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1 | INTRODUCTION

Seed dispersal is a crucial ecological process that influences plant
population dynamics, community structure and ecosystem func-
tioning (Howe & Smallwood, 1982). More than 70% of the world's
woody plant species rely on animals to move their propagules
(Jordano, 2014). Among animal seed dispersers, birds are consid-
ered one of the most effective vectors of dispersal for plants, as
their high degree of mobility allows them to move seeds over rel-
atively long distances (Fandos et al., 2023). Hence, the behaviour
of seed-dispersing birds is crucial in determining seed dispersal
patterns and shaping vegetation dynamics on a global scale (Russo
et al., 2006). So far, studies on seed disperser behaviour have typ-
ically focused on variation among species (e.g. Gonzalez-Castro
et al., 2022; Nowak et al., 2022; Schupp, 1993). For instance, stud-
ies on avian seed dispersal have shown that the movement be-
haviour of different bird species is strongly associated with their
morphological traits (e.g. Bohning-Gaese et al., 2006; Hartfelder
et al., 2020). Large-bodied birds and birds with long wings can
transport seeds over longer distances than small-bodied birds and
birds with short wings, making bird body mass and wing length
good predictors of seed dispersal distance (Li et al., 2017; Mueller
et al., 2014; Saavedra et al., 2014; Wotton & Kelly, 2012). Such
trait-based approaches have been used to estimate seed dis-
persal patterns of specific plant species (Jordano et al., 2007,
Pérez-Méndez et al., 2016), small communities (Li et al., 2018;
Morales et al., 2013) and, more recently, on a whole-community
scale (Donoso et al., 2020; Schleuning et al., 2015; Sorensen
et al., 2020).

In recent years, researchers have increasingly stated the need
to incorporate intraspecific variation, particularly behavioural
differences, in the study of seed dispersal patterns (Feldman
et al., 2019; Réale et al., 2007; Zwolak & Sih, 2020). Studies of in-
traspecific variation have shown that the behaviour of individuals
within populations often deviates consistently (i.e. over repeated
observations) from the population mean (Dall et al., 2004; Réale
et al., 2007; Wolf & Weissing, 2012). For instance, recent empir-
ical work has shown that individual variation in the behaviour of
deer mice strongly mattered for seed dispersal, where the bold-
ness of an individual explained whether it acted as seed predator
or as seed disperser (Brehm & Mortelliti, 2022). However, as-
sessing individual behaviour and its relation to seed dispersal is
challenging, and is mostly studied in animals that can be kept in
captivity for behavioural experiments, such as rodents (Zwolak &
Sih, 2020). An alternative approach to infer individual behaviour
is using spatially explicit movement data derived from GPS track-
ing to measure behavioural differences among individuals (Hertel
et al., 2017, 2020). The use of spatially explicit movement data has
been highlighted to improve our understanding of seed dispersal
patterns, as successful seed dispersal depends first, on the exact
movement of an individual and second, on the characteristics of
the habitat patch where seeds are deposited (Auffret et al., 2017,
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Schupp et al,, 2010). However, studies that use spatially explicit
movement data to investigate seed dispersal patterns remain
sparse (but see Kays et al., 2011; Oleksy et al., 2015; Piazzon
et al., 2012; Rodriguez-Pérez et al., 2012; Santamaria et al., 2007;
Todd et al., 2022).

Here we analysed movement data of spotted nutcrackers
(Nucifraga caryocatactes) in the Swiss Alps to quantify individual vari-
ation in seed dispersal behaviour and its potential effects on plant
regeneration. Spotted nutcrackers are scatter-hoarding corvids
known for their mutualistic relationship with the Swiss stone pine
(Pinus cembra), a keystone tree species growing at the tree line in the
European Alps and the Carpathian Mountains. Nutcrackers harvest
pine seeds in late summer and cache them underneath the soil sur-
face, thereby acting as the pine's primary seed disperser (Neuschulz
et al., 2015). They rely on the cached seeds as their main food source
throughout the year (Mattes, 1982). We used GPS tracking to record
seed dispersal movements of nutcrackers during the time when the
Swiss stone pine bears ripe seeds. First, we investigated whether
seed dispersal varies among individual nutcrackers over repeated
caching flights and whether nutcracker movements can be grouped
into distinct behaviours, in the following referred to as behavioural
types. Second, we tested whether the behavioural types are associ-
ated with specific traits of the birds, such as body mass, wing length
and sex. Finally, we investigated whether the seed deposition sites
frequented by the different behavioural types differ in environmen-

tal conditions crucial for pine regeneration.

2 | METHODS
2.1 | Study system and study site

The spotted nutcracker is an excellent study organism to investigate
individual seed dispersal patterns, as in the Swiss Alps, the bird forms
an exclusive mutualistic bond with one plant species, the Swiss stone
pine (Mattes, 1982). Each bird maintains a distinct harvesting site
where seeds are collected, as well as a distinct caching site where
seeds are transported to and then stored in numerous small caches
in the soil (Sorensen et al., 2022). Harvesting and caching sites can
be located more than eight kilometres apart (Sorensen et al., 2022).
Spotted nutcrackers are important seed predators, as they consume
about 80% of the seeds they cache (Mattes, 1982). At the same time,
nutcrackers are the principal seed dispersers for Swiss stone pine.
The bird species is the only animal that is able to open the cones
and extract the intact seeds so that seed caches forgotten by the
bird can germinate and establish into pine trees (Mattes, 1982). Our
study was located near Davos, in Grisons, Switzerland. In this region,
Swiss stone pine occurs sparsely but can be regionally dominant,
typically forming the tree line, while lower elevations are dominated
by spruce (Picea abies) and larch (Larix decidua). Nutcrackers are nat-
urally common in the area, with abundances highest in proximity to

stands of Swiss stone pine.
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2.2 | Data collection

We collected data of 39 GPS-tagged adult spotted nutcrackers dur-
ing the years 2017, 2018, 2021 and 2022. Data collected in 2017
and 2018 have already been published in a study by Sorensen
et al. (2020). Each year, we captured nutcrackers in August using
mist nets without the use of playback or decoys. We erected three
to four nets, each measuring 13 by 3m, in the two valleys Fliela
(46°48'00"N 9°54’17"E) and Sertig (46°44'08”N 9°51'03”E) in
the centre of large pine forests where nutcracker activity was high.
Captured nutcrackers were aged based on wing moult patterns,
allowing us to distinguish between birds hatched in the year of
capture (juveniles), and birds in their second year or older (adults)
(Jenni, 1983). We used only adult birds for the analysis since we
aimed to investigate matured seed dispersal behaviour. Of the 39
captured adults, we excluded eight individuals with less than 6 days
of data, as we considered their data insufficient for a behavioural
analysis. The remaining 31 birds consisted of 19 males and 12 fe-
males. Birds were tracked during August and September when Swiss
stone pine is in fruit. We measured the birds' body mass, wing length
and tarsus length. Sex was later determined based on DNA from
collected feather samples, using primers commonly applied for the
molecular sexing of birds (Fridolfsson & Ellegren, 1999). We fitted
6.6g GPS trackers (Lotek PinPoint VHF-120) to the birds using a
backpack harness (Rappole & Tipton, 1991). All tagged nutcrackers
were >175g, ensuring that the backpacks had a maximum of 3.8%
body mass. The tags were pre-programmed to collect at least one
GPS location (‘fix’) every hour from 10 AM to 4 PM local time, as nut-
cracker activity is highest during these hours (Sorensen et al., 2022).
The collected data was stored on the tag and later downloaded re-
motely using very high frequency (VHF) receivers and antennas. Of
the 31 individuals included in the analysis, 28 were tracked during
a single season (18 males and 10 females), while three individuals
were tracked during two consecutive seasons (one male and two
females), due to the use of advanced solar-powered GPS tracking
technology. Movement data of 13 nutcracker individuals collected
in 2017 and 2018 have already contributed to a different analysis
published by Sorensen et al. (2022). Ringing permits were issued by
the Swiss Federal Office for the Environment (FOEN) and the Swiss
Ornithological Institute. The ‘Amt fiir Lebensmittelsicherheit und
Tiergesundheit Graubtinden’ granted the ethical approval for animal
experimentation and issued the licences GR/11E/2022, GR11/2021,
2018_16F, 2015_17.

