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Mutualisms are foundational components of ecosystems with the capacity to generate
biodiversity through adaptation and coevolution and give rise to essential services such
as pollination and seed dispersal. To understand how mutualistic interactions shape
communities and ecosystems, we must identify the mechanisms that underlie their
functioning. One mechanism that may drive mutualisms to vary in space and time is
the unique behavioral types, or personalities, of the individuals involved. Here, our goal
was to examine interindividual variation in the seed dispersal mutualism and identify
the role that different personalities play. In a field experiment, we observed individual
deer mice (Peromyscus maniculatus) with known personality traits predating and dis-
persing seeds in a natural environment and classified all observed interactions made by
individuals as either positive or negative. We then scored mice on a continuum from
antagonistic to mutualistic and found that within a population of scatter hoarders,
some individuals are more mutualistic than others and that one factor driving this dis-
tinction is animal personality. Through this empirical work, we provide a conceptual
advancement to the study of mutualism by integrating it with the study of intraspecific
behavioral variation. These findings indicate that animal personality is a previously
overlooked mechanism generating context dependence in plant—animal interactions and
suggest that behavioral diversity may have important consequences for the functioning
of mutualisms.

intraspecific variation | seed predation | synzoochory | Peromyscus maniculatus | personality

From the ants defending an acacia in exchange for nectar to the plover plucking left-
overs from the jaws of a crocodile, it is believed that nearly every organism on earth is
involved in at least one mutualistic interaction (1). Mutualisms are relationships
between species that are mutually beneficial, are foundational components of ecosys-
tems, are even termed “architectures of biodiversity” given their capacity to generate
biodiversity through adaptive evolution and coevolution (2-4), and direct gene flow
within populations (5). When a mutualism falls apart, however, there are cascade
effects that reach far beyond the players in the interaction (2). Indeed, ecosystem serv-
ices that we all depend on (such as pollination, seed dispersal, and major biogeochemi-
cal cycles) are the products of mutualisms.

The outcome of a mutualism depends on countless interactions between the individ-
uals involved. By extension, there is ample opportunity for variation among individuals
to drive these processes (6, 7). Intraspecific variation, such as sexual dimorphism, onto-
genetic differences, or resource polymorphism, can foster individual differences in diet,
microhabitat preference, foraging behavior, or other forms of resource use (reviewed in
ref. 8), and the implications for community dynamics, competition, predation, demo-
graphic rates, and evolution have been reviewed comprehensively (6, 9). Empirical
investigations examining whether different individuals can affect the outcome of mutu-
alistic interactions are rare, but recent studies have aimed to assess the effects of intra-
specific differences related to age, sex, and genetic or morphological variation on
mutualistic interactions (6, 10-17). However, we lack empirical studies examining
sources of variation that do not fit neatly into these categories, such as consistent intra-
specific behavioral differences or personalities (18).

Intraspecific behavioral differences likely play a key role in seed dispersal mutualism
via synzoochorous interactions, the intentional transportation of seeds by animals fol-
lowed by the hoarding of a portion of those seeds (19), which is often referred to as
scatter hoarding. For ~100 My (19), the behavior of individual insects, rodents, and
birds has essentially determined which plants will reproduce and where, since dispersers
simultaneously consume and kill some seeds while providing an essential service to
others (that is, dispersal away from the parent plant where chances of successful recruit-
ment are low) (20). Most synzoochorous species are not wholly mutualistic or antago-
nistic (19) but instead generate an intermediate outcome, as negative and positive
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effects are exerted simultaneously by all individuals in a dis-
perser population. However, if we placed each individual in a
population of scatter hoarders on a continuum from purely
antagonistic to purely mutualistic (19, 21), different individuals
would likely vary along this continuum, with some behaving
more cooperatively toward plant species than others (such as by
caching a greater number of seeds intact). If so, identifying the
forces driving this variation would be imperative.

To understand how mutualistic interactions shape communi-
ties and ecosystems, we must identify the mechanisms that
underlie their functioning. Synzoochory, for example, has been
termed a “conditional mutualism” (22, 23) since outcomes vary
depending on several biotic and abiotic factors, such as the ratio
of seeds to scatter hoarders, the composition of seeds available,
soil moisture, fire events, tree density, and seasonal temperature
and precipitation (22, 24-27). If individual dispersers differ in
their propensities to contribute in mutualistic or antagonistic
manners, this would mean that certain individuals may be uld-
mately more important to the seed dispersal mutualism [i.e.,
keystone individuals (28)]. It is the culmination of all decisions
made by a seed-dispersing animal (e.g., which seed to choose,
whether to consume immediately or cache for later, how far to
transport, and where to cache) that determine how mutualistic
it is on the whole. Interestingly, among all the factors that
shape these decisions (29, 30), including intraspecific variation
attributable to sexual, ontogenetic, or morphological differences
(10), one that is rarely studied is the unique behavioral type of
the disperser. A recent conceptual review discusses the capacity
for personality traits to influence these processes (31), and a
few empirical studies (32-34) show that personality traits (for
example, the boldness or risk-taking capacity of an individual)
influence decisions made during seed dispersal. Since a single
individual makes thousands of these decisions throughout one
season, personality type likely affects how mutualistic each dis-
perser behaves on the whole and drives an individual’s position
on the antagonism—mutualism continuum.

