting depends on resources accumulated

through photosynthesis, it seems reasonable to use

remote-sensing indicators of vegetation growth to gain a

better mechanistic understanding of the causes of masting

events. Indeed, our results suggest that combining remote

sensing indicators with weather cues can adequately
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capture internal plant dynamics of resource acquisition

and allocation driving masting. Furthermore, our results

corroborate that remote-sensing indicators can be among

the best predictors of mast seeding (Bajocco et al., 2021;

Fern�andez-Mart�ınez et al., 2015; Garcia et al., 2021; Ver-

gotti et al., 2019) and that, combined with other corre-

lates, can adequately explain and predict seed production

(see Figure 4). Because wild animals can switch their diet

to anthropogenic food resources in years of crop failure,

our approach can be a really useful tool for responsible

agencies to forecast when conflicts are more likely to esca-

late, and, accordingly optimize efforts to prevent and miti-

gate conflicts in a proactive manner. Yet, in the present

study we used a moderately long time-series, which could

have potentially compromised the proper modeling and

forecasting of masting events. In that sense, long-term field

data can help to increase the forecasting ability and to dee-

pen our understanding of ecological dynamics governed

by resource pulses (Bjørnstad & Grenfell, 2001). Such

long-term datasets can be especially suitable to anticipate

the possible ways in which climate change can alter mast-

ing events and eventually influence community and

ecosystem dynamics (Bogdziewicz, Kelly, et al., 2020).

Global change is already altering masting events, with

warming temperatures enhancing seed predation rates

and, thus, compromising plant recruitment in the long

term (Bogdziewicz, 2021; Bogdziewicz, Kelly, et al., 2020;

Hacket-Pain & Bogdziewicz, 2021). Because masting has

bottom-up effects on trophic interactions, followed by

cascading effects throughout the trophic web, altered

masting behavior will have profound impacts on forest

ecosystem dynamics (Hacket-Pain & Bogdziewicz, 2021).

Accordingly, gaining a better understanding of the mech-

anisms driving masting and improving our predictions on

how masting will respond to climate change is important

for the management of natural resources and biodiversity

conservation (Hacket-Pain & Bogdziewicz, 2021; Pearse

et al., 2021). Finally, we highlight the need to further

assess how resource pulses, such as masting, shape trophic

interactions and through this the occurrence of human–
wildlife conflicts. For instance, warming temperatures are

predicted to reduce seed production variability and

increase masting frequency (Bogdziewicz, Kelly,

et al., 2020; Touzot et al., 2020). A more constant and

higher supply of seeds can increase the reproductive suc-

cess and, thus, the population of seeds consumers, such

as bears and wild boars (Bieber & Ruf, 2005; Costello

et al., 2003; Touzot et al., 2020). Under that scenario,

could an overabundant population of seed consumers

potentially increase the use of anthropogenic food

resources in the short-term through enhanced competi-

tion for natural food resources? May an increased preda-

tion pressure on seeds compromise seed recruitment and

regeneration in forest ecosystems in the long term and

eventually force the community of consumers to shift

their diet toward anthropogenic foods? Conflicts are

already growing in different parts of the world due to the

increasing transformation of natural habitats (Dobrovolski

et al., 2011; Ripple et al., 2014, 2015) and the parallel

recovery and expansion of wildlife populations in some

human-dominated landscapes (Chapron et al., 2014). A

better understanding of how altered interactions in food

webs can dampen or intensify conflict occurrence in the

landscape undoubtedly would provide a pathways to

proactive damage prevention, and thus to foster coexis-

tence of wildlife and people.
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Figure S3. Relationship between the number of bear

damages and the beechnut production in the northeastern

Carpahians (SE Poland) in 2007–2020.
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