2.3 | Replication statement
Number of replicates
Scale of Scale at which the factor at the appropriate
inference of interest is applied scale
Species Individual 31 tracked individuals

2.4 | Movement analyses: Hourly
displacements and locations of caching sites

For every bird, we extracted two main measures from the GPS data:
(i) hourly displacement and (ii) area and location of caching- and har-
vesting sites. We obtained the birds' hourly displacement by calcu-
lating the geodesic distance between each pair of GPS points that
were taken 1h apart. To identify seed harvesting and -caching sites,
we followed a procedure implemented by Sorensen et al. (2022):
We identified highly frequented sites for each bird using recursion
analyses (Bracis et al., 2018), and then classified them as either har-
vesting or caching site (Sorensen et al., 2022, see Figure 1b,c for
examples, and Table S1 in Supporting Information for additional de-
tails). For 19 birds, this resulted in two frequently visited sites: one
harvesting- and one caching site. The sites were classified as either
harvesting or caching site based on behavioural observations in the
field, following the method implemented by Sorensen et al. (2022).
In this earlier study, we verified that the observed movements rep-
resent actual seed dispersal flights using field observations at seed
harvesting and seed caching sites (Sorensen et al., 2022). For 11 in-
dividuals, movement distances were so short that it was impossible
to distinguish two sites. In these cases, a single site was identified for
each bird and was considered to serve as both harvesting and cach-
ing site. In the case of one bird, three different locations were visited
frequently, hence we identified three sites: two harvesting- and one

caching site (see Table S1).

2.5 | Clustering into behavioural types

We used a Bayesian hierarchical Gaussian mixture model to clus-
ter the birds into behavioural types based on their hourly displace-
ments. We suspected two behavioural types a priori after a visual
inspection of the data, which seemed to be divided into birds
that fly short distances and birds that regularly fly long distances
(Figure 1a, Figure S6). We therefore assumed our observed data,
that is the hourly displacements, to be the result of two differ-
ent normal distributions with distinct mean and variance, which
we called clusters. The model estimated mean and variance for
both clusters and assigned each bird to either cluster. The vec-
tor z served as an indicator variable that denoted which of the
two clusters a bird's set of data points y; was assigned to (i=1,
..., N; where N is the number of individuals). Assuming two clus-
ters, each z; could either be 1 or 2, which we modelled by using a
multinomial distribution with k=2 clusters. We also assumed two
separate probabilities p, and p, (one for each cluster), which repre-
sent the probabilities of a bird belonging to either cluster. The two
clusters were mutually exclusive, hence p;=1-p,. Each observa-
tion y; comprised all hourly displacements of individual i, allowing
the model to assess a bird's entire dataset for the clustering. Each

observation was generated as follows:
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FIGURE 1 Daytime movement patterns of GPS-tagged seed-dispersing spotted nutcrackers. (a) Density of hourly displacement (geodesic
distance calculated between hourly GPS locations) on a natural logarithmic scale, with one density curve per individual. Individuals on the
y-axis are ordered by mean hourly displacement. Blue colour represents individuals classified as short-distance seed dispersers, and yellow
colour represents long-distance seed dispersers. Asterisks (*) highlight birds with data pooled from two consecutive seasons. Maps show
movement data of (b) a long-distance seed disperser and (c) a short-distance seed disperser with recorded GPS locations (points) connected
in chronological order (lines). Green polygons show frequently revisited sites identified through recursion analyses.

Vi) ~ Normal (g, 6%y )
. ~ Normal (0, 1010)

aZk ~ Scaled inverse gamma (s, d.f.)

z; ~ Multinomial (p, )

py ~ Dirichlet ()

where Vil is the jth observation of individual i, modelled from a

normal distribution with mean x, and variance azk. We used an

uninformative normal prior for mean g, and a weakly informative
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scaled inverse gamma prior with scale s=SD (y) and two degrees
of freedom (d.f.=2) for the variance ozk. For the indicator vari-
able z, we used a multinomial prior distribution with probability
p,, which itself was drawn from a Dirichlet hyperprior distribu-
tion with a, =1, meaning that p, and p, were initially equal. In the
modelling process, the indicator z; was estimated along with each
cluster's mean and variance (yk, azk), as well as a bird's probability
of belonging to either cluster (p,, p,). The model ran three chains
for 21’000 iterations each, it was thinned by selecting every third
iteration to facilitate convergence, and the first 4’000 iterations
were discarded as burn-in. This resulted in each bird being catego-
rized a total of 17000 times. After accounting for autocorrelation
among the posterior samples, the effective sample size (N) was
16'998. Values of potential scale reduction factor indicated con-
vergence (all r-hat values <1.05). To assess the certainty of a bird
belonging to its assigned group, we calculated the proportion of
that bird's posterior samples of z; (n=16'998) falling into each of
the two clusters. For all individuals, this proportion was 16'998:0
(100%), indicating high model certainty (see Table S2 in Supporting
Information). We performed a posterior predictive check based on
a comparison of residual sums of squares of observed data ver-
sus simulated data. It resulted in a posterior p-value of 0.4986,
indicating good model fit (Gelman et al., 1996). The analyses were
performed using the package ‘jagsUl’ (v1.5.2; Kellner, 2015).

2.6 | Associations between behavioural types and
bird traits

We tested whether behavioural types differed in bird-specific
traits (i.e. body mass, relative wing length and sex). We fitted a
generalized linear model with a binomial error distribution using
behavioural type as a binary response variable and body mass, rela-
tive wing length and sex as explanatory variables. Relative wing
length was calculated by dividing wing length by tarsus length.
Relative wing length and body mass were scaled and zero-centred to
improve comparability. A correlation test revealed no correlation
between relative wing length and body mass (Pearson's r<0.1). We
fitted a full model with all possible combinations of two-way inter-
action effects between body mass, relative wing length and sex. We
then conducted model selection with all possible combinations of
fixed effects using the dredge() function of the ‘MuMIN’ package
(v1.47.5; Barton, 2023). This led to the removal of all interaction

effects.

2.7 | Associations between behavioural types and
caching site conditions

We further tested whether seed caching sites of the two behav-
ioural types differed in environmental conditions (i.e. overall forest
cover, pine forest cover and elevation). For this, we calculated the
area overlap of each bird's caching site with (i) overall forest cover

(i.e. mainly spruce, larch and/or pine forest) and (ii) Swiss stone pine
forest cover only, using vector layers provided by local authorities
(‘Amt fir Wald und Naturgefahren Graublinden’). Additionally, we
determined the elevation above sea level for each caching site by
calculating the mean elevation of all GPS datapoints within the site.
We then performed three separate one-way ANOVAs with overall
forest cover, pine forest cover and elevation as the respective re-
sponse variables, each with behavioural type as the only explanatory
variable. All statistical analyses were performed using R software
(v4.2.3; R Core Team, 2022).

3 | RESULTS
3.1 | Behavioural types

Nutcrackers showed pronounced variation in movement behav-
iour. The Bayesian mixture model divided the 31 birds into long-
distance seed dispersers (Figure 1b, yellow densities in Figure 1a
[n=19]), and short-distance seed dispersers (Figure 1c, blue densi-
ties in Figure 1a [n=12]; see Table S3 for a model summary). The
behaviour of long-distance seed dispersers was characterized by
long hourly displacement, that is frequent flights over long dis-
tances. This group's mean hourly displacement was 1834 m, with
the bird with the shortest flights moving a mean distance of 860 m
every hour, and the bird with the longest flights a mean distance
of 4004 m every hour. Further, long-distance seed dispersers
showed high variation in mean hourly displacement with an aver-
age standard deviation of 1720 m. In contrast, the movement be-
haviour of short-distance seed dispersers was characterized by a
high occurrence of short hourly displacements, with flights further
than 1000 m being exceptions (<4% of cases). The mean hourly
displacement of this group was 179 m, with the shortest flier mov-
ing at an average of 45m, and the longest flier at an average of
381 m every hour. The birds in this group showed low variation
in their hourly displacement with an average standard deviation
of 272m.

3.2 | Bird traits associated with behavioural types

We found no significant associations between behavioural types
and bird traits (Figure 2). The generalized linear model revealed no
significant effect of body mass (z=1.012, p=0.312), relative wing
length (z=1.157, p=0.247) and sex (z=-1.020, p=0.308) on behav-
ioural types.