The goal of this study is to examine intraspecific variation in
the seed dispersal mutualism and understand the role that per-
sonality plays. Our objectives were to observe seed dispersal by
known individuals, calculate where they fall along a continuum
from antagonist to mutualist (19), and assess whether personal-
ity traits affect an individual’s position along the continuum.
We implemented a large-scale study wherein we trapped small
mammals and measured their personality traits using three stan-
dard behavioral assays. We targeted one of the most abundant
scatter-hoarding rodents in temperate forests of North America,
the deer mouse (Peromyscus maniculatus). We performed a seed
experiment and offered seeds of three species and used fluores-
cent powder (35) to track 792 dispersal routes to assess whether
individual interactions were positive or negative (Fig. 14) and,
thus, calculate a score along the antagonism—mutualism contin-
uum (Fig. 1B). Negative interactions included those that imme-
diately precluded a seed from future germination opportunities
[i.e., seeds that were consumed at the experiment site, con-
sumed post removal, or taken down a hole where germination
is unlikely (36)]. Positive interactions included seeds that were
removed from the site and cached intact or left intact at the site
after an interaction (S Appendix, Table S1). Last, we assessed
whether personality traits affected each individual’s score along
the continuum.

Only by identifying the mechanisms underlying this condi-
tional mutualism can we accurately predict outcomes in a
changing world. If interindividual differences in behavior is a
previously unidentified factor generating context dependence,
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Fig. 1. (A) Each interaction between a scatter hoarder and a seed can be
classified as either positive (seed is dispersed alive and deposited intact) or
negative (seed is consumed or taken below ground where germination is
unlikely). (B) Using the framework described in ref. 19, all interactions
made by an individual can produce an individual's score along the
antagonism-mutualism continuum by subtracting the proportion of nega-
tive interactions from the proportion of positive interactions.

the loss of certain individuals may drive relationships to the tip-
ping point, poised to shift from mutualism to antagonism.
Anthropogenic changes can modify the distribution of person-
alities within populations (32, 37-39); thus, if personality traits
drive an individual’s ecological role (40), altering habitat may
impose unexpected consequences on the mutualisms we all
depend on. Further, implications of this work could reach far
beyond the seed dispersal mutualism; similar mechanisms may
shape pollination and plant protection mutualisms where delib-
erate animal behavior is the driving force.

Results

Repeatability of Behavioral Traits. From three standardized
behavioral assays (an emergence test, an open-field test, and a
handling bag test), we examined 819 behavioral observations
from 301 individual deer mice with two or more observations
and found all behavioral variables to be significantly repeatable
(ST Appendix, Table S2). Mean repeatability was 0.330 (range
of 0.191 to 0.447), falling in line with similar field studies on
deer mice (41) and near the average previously reported for a
variety of fleld and laboratory studies (42). Repeatable traits
included the following (SI Appendix, Table S3): mean speed

(an indicator of activity), rear rate (activity and exploration),
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proportion time grooming (anxiety), proportion time center
(boldness), handling time (docility), latency to emerge (bold-
ness), and time at end of tunnel (boldness).

Seed Removal Experiments. At 206 paired seed stations, we
observed 1,813 visits by small mammals (1,179 of which were
deer mice). Other species to visit included the southern red-
backed vole (Myodes gapperi), the American red squirrel
(Tamiasciurus  hudsonicus), and flying squirrels (Glaucomys
spp.). We observed few visits from other species. In total, 1,110
white pine seeds, 0 acorns, and 17 beech seeds were consumed at
the sites (or 40%, 0%, and 4.4%, respectively), whereas 1,215
(44.5%), 261 (68%), and 313 (81.5%) were removed from the
sites, respectively. We located (or could confidently assume the
seed was taken down a hole) 994 removed white pine seeds
(82%), 122 acorns (47%), and 201 beech seeds (64%).

Of the 1,179 visits made by deer mice, 955 could be counted
as seed interactions (where deliberate contact was made with a
seed), and 934 were by tagged deer mice. Of these 934 interac-
tions, 532 were in instances where the cache was located, and the
fate of the seed was known or could be confidently inferred
(thus, the interaction could be used in further analyses). S/
Appendix, Figs. S1-S3 show diagrams detailing the number of
each interaction type made by tagged individual deer mice.

Calculating Scores along the Antagonism-Mutualism Continuum.
In total, we calculated scores along the antagonism-mutualism
continuum for deer mice using 349 observations from 26 indi-
viduals interacting with white pine seeds, 135 observations
from 21 individuals interacting with beech seeds, and 48 obser-
vations from 19 individuals interacting with acorns. On aver-
age, mice had negative scores for all three seeds; the mean
values for mice interacting with white pine seeds, beech seeds,
and acorns were —0.36, —0.37, and —0.07, respectively (S/
Appendix, Fig. S4 and Fig. 24).

Effects of Personality on Scores along the Antagonism-Mutualism
Continuum. For red oak scores (z = 19 individuals), we found
that an individual’s degree of boldness/timidness (i.e., time at
end of tunnel) affected the position along the antagonism-—
mutualism continuum. Specifically, timid individuals tended to
be more antagonistic (f = —0.44 + 0.15; SI Appendix, Table
S4 and Fig. 2B). We did not find an effect of personality on
scores for white pine seeds (7 = 26 individuals); instead, the
best predictors were body condition index and forest type. Indi-
viduals with higher body condition indices fell at a more antag-
onistic position along the continuum (f = —0.31 + 0.15; S/
Appendix, Table S4 and Fig. S5). The top model predicting the
score for American beech (» = 21 individuals) was the
null model.

Effects of Personality on Discrete Interactions. Models pre-
dicting each interaction independently showed that repeatable
behavioral variables indicating boldness/timidness predicted the
probability of interacting positively with white pine and beech
seeds (81 Appendix