3.3 | Environmental conditions at seed
caching sites

Caching sites of short- and long-distance seed dispersers did not
differ significantly in their percentage of overall forest cover, which
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was high for both groups (F, 5,=0.705, p=0.41, Figure 3a). However, 4 | DISCUSSION

caching sites of long-distance seed dispersers had significantly lower

Swiss stone pine cover (FL30=14.6, p<0.001) and were located at The movement behaviour of seed-dispersing nutcrackers was char-

lower elevations (F1130=15.59,p<0.001) than caching sites of short- acterized by pronounced variation between individuals. This vari-

distance seed dispersers (Figure 3b,c). ation was non-random but instead allowed for a separation of the

birds into two behavioural types, that is short-distance and long-
distance seed dispersers. The behavioural types were not signifi-

cantly associated with the individuals' body mass, wing length, or

| sex. Importantly, short-distance seed dispersers deposited seeds
! predominantly in Swiss stone pine habitat at high elevations, while
Body mass e U long-distance seed dispersers deposited seeds outside of Swiss
stone pine habitat at lower elevations. The individual variation in

seed dispersal movements therefore has implications for both birds

-

_S ) and pines: Both behavioural types entail contrasting costs and ben-

% win?leelitg;ﬁ- * efits for the seed-dispersing nutcrackers, and they also affect the
3

We show that the two behavioural types, and thus, seed dis-

persal strategies found in this study lead to differences in the es-

SexM * tablishment potential of Swiss stone pine seedlings. Long-distance

seed dispersers deposited seeds in habitats with no adult pine trees,

1
1
1
1
1
1
1 regeneration potential of Swiss stone pine.
1
1
1
1
1
1

indicating conditions unfavourable for pine regeneration (Figure 4).

-2 0 2 Previous studies on Swiss stone pine have indeed shown that the
Estimate pine seedling establishment and survival increase with elevation

and with increasing canopy openness (Neuschulz et al., 2015, 2018).
FIGURE 2 Effects of bird-specific traits on the probability of

exhibiting long-distance seed dispersal. Estimates are shown as
dark green diamonds together with their respective confidence

This is likely the result of competition with other tree species, mainly

Norway spruce (Picea abies, Appiah Mensah et al., 2021; Ulber

intervals (thick whisker: 75% Cl, thin whisker: 95% ClI). Overlap et al,, 2004) that dominates at the lower elevational range edge of
of 95% CI with the dotted line (zero-line) indicates no significant Swiss stone pine. Hence, seeds transported by short-distance dis-
effect for all estimates. persers should have a better chance of successful establishment than
(a) (b) (c)
1001 100
[ . —8 — —
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FIGURE 3 Environmental conditions at caching sites for short- and long-distance seed dispersers. (a) Percentage of overall forest cover,
(b) percentage of Swiss stone pine forest cover and (c) mean elevation a.s.l. at caching site. Box margins indicate the 25% and 75% quartiles,
the black line represents the median. Whiskers extend from the box margins to the furthest value still within 1.5 x the interquartile range,
grey dots represent data points, with one dot per individual caching site.
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FIGURE 4 Map of the study area in Grisons, Switzerland. Individual seed caching sites of 31 spotted nutcrackers. Blue colour represents
individuals classified as short-distance seed dispersers, and yellow colour represents long-distance seed dispersers. Black lines show
nutcracker movements. Bright green areas represent forests dominated by Swiss stone pine (>50%), and dark green areas represent non-
pine forests (mainly Norway spruce [Picea abies] and larch [Larix decidual).

seeds deposited by long-distance seed dispersers in dense spruce
forest at low elevations. Finally, the recruitment of Swiss stone pine
seems to be constrained by a trade-off between dispersal distance
and the probability of seedling establishment. However, estimating
the extent to which short-distance seed dispersal is more beneficial
for Swiss stone pine regeneration remains challenging, as it hinges

on additional factors like the microhabitat conditions at the seed
caching site (e.g. above- and below-ground, Tomback, 1978), the de-
gree of secondary dispersal and seed predation by birds and rodents
at the caching location (Vander Wall et al., 2005; Zong et al., 2010),
as well as the probability of seedlings to mature into adult trees
(Loehle, 1988). Nevertheless, our results provide first evidence that
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the individual behaviour of seed-dispersing nutcrackers has strong
implications for population dynamics of Swiss stone pine. Similar
patterns have been shown by Clark's nutcrackers (Nucifraga colum-
biana) that disperse seeds of whitebark pine (Pinus albicaulis). For
these birds, long-distance flights of up to 22 kilometres have long
been described (Vander Wall & Balda, 1977), and consequent stud-
ies found that many seeds were dispersed to lower elevations with
a reduced reproductive potential for the plant (Lorenz et al., 2011;
Tomback, 1978). Future studies should investigate pine seedling
establishment and tree growth at known caching sites of both be-
havioural types to quantify the consequences of different seed dis-
persal strategies for pine regeneration.

The two seed dispersal strategies were not associated with dif-
ferences in bird body mass or relative wing length, which is contrary
to what has been found in previous studies of animal seed dispers-
ers (Larsen & Burns, 2012; Todd et al., 2022; Wotton & Kelly, 2012).
Thus, our results suggest that nutcrackers are not primarily limited
by morphology for their seed dispersal behaviour and that the de-
cision to pursue either behavioural strategy must be more strongly
influenced by other factors. We also found no evidence for sex-
specific differences driving seed dispersal strategies, although be-
havioural differences between males and females are widespread
across animal taxa including birds (Kelley, 1988), mostly influencing
mate choice and reproduction (Schlinger & Chiver, 2021). The lack
of association between seed dispersal behaviour and sex indicates
that seed caching behaviour is not primarily driven by bird-specific
traits. Further, it could indicate that both males and females contrib-
ute equally to the rearing of offspring and hence, deposit seeds in a
similar way.

Interestingly, the three individuals that were tracked over two
consecutive summers maintained their unique caching locations and
followed the same behavioural type during both seasons. This is the
first indication that seed caching sites are used every year by the
same individuals, and that individual seed dispersal strategies are
consistent, repeated behaviours in adult nutcrackers. Although more
data across individuals and years is needed to further investigate
the consistency of individual behavioural types, it indicates that indi-
vidual behaviours in seed dispersal may be inherent to specific nut-
crackers. In the long term, these inherent seed dispersal behaviours
could have important implications for the potential of the pine to lo-
cally adapt to changing environmental conditions. Previous work has
shown that variation in individual behaviours exists across various
taxa (Bolnick et al., 2003; Pefna-Villalobos et al., 2020; Stearns, 1989)
and entails consequences for individuals, populations and ecosys-
tems (Shaw, 2020). Our study further underlines that behavioural
types may have stronger implications for ecosystem functions
than morphological traits, such as body mass, that usually are used
to infer ecosystem functions (e.g. Donoso et al., 2020; Schleuning
etal., 2020). We conclude that acknowledging behavioural types can
improve our understanding of ecosystem functioning across various
taxa and ecosystems.

For an individual, the limited availability of energy in ecosystems
forces animals across taxa to allocate their resources optimally to
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maximize their fitness (Boggs, 1992). This allocation often leads to
trade-offs between different behaviours, where an investment in one
behaviour may lead to a decrease in another behaviour. For scatter-
hoarding animals, for instance, an optimum food-hoarding strategy
should ideally maximize the amount of cached food resources, while
minimizing the energy spent during food collection and storage.
However, competition, predation risk, or the quality of foraging sites
can constrain the foraging activity of animals (Laundré et al., 2001;
Pays et al., 2012; Weterings et al., 2018). In our study system, short-
distance seed dispersers spent a significant portion of the harvest-
ing season in a small area of pine forest, where they harvested and
cached seeds. They dispersed seeds over short distances and spent
relatively little energy and time on seed dispersal flights. This likely
allowed them to harvest and cache a high number of seeds in a short
amount of time. However, their caching locations were located in
high-elevation pine forests (around 2050ma.s.l.), where snow cover
lasts roughly from early October to late May. Thus, nutcrackers cach-
ing at these sites will have high energetic costs during winter time,
as they need to dig through the thick snow cover to retrieve seeds
(Mattes, 1982). In contrast, nutcrackers that dispersed seeds over long
distances spentin comparison more energy during the seed harvesting
time by moving seeds to their far away caching sites, mostly located
in dense spruce forests and at lower elevations (around 1850ma.s.l.).
This energetic investment may, however, pay off during winter, as
less snow accumulates in dense forest and at low elevations, facilitat-
ing the retrieval of cached seeds. In addition, previous studies have
shown that seeds deposited in dense forest at low elevations are less
likely to germinate and remain preserved and edible for a longer time
(Neuschulz et al., 2015, 2018). Based on these results, we consider a
trade-off between caching site quality and energy expenditure to be
the main driver of the two behaviours. It remains unclear which of the
two strategies is more beneficial for the birds and what the underlying
drivers are that lead to these types, as the exact mechanisms shap-
ing this dynamic are still unknown. Currently, both strategies entail
costs as well as benefits for the birds, and both seem to be effective
in providing them with a sufficient food supply throughout the year.
Likely, the two behaviours are linked to each individuals' home range.
If so, birds that occupy a home range in the pine forest would perform
short-distance flights to harvest and cache pine seeds, whereas birds
with a home range outside of the pine forest would need to undergo
long-distance flights. Unfortunately, as we yet lack year-round data of
nutcracker movements, we cannot infer year-round home ranges for
spotted nutcrackers. However, previous studies on Clark's nutcracker
have shown that the birds cached seeds near the centroids of their
home ranges, thus making the geographic location of a home range a
good predictor of seed dispersal distance (Lorenz et al., 2011; Lorenz
& Sullivan, 2009).

5 | CONCLUSIONS

Using movement data of individual nutcrackers, we show how in-

traspecific variation in seed dispersers can alter the outcome of a
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seed dispersal process and have potentially far-reaching conse-
quences for both the plant and its animal disperser. The relation-
ship between the two species is shaped by different trade-offs that
could conceivably be thrown off-balance as temperatures continue
to rise and environmental conditions change. In the future, climate
change may gradually alter the profitability of the two behavioural
types, with consequences for the dispersed pine seeds. There is
concern about the pine's capacity to cope with rapidly changing
climatic conditions due to its low genetic diversity, small and frag-
mented populations and slow life history (Brodbeck & Gugerli, 2010;
Dauphin et al., 2021; Gugerli et al., 2009; Ulber et al., 2004). In the
European Alps, rising temperatures over the last decades have de-
creased the duration and thickness of snow cover during winter
(Gobiet et al., 2014; Klein et al., 2016). As Alpine winters become
less severe, the retrieval of cached pine seeds might be facilitated
for short-distance seed dispersers. Freed from the disadvantage
of costly seed retrieval during winter, the short-distance strategy
might become advantageous. This could lead to a potential shift to-
wards more short-distance seed dispersal behaviour in the future.
Consequently, more seeds would be deposited in suitable habitats
at high elevations, making dispersal events beyond the tree line
more likely. This could potentially aid the Swiss stone pine in shift-
ing its range to higher elevations, and thereby enable it to better
track its climatic niche. Although speculative, this example illustrates
how changing climatic conditions may alter seed dispersal patterns
in the future. This may not only apply to scatter-hoarders that ac-
tively deposit seeds at certain sites but also to other seed dispersal
systems where the movements of seed dispersers are affected by
changing environmental conditions (Auffret et al., 2017; Schleuning
etal., 2020).

So far, only few empirical studies have focused on how climate
change may alter the individual behaviours of moving animals (but see
Aikens et al., 2020; Hill et al., 2021) and further studies are needed.
Our results highlight the importance of considering individual varia-
tion in seed dispersers to better understand seed dispersal processes
and how they are influenced by future climatic conditions. Our study
also reveals important findings that go beyond the system of seed-
dispersing animals. Moving animals are a central component of many
ecosystem functions, such as pollination, pest control, or nutrient
deposition (Bauer & Hoye, 2014; Runge et al., 2014). Our findings
support the notion that individual variation in animal movement be-
haviours may have major implications for the outcome of diverse eco-
system functions. Surprisingly, only very few studies have so far linked
individual behaviours to ecosystem functions and services (Laskowski
et al, 2022, but see Frglich et al., 2022; Hunter et al., 2022), al-
though recently this has been done for nutrient deposition by reef
fish (Allgeier et al., 2020). In particular, under changing environmental
conditions, individual behaviours may help to maintain certain ecosys-
tem functions that are otherwise at risk. Future studies should there-
fore focus on individual variation to better understand how individual

behaviours may shape ecosystems in the future.

AUTHOR CONTRIBUTIONS

VG and ELN designed the study, collected and analysed the data
and led the writing of the manuscript. MCS aided in data collection.
TM, AGH and JA contributed to data analyses and interpretation of
the results. All authors contributed critically to the drafts and gave
final approval for publication. Our research unites authors from dif-
ferent countries, including scientists located in the country where
the study was conducted. Local stakeholders were kept up to date
through a regular newsletter written in local language with a non-
scientific audience in mind. When applicable, we cited literature
from scientists in the region, and we made efforts to consider rel-
evant work published in the local language.

ACKNOWLEDGEMENTS

We are grateful to the Swiss Federal Office for the Environment
(FOEN) and the Swiss Ornithological Institute for issuing the ring-
ing permits. The ‘Amt fur Lebensmittelsicherheit und Tiergesundheit
Graubiinden’ granted the animal experimentation licences
GR/11E/2022, GR11/2021, 2018_16F, 2015_17. In addition, we
thank the ‘Amt fir Wald und Naturgefahren Graubinden’ for
kindly providing forest cover census data and maps. Finally, we
thank our numerous field assistants who aided in the data collec-
tion, the SHIMA Davos (in particular Ruth Altermatt and Cornelia
Wiedmer) for the extensive support, and Paul Mosimann for his
expertise with bird ageing. M.C.S. acknowledges funding by the
Alexander von Humboldt Foundation and the Natural Sciences and
Engineering Research Council of Canada, T.M. acknowledges fund-
ing by the Robert Bosch Foundation, E.L.N. acknowledges funding
by the German Research Foundation (DFG; NE 1863/2-1, 1863/2-2).
A.G.H. was funded by the German Research Foundation (DFG; HE
8857/1-1). Open Access funding enabled and organized by Projekt
DEAL.

CONFLICT OF INTEREST STATEMENT
All authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The datasets generated and analysed during the current study are
available in the Movebank Data Repository, https://doi.org/10.
5441/001/1.324 (Graf et al., 2024).

ORCID
Valentin Graf
Thomas Miiller

https://orcid.org/0009-0009-1112-0220
https://orcid.org/0000-0001-9305-7716
Martin U. Griiebler "= https://orcid.org/0000-0003-4468-8292
Urs G. Kormann "= https://orcid.org/0000-0001-9875-4836
Jorg Albrecht = https://orcid.org/0000-0002-9708-9413
Anne G. Hertel "= https://orcid.org/0000-0001-7952-8243
Marjorie C. Sorensen "2 https://orcid.org/0000-0002-5556-0502
Matthias Tschumi "= https://orcid.org/0000-0002-7991-7780

Eike Lena Neuschulz "= https://orcid.org/0000-0001-7526-2580

85U8017 SUOWWOD SAIERID 3(dedl|dde auy Ag peusenob a2 ssjolie VO ‘8sn J0 S8l J0) ARld) T 8Ul|UQ AB|IA UO (SUOIPUOD-PUR-SLLIBI WD A8 | 1M ARed 18Ul [Uo//:Sdy) SUOTIPUOD pue swis | 8U) 89S *[6202/20/2T] Uo Akiqiauljuo A8|im BuempBo A ayssiiezemyds Aq 9555T SErZ-GIET/TTTT 0T/10p/woo A 1M Arigijeuluo's unokagy/sdny woj pepeoiumod ‘S '¥20z ‘SEvZSeT


https://doi.org/10.5441/001/1.324
https://doi.org/10.5441/001/1.324
https://orcid.org/0009-0009-1112-0220
https://orcid.org/0009-0009-1112-0220
https://orcid.org/0000-0001-9305-7716
https://orcid.org/0000-0001-9305-7716
https://orcid.org/0000-0003-4468-8292
https://orcid.org/0000-0003-4468-8292
https://orcid.org/0000-0001-9875-4836
https://orcid.org/0000-0001-9875-4836
https://orcid.org/0000-0002-9708-9413
https://orcid.org/0000-0002-9708-9413
https://orcid.org/0000-0001-7952-8243
https://orcid.org/0000-0001-7952-8243
https://orcid.org/0000-0002-5556-0502
https://orcid.org/0000-0002-5556-0502
https://orcid.org/0000-0002-7991-7780
https://orcid.org/0000-0002-7991-7780
https://orcid.org/0000-0001-7526-2580
https://orcid.org/0000-0001-7526-2580

GRAF ET AL.

REFERENCES

Aikens, E. O., Monteith, K. L., Merkle, J. A., Dwinnell, S. P. H., Fralick, G.
L., & Kauffman, M. J. (2020). Drought reshuffles plant phenology
and reduces the foraging benefit of green-wave surfing for a migra-
tory ungulate. Global Change Biology, 26(8), 4215-4225. https://doi.
org/10.1111/gcb.15169

Allgeier, J. E., Cline, T. J., Walsworth, T. E., Wathen, G., Layman, C. A., &
Schindler, D. E. (2020). Individual behavior drives ecosystem func-
tion and the impacts of harvest. Science Advances, 6, eaax8329.
https://doi.org/10.1126/sciadv.aax8329

Appiah Mensah, A., Holmstrém, E., Petersson, H., Nystrom, K., Mason,
E. G., & Nilsson, U. (2021). The millennium shift: Investigating the
relationship between environment and growth trends of Norway
spruce and Scots pine in northern Europe. Forest Ecology and
Management, 481, 118727. https://doi.org/10.1016/j.foreco.2020.
118727

Auffret, A. G., Rico, Y., Bullock, J. M., Hooftman, D. A. P., Pakeman,
R. J., Soons, M. B., Suarez-Esteban, A., Traveset, A., Wagner, H.
H., & Cousins, S. A. O. (2017). Plant functional connectivity—
Integrating landscape structure and effective dispersal. Journal of
Ecology, 105(6), 1648-1656. https://doi.org/10.1111/1365-2745.
12742

Bartén, K. (2023). MuMIn: Multi-Model Inference (1.47.5).

Bauer, S., & Hoye, B. J. (2014). Migratory animals couple biodiversity and
ecosystem functioning worldwide. Science, 344, 1242552. https://
doi.org/10.1126/science.1242552

Boggs, C. L. (1992). Resource allocation: Exploring connections between
foraging and life history. Functional Ecology, 6(5), 508. https://doi.
org/10.2307/2390047

Bohning-Gaese, K., Caprano, T., Van Ewijk, K., & Veith, M. (2006). Range
size: Disentangling current traits and phylogenetic and biogeo-
graphic factors. The American Naturalist, 167(4), 555-567. https://
doi.org/10.1086/501078

Bolnick, D. I., Svanback, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey,
C. D., & Forister, M. L. (2003). The ecology of individuals: Incidence
and implications of individual specialization. The American
Naturalist, 161(1), 1-28. https://doi.org/10.1086/343878

Bracis, C., Bildstein, K. L., & Mueller, T. (2018). Revisitation analysis
uncovers spatio-temporal patterns in animal movement data.
Ecography, 41(11), 1801-1811. https://doi.org/10.1111/ecog.
03618

Brehm, A. M., & Mortelliti, A. (2022). Small mammal personalities
generate context dependence in the seed dispersal mutualism.
Proceedings of the National Academy of Sciences of the United States
of America, 119(15), e2113870119. https://doi.org/10.1073/pnas.
2113870119

Brodbeck, S., & Gugerli, F. (2010). Die Arve—K®onigin der Alpen. Eine
faszinierende Wegbegleiterin. Die Alpen, 6, 32-37.

Dall, S. R. X., Houston, A. I., & McNamara, J. M. (2004). The behavioural
ecology of personality: Consistent individual differences from an
adaptive perspective. Ecology Letters, 7(8), 734-739. https://doi.
org/10.1111/j.1461-0248.2004.00618.x

Dauphin, B., Rellstab, C., Schmid, M., Zoller, S., Karger, D. N., Brodbeck,
S., Guillaume, F., & Gugerli, F. (2021). Genomic vulnerability to
rapid climate warming in a tree species with a long generation time.
Global Change Biology, 27(6), 1181-1195. https://doi.org/10.1111/
gch.15469

Donoso, I., Sorensen, M. C., Blendinger, P. G., Kissling, W. D., Neuschulz,
E. L., Mueller, T., & Schleuning, M. (2020). Downsizing of animal
communities triggers stronger functional than structural decay
in seed-dispersal networks. Nature Communications, 11(1), 1582.
https://doi.org/10.1038/s41467-020-15438-y

Fandos, G., Talluto, M., Fiedler, W., Robinson, R. A., Thorup, K., & Zurell,
D. (2023). Standardised empirical dispersal kernels emphasise the
pervasiveness of long-distance dispersal in European birds. Journal

Functional Ecology BB &oloen ton

of Animal Ecology, 92(1), 158-170. https://doi.org/10.1111/1365-
2656.13838

Feldman, M., Ferrandiz-Rovira, M., Espelta, J. M., & Mufioz, A. (2019).
Evidence of high individual variability in seed management by
scatter-hoarding rodents: Does ‘personality’ matter? Animal
Behaviour, 150, 167-174. https://doi.org/10.1016/j.anbehav.2019.
02.009

Fridolfsson, A.-K., & Ellegren, H. (1999). A simple and universal method
for molecular sexing of non-ratite birds. Journal of Avian Biology,
30(1), 116. https://doi.org/10.2307/3677252

Frglich, E. F., Thygesen, U. H., & Andersen, K. H. (2022). Scaling from
optimal behavior to population dynamics and ecosystem function.
Ecological Complexity, 52, 101027. https://doi.org/10.1016/j.eco-
com.2022.101027

Gelman, A., Meng, X.-L., & Stern, H. (1996). Posterior predictive assess-
ment of model fitness via realized discrepancies. Statistica Sinica,
6(4), 733-760. http://www.jstor.org/stable/24306036

Gobiet, A., Kotlarski, S., Beniston, M., Heinrich, G., Rajczak, J., & Stoffel,
M. (2014). 21st century climate change in the European Alps—A re-
view. Science of the Total Environment, 493, 1138-1151. https://doi.
org/10.1016/j.scitotenv.2013.07.050

Gonzalez-Castro, A., Moran-Lépez, T., Nogales, M., & Traveset, A.
(2022). Changes in the structure of seed dispersal networks
when including interaction outcomes from both plant and animal
perspectives. Oikos, 2022(2), e08315. https://doi.org/10.1111/
0ik.08315

Graf, V., Sorensen, M. C., Mueller, T., & Neuschulz, E. L. (2024). Data from:
Study “Movement patterns of seed dispersing spotted nutcrackers
(Nucifraga caryocatactes)”. Movebank Data Repository. https://doi.
org/10.5441/001/1.324

Gugerli, F., Riegg, M., & Vendramin, G. G. (2009). Gradual decline in ge-
netic diversity in Swiss stone pine populations (Pinus cembra) across
Switzerland suggests postglacial re-colonization into the Alps from
a common eastern glacial refugium. Botanica Helvetica, 119(1), 13-
22. https://doi.org/10.1007/s00035-009-0052-6

Hartfelder, J., Reynolds, C., Stanton, R. A., Sibiya, M., Monadjem, A.,
McCleery, R. A., & Fletcher, R. J. (2020). The allometry of move-
ment predicts the connectivity of communities. Proceedings of the
National Academy of Sciences of the United States of America, 117(36),
22274-22280. https://doi.org/10.1073/pnas.2001614117

Hertel, A. G., Niemel3, P. T., Dingemanse, N. J., & Mueller, T. (2020). A
guide for studying among-individual behavioral variation from
movement data in the wild. Movement Ecology, 8(1), 30. https://doi.
org/10.1186/s40462-020-00216-8

Hertel, A. G., Swenson, J. E., & Bischof, R. (2017). A case for consider-
ing individual variation in diel activity patterns. Behavioral Ecology,
28(6), 1524-1531. https://doi.org/10.1093/beheco/arx122

Hill, G. M., Kawahara, A. Y., Daniels, J. C., Bateman, C. C., & Scheffers,
B. R. (2021). Climate change effects on animal ecology: Butterflies
and moths as a case study. Biological Reviews, 96(5), 2113-2126.
https://doi.org/10.1111/brv.12746

Howe, H. F., & Smallwood, J. (1982). Ecology of seed dispersal. Annual
Review of Ecology and Systematics, 13(1), 201-228. https://doi.org/
10.1146/annurev.es.13.110182.001221

Hunter, M. L., Boone, S. R., Brehm, A. M., & Mortelliti, A. (2022).
Modulation of ecosystem services by animal personalities. Frontiers
in Ecology and the Environment, 20(1), 58-63. https://doi.org/10.
1002/fee.2418

Jenni, L. (1983). Zur Altersbestimmung des Tannenhihers Nucifraga
caryocatactes im Herbst. Ornithologischer Beobachter, 80, 136-137.

Jordano, P. (2014). Fruits and frugivory. In Seeds: The ecology of regen-
eration in plant communities (pp. 18-61). CABI. https://doi.org/10.
1079/9781780641836.0018

Jordano, P., Garcia, C., Godoy, J. A., & Garcia-Castafio, J. L. (2007).
Differential contribution of frugivores to complex seed dispersal

85U8017 SUOWWOD SAIERID 3(dedl|dde auy Ag peusenob a2 ssjolie VO ‘8sn J0 S8l J0) ARld) T 8Ul|UQ AB|IA UO (SUOIPUOD-PUR-SLLIBI WD A8 | 1M ARed 18Ul [Uo//:Sdy) SUOTIPUOD pue swis | 8U) 89S *[6202/20/2T] Uo Akiqiauljuo A8|im BuempBo A ayssiiezemyds Aq 9555T SErZ-GIET/TTTT 0T/10p/woo A 1M Arigijeuluo's unokagy/sdny woj pepeoiumod ‘S '¥20z ‘SEvZSeT


https://doi.org/10.1111/gcb.15169
https://doi.org/10.1111/gcb.15169
https://doi.org/10.1126/sciadv.aax8329
https://doi.org/10.1016/j.foreco.2020.118727
https://doi.org/10.1016/j.foreco.2020.118727
https://doi.org/10.1111/1365-2745.12742
https://doi.org/10.1111/1365-2745.12742
https://doi.org/10.1126/science.1242552
https://doi.org/10.1126/science.1242552
https://doi.org/10.2307/2390047
https://doi.org/10.2307/2390047
https://doi.org/10.1086/501078
https://doi.org/10.1086/501078
https://doi.org/10.1086/343878
https://doi.org/10.1111/ecog.03618
https://doi.org/10.1111/ecog.03618
https://doi.org/10.1073/pnas.2113870119
https://doi.org/10.1073/pnas.2113870119
https://doi.org/10.1111/j.1461-0248.2004.00618.x
https://doi.org/10.1111/j.1461-0248.2004.00618.x
https://doi.org/10.1111/gcb.15469
https://doi.org/10.1111/gcb.15469
https://doi.org/10.1038/s41467-020-15438-y
https://doi.org/10.1111/1365-2656.13838
https://doi.org/10.1111/1365-2656.13838
https://doi.org/10.1016/j.anbehav.2019.02.009
https://doi.org/10.1016/j.anbehav.2019.02.009
https://doi.org/10.2307/3677252
https://doi.org/10.1016/j.ecocom.2022.101027
https://doi.org/10.1016/j.ecocom.2022.101027
http://www.jstor.org/stable/24306036
https://doi.org/10.1016/j.scitotenv.2013.07.050
https://doi.org/10.1016/j.scitotenv.2013.07.050
https://doi.org/10.1111/oik.08315
https://doi.org/10.1111/oik.08315
https://doi.org/10.5441/001/1.324
https://doi.org/10.5441/001/1.324
https://doi.org/10.1007/s00035-009-0052-6
https://doi.org/10.1073/pnas.2001614117
https://doi.org/10.1186/s40462-020-00216-8
https://doi.org/10.1186/s40462-020-00216-8
https://doi.org/10.1093/beheco/arx122
https://doi.org/10.1111/brv.12746
https://doi.org/10.1146/annurev.es.13.110182.001221
https://doi.org/10.1146/annurev.es.13.110182.001221
https://doi.org/10.1002/fee.2418
https://doi.org/10.1002/fee.2418
https://doi.org/10.1079/9781780641836.0018
https://doi.org/10.1079/9781780641836.0018

GRAF ET AL.

1042
Functional Ecology E :#::Liﬁ?;m

patterns. Proceedings of the National Academy of Sciences of the
United States of America, 104(9), 3278-3282. https://doi.org/10.
1073/pnas.0606793104

Kays, R., Jansen, P. A., Knecht, E. M. H., Vohwinkel, R., & Wikelski, M.
(2011). The effect of feeding time on dispersal of Virola seeds by
toucans determined from GPS tracking and accelerometers. Acta
Oecologica, 37(6), 625-631. https://doi.org/10.1016/j.actao.2011.
06.007

Kelley, D. B. (1988). Sexually dimorphic behaviors. Annual Review of
Neuroscience, 11(1), 225-251. https://doi.org/10.1146/annurev.ne.
11.030188.001301

Kellner, K. (2015). jagsUl: A wrapper around rjags to streamline JAGS
analyses.

Klein, G., Vitasse, Y., Rixen, C., Marty, C., & Rebetez, M. (2016). Shorter
snow cover duration since 1970 in the Swiss Alps due to earlier
snowmelt more than to later snow onset. Climatic Change, 139(3-4),
637-649. https://doi.org/10.1007/s10584-016-1806-y

Larsen, H., & Burns, K. C. (2012). Seed dispersal effectiveness increases
with body size in New Zealand alpine scree weta (Deinacrida con-
nectens). Austral Ecology, 37(7), 800-806. https://doi.org/10.1111/j.
1442-9993.2011.02340.x

Laskowski, K. L., Chang, C.-C., Sheehy, K., & Aguifaga, J. (2022).
Consistent individual behavioral variation: What do we know
and where are we going? Annual Review of Ecology, Evolution, and
Systematics, 53(1), 161-182. https://doi.org/10.1146/annurev-
ecolsys-102220-011451

Laundré, J. W., Hernandez, L., & Altendorf, K. B. (2001). Wolves, elk,
and bison: Reestablishing the “landscape of fear” in Yellowstone
National Park, U.S.A. Canadian Journal of Zoology, 79(8), 1401-
14009. https://doi.org/10.1139/cjz-79-8-1401

Li, N., Bai, B., Li, X., An, S., & Lu, C. (2017). Dispersal of remnant endan-
gered trees in a fragmented and disturbed forest by frugivorous
birds. Journal of Plant Research, 130(4), 669-676. https://doi.org/10.
1007/s10265-017-0915-7

Li, N., Wang, Z., Li, X., & Li, Z. (2018). Bird functional traits affect seed
dispersal patterns of China's endangered trees across different dis-
turbed habitats. Avian Research, 9(1), 13. https://doi.org/10.1186/
s40657-018-0105-x

Loehle, C. (1988). Tree life history strategies: The role of defenses.
Canadian Journal of Forest Research, 18(2), 209-222. https://doi.
org/10.1139/x88-032

Lorenz, T. J., & Sullivan, K. A. (2009). Seasonal differences in space use
by Clark's nutcrackers in the Cascade Range. The Condor, 111(2),
326-340. https://doi.org/10.1525/cond.2009.080070

Lorenz, T. J., Sullivan, K. A., Bakian, A. V., & Aubry, C. A. (2011). Cache-
site selection in Clark's Nutcracker (Nucifraga columbiana). The Auk,
128(2), 237-247. https://doi.org/10.1525/auk.2011.10101

Mattes, H. (1982). Die Lebensgemeinschaft von Tannenhdher, Nucifraga
caryocatactes (L.) und Arve, Pinus cembra L., und ihre forstliche
Bedeutung in der oberen Gebirgswaldstufe (Vol. 241). Eidgendssische
Anstalt fur das forstliche Versuchswesen.

Morales, J. M., Garcia, D., Martinez, D., Rodriguez-Pérez, J., & Herrera,
J. M. (2013). Frugivore behavioural details matter for seed dis-
persal: A multi-species model for Cantabrian thrushes and trees.
PLoS One, 8(6), e65216. https://doi.org/10.1371/journal.pone.
0065216

Mueller, T., Lenz, J., Caprano, T., Fiedler, W., & Bohning-Gaese, K. (2014).
Large frugivorous birds facilitate functional connectivity of frag-
mented landscapes. Journal of Applied Ecology, 51(3), 684-692.
https://doi.org/10.1111/1365-2664.12247

Neuschulz, E. L., Merges, D., Bollmann, K., Gugerli, F., & Bohning-Gaese,
K. (2018). Biotic interactions and seed deposition rather than abi-
otic factors determine recruitment at elevational range limits of an
alpine tree. Journal of Ecology, 106(3), 948-959. https://doi.org/10.
1111/1365-2745.12818

Neuschulz, E. L., Mueller, T., Bollmann, K., Gugerli, F., & Bohning-Gaese,
K. (2015). Seed perishability determines the caching behaviour of a
food-hoarding bird. Journal of Animal Ecology, 84(1), 71-78. https://
doi.org/10.1111/1365-2656.12283

Nowak, L., Schleuning, M., Bender, |. M. A., Béhning-Gaese, K., Dehling,
D. M., Fritz, S. A, Kissling, W. D., Mueller, T., Neuschulz, E. L., Pigot,
A. L., Sorensen, M. C., & Donoso, |. (2022). Avian seed dispersal
may be insufficient for plants to track future temperature change
on tropical mountains. Global Ecology and Biogeography, 31(5), 848-
860. https://doi.org/10.1111/geb.13456

Oleksy, R., Racey, P. A, & Jones, G. (2015). High-resolution GPS tracking
reveals habitat selection and the potential for long-distance seed
dispersal by Madagascan flying foxes Pteropus rufus. Global Ecology
and Conservation, 3, 678-692. https://doi.org/10.1016/j.gecco.
2015.02.012

Pays, O., Blanchard, P., Valeix, M., Chamaillé-Jammes, S., Duncan, P.,
Périquet, S., Lombard, M., Ncube, G., Tarakini, T., Makuwe, E., &
Fritz, H. (2012). Detecting predators and locating competitors
while foraging: An experimental study of a medium-sized herbivore
in an African savanna. Oecologia, 169(2), 419-430. https://doi.org/
10.1007/s00442-011-2218-3

Pena-Villalobos, I., Casanova-Maldonado, I., Lois, P., Palma, V., & Sabat,
P. (2020). Costs of exploratory behavior: The energy trade-off hy-
pothesis and the allocation model tested under caloric restriction.
Scientific Reports, 10(1), 4156. https://doi.org/10.1038/s41598-
020-61102-2

Pérez-Méndez, N., Jordano, P., Garcia, C., & Valido, A. (2016). The signa-
tures of Anthropocene defaunation: Cascading effects of the seed
dispersal collapse. Scientific Reports, 6(1), 24820. https://doi.org/
10.1038/srep24820

Piazzon, M., Larrinaga, A. R., Rodriguez-Pérez, J., Latorre, L., Navarro, L.,
& Santamaria, L. (2012). Seed dispersal by lizards on a continental-
shelf Island: Predicting interspecific variation in seed rain based
on plant distribution and lizard movement patterns. Journal of
Biogeography, 39(11), 1984-1995. https://doi.org/10.1111/j.1365-
2699.2012.02718.x

R Core Team. (2022). R: A language and environment for statistical comput-
ing (4.2.3). R Foundation for Statistical Computing.

Rappole, J. H., & Tipton, A. R. (1991). New harness design for attach-
ment of radio transmitters to small passerines. Journal of Field
Ornithology, 62(3), 335-337.

Réale, D., Reader, S. M., Sol, D., McDougall, P. T., & Dingemanse, N. J.
(2007). Integrating animal temperament within ecology and evolu-
tion. Biological Reviews, 82(2), 291-318. https://doi.org/10.1111/j.
1469-185X.2007.00010.x

Rodriguez-Pérez, J., Larrinaga, A. R., & Santamaria, L. (2012). Effects
of frugivore preferences and habitat heterogeneity on seed rain:
A multi-scale analysis. PLoS One, 7(3), e33246. https://doi.org/10.
1371/journal.pone.0033246

Runge, C. A, Martin, T. G., Possingham, H. P., Willis, S. G., & Fuller, R.
A. (2014). Conserving mobile species. Frontiers in Ecology and the
Environment, 12(7), 395-402. https://doi.org/10.1890/130237

Russo, S. E., Portnoy, S., & Augspurger, C. K. (2006). Incorporating animal
behavior into seed dispersal models: Implications for seed shad-
ows. Ecology, 87(12), 3160-3174. https://doi.org/10.1890/0012-
9658(2006)87[3160:1ABISD]2.0.CO;2

Saavedra, F., Hensen, |., Beck, S. G., Bohning-Gaese, K., Lippok, D.,
Topfer, T., & Schleuning, M. (2014). Functional importance of avian
seed dispersers changes in response to human-induced forest
edges in tropical seed-dispersal networks. Oecologia, 176(3), 837-
848. https://doi.org/10.1007/s00442-014-3056-x

Santamaria, L., Rodriguez-Pérez, J., Larrinaga, A. R., & Pias, B. (2007).
Predicting spatial patterns of plant recruitment using animal-
displacement kernels. PLoS One, 2(10), e1008. https://doi.org/10.
1371/journal.pone.0001008

85U8017 SUOWWOD SAIERID 3(dedl|dde auy Ag peusenob a2 ssjolie VO ‘8sn J0 S8l J0) ARld) T 8Ul|UQ AB|IA UO (SUOIPUOD-PUR-SLLIBI WD A8 | 1M ARed 18Ul [Uo//:Sdy) SUOTIPUOD pue swis | 8U) 89S *[6202/20/2T] Uo Akiqiauljuo A8|im BuempBo A ayssiiezemyds Aq 9555T SErZ-GIET/TTTT 0T/10p/woo A 1M Arigijeuluo's unokagy/sdny woj pepeoiumod ‘S '¥20z ‘SEvZSeT


https://doi.org/10.1073/pnas.0606793104
https://doi.org/10.1073/pnas.0606793104
https://doi.org/10.1016/j.actao.2011.06.007
https://doi.org/10.1016/j.actao.2011.06.007
https://doi.org/10.1146/annurev.ne.11.030188.001301
https://doi.org/10.1146/annurev.ne.11.030188.001301
https://doi.org/10.1007/s10584-016-1806-y
https://doi.org/10.1111/j.1442-9993.2011.02340.x
https://doi.org/10.1111/j.1442-9993.2011.02340.x
https://doi.org/10.1146/annurev-ecolsys-102220-011451
https://doi.org/10.1146/annurev-ecolsys-102220-011451
https://doi.org/10.1139/cjz-79-8-1401
https://doi.org/10.1007/s10265-017-0915-7
https://doi.org/10.1007/s10265-017-0915-7
https://doi.org/10.1186/s40657-018-0105-x
https://doi.org/10.1186/s40657-018-0105-x
https://doi.org/10.1139/x88-032
https://doi.org/10.1139/x88-032
https://doi.org/10.1525/cond.2009.080070
https://doi.org/10.1525/auk.2011.10101
https://doi.org/10.1371/journal.pone.0065216
https://doi.org/10.1371/journal.pone.0065216
https://doi.org/10.1111/1365-2664.12247
https://doi.org/10.1111/1365-2745.12818
https://doi.org/10.1111/1365-2745.12818
https://doi.org/10.1111/1365-2656.12283
https://doi.org/10.1111/1365-2656.12283
https://doi.org/10.1111/geb.13456
https://doi.org/10.1016/j.gecco.2015.02.012
https://doi.org/10.1016/j.gecco.2015.02.012
https://doi.org/10.1007/s00442-011-2218-3
https://doi.org/10.1007/s00442-011-2218-3
https://doi.org/10.1038/s41598-020-61102-2
https://doi.org/10.1038/s41598-020-61102-2
https://doi.org/10.1038/srep24820
https://doi.org/10.1038/srep24820
https://doi.org/10.1111/j.1365-2699.2012.02718.x
https://doi.org/10.1111/j.1365-2699.2012.02718.x
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1371/journal.pone.0033246
https://doi.org/10.1371/journal.pone.0033246
https://doi.org/10.1890/130237
https://doi.org/10.1890/0012-9658(2006)87%5B3160:IABISD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B3160:IABISD%5D2.0.CO;2
https://doi.org/10.1007/s00442-014-3056-x
https://doi.org/10.1371/journal.pone.0001008
https://doi.org/10.1371/journal.pone.0001008

GRAF ET AL.

1043

Schleuning, M., Friind, J., & Garcia, D. (2015). Predicting ecosystem func-
tions from biodiversity and mutualistic networks: An extension of
trait-based concepts to plant-animal interactions. Ecography, 38(4),
380-392. https://doi.org/10.1111/ecog.00983

Schleuning, M., Neuschulz, E. L., Albrecht, J., Bender, . M. A., Bowler,
D. E., Dehling, D. M,, Fritz, S. A., Hof, C., Mueller, T., Nowak, L.,
Sorensen, M. C., B6hning-Gaese, K., & Kissling, W. D. (2020). Trait-
based assessments of climate-change impacts on interacting spe-
cies. Trends in Ecology & Evolution, 35(4), 319-328. https://doi.org/
10.1016/j.tree.2019.12.010

Schlinger, B. A., & Chiver, I. (2021). Behavioral sex differences and
hormonal control in a bird with an elaborate courtship display.
Integrative and Comparative Biology, 61(4), 1319-1328. https://doi.
org/10.1093/icb/icab033

Schupp, E. W. (1993). Quantity, quality and the effectiveness of seed dis-
persal by animals. Vegetatio, 107/108, 15-29.

Schupp, E. W.,, Jordano, P., & Gémez, J. M. (2010). Seed dispersal effec-
tiveness revisited: A conceptual review. New Phytologist, 188(2),
333-353. https://doi.org/10.1111/j.1469-8137.2010.03402.x

Shaw, A. K. (2020). Causes and consequences of individual variation in
animal movement. Movement Ecology, 8(1), 12. https://doi.org/10.
1186/540462-020-0197-x

Sorensen, M. C., Donoso, I., Neuschulz, E. L., Schleuning, M., & Mueller,
T. (2020). Community-wide seed dispersal distances peak at low
levels of specialisation in size-structured networks. Oikos, 129(11),
1727-1738. https://doi.org/10.1111/0ik.07337

Sorensen, M. C., Mueller, T., Donoso, I., Graf, V., Merges, D., Vanoni, M.,
Fiedler, W., & Neuschulz, E. L. (2022). Scatter-hoarding birds disperse
seeds to sites unfavorable for plant regeneration. Movement Ecology,
10(1), 38. https://doi.org/10.1186/s40462-022-00338-1

Stearns, S. C. (1989). Trade-offs in life-history evolution. Functional
Ecology, 3(3), 259. https://doi.org/10.2307/2389364

Todd, C. M., Westcott, D. A., Martin, J. M., Rose, K., McKeown, A.,
Hall, J., & Welbergen, J. A. (2022). Body-size dependent forag-
ing strategies in the Christmas Island flying-fox: Implications for
seed and pollen dispersal within a threatened Island ecosystem.
Movement Ecology, 10(1), 19. https://doi.org/10.1186/s40462-
022-00315-8

Tomback, D. (1978). Foraging strategies of Clark's Nutcracker. Living Bird,
16, 123-161.

Ulber, M., Gugerli, F., & Bozic, G. (2004). Technical guidelines for genetic
conservation and use for Swiss stone pine (Pinus cembra). EUFORGEN.

Vander Wall, S. B., & Balda, R. P. (1977). Coadaptations of the Clark's
Nutcracker and the Pinon pine for efficient seed harvest and dis-
persal. Ecological Monographs, 47(1), 89-111. https://doi.org/10.
2307/1942225

Vander Wall, S. B., Kuhn, K. M., & Beck, M. J. (2005). Seed removal,
seed predation, and secondary dispersal. Ecology, 86(3), 801-806.
https://doi.org/10.1890/04-0847

Functional Ecology oo

Weterings, M. J. A., Moonen, S., Prins, H. H. T., Wieren, S. E., &
Langevelde, F. (2018). Food quality and quantity are more import-
ant in explaining foraging of an intermediate-sized mammalian her-
bivore than predation risk or competition. Ecology and Evolution,
8(16), 8419-8432. https://doi.org/10.1002/ece3.4372

Wolf, M., & Weissing, F. J. (2012). Animal personalities: Consequences
for ecology and evolution. Trends in Ecology & Evolution, 27(8), 452-
461. https://doi.org/10.1016/j.tree.2012.05.001

Wotton, D. M., & Kelly, D. (2012). Do larger frugivores move seeds fur-
ther? Body size, seed dispersal distance, and a case study of a large,
sedentary pigeon. Journal of Biogeography, 39(11), 1973-1983.
https://doi.org/10.1111/jbi.12000

Zong, C., Wauters, L. A., Van Dongen, S., Mari, V., Romeo, C.,
Martinoli, A., Preatoni, D., & Tosi, G. (2010). Annual variation in
predation and dispersal of Arolla pine (Pinus cembra L.) seeds by
Eurasian red squirrels and other seed-eaters. Forest Ecology and
Management, 260(5), 587-594. https://doi.org/10.1016/j.foreco.
2010.05.014

Zwolak, R., & Sih, A. (2020). Animal personalities and seed dispersal: A
conceptual review. Functional Ecology, 34(7), 1294-1310. https://
doi.org/10.1111/1365-2435.13583

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Details of the recursion analyses for all individual
nutcrackers.

Table S2. Posterior results of the Bayesian hierarchical mixture model.
Table S3. Summary of the Bayesian hierarchical mixture model.
Table S4. Summary of the generalized linear model for bird traits
associated with behavioural types.

Table S5. Summaries of three separate ANOVAS testing for
environmental conditions at caching sites.

Figure Sé. Distribution and clustering of GPS tracking data.

How to cite this article: Graf, V., Miiller, T., Griiebler, M. U.,
Kormann, U. G., Albrecht, J., Hertel, A. G., Sorensen, M. C.,
Tschumi, M., & Neuschulz, E. L. (2024). Individual behaviour
shapes patterns of bird-mediated seed dispersal. Functional
Ecology, 38, 1032-1043. https://doi.org/10.1111/1365-
2435.14556

85U8017 SUOWWOD SAIERID 3(dedl|dde auy Ag peusenob a2 ssjolie VO ‘8sn J0 S8l J0) ARld) T 8Ul|UQ AB|IA UO (SUOIPUOD-PUR-SLLIBI WD A8 | 1M ARed 18Ul [Uo//:Sdy) SUOTIPUOD pue swis | 8U) 89S *[6202/20/2T] Uo Akiqiauljuo A8|im BuempBo A ayssiiezemyds Aq 9555T SErZ-GIET/TTTT 0T/10p/woo A 1M Arigijeuluo's unokagy/sdny woj pepeoiumod ‘S '¥20z ‘SEvZSeT


https://doi.org/10.1111/ecog.00983
https://doi.org/10.1016/j.tree.2019.12.010
https://doi.org/10.1016/j.tree.2019.12.010
https://doi.org/10.1093/icb/icab033
https://doi.org/10.1093/icb/icab033
https://doi.org/10.1111/j.1469-8137.2010.03402.x
https://doi.org/10.1186/s40462-020-0197-x
https://doi.org/10.1186/s40462-020-0197-x
https://doi.org/10.1111/oik.07337
https://doi.org/10.1186/s40462-022-00338-1
https://doi.org/10.2307/2389364
https://doi.org/10.1186/s40462-022-00315-8
https://doi.org/10.1186/s40462-022-00315-8
https://doi.org/10.2307/1942225
https://doi.org/10.2307/1942225
https://doi.org/10.1890/04-0847
https://doi.org/10.1002/ece3.4372
https://doi.org/10.1016/j.tree.2012.05.001
https://doi.org/10.1111/jbi.12000
https://doi.org/10.1016/j.foreco.2010.05.014
https://doi.org/10.1016/j.foreco.2010.05.014
https://doi.org/10.1111/1365-2435.13583
https://doi.org/10.1111/1365-2435.13583
https://doi.org/10.1111/1365-2435.14556
https://doi.org/10.1111/1365-2435.14556

	Individual behaviour shapes patterns of bird-­mediated seed dispersal
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study system and study site
	2.2|Data collection
	2.3|Replication statement
	2.4|Movement analyses: Hourly displacements and locations of caching sites
	2.5|Clustering into behavioural types
	2.6|Associations between behavioural types and bird traits
	2.7|Associations between behavioural types and caching site conditions

	3|RESULTS
	3.1|Behavioural types
	3.2|Bird traits associated with behavioural types
	3.3|Environmental conditions at seed caching sites

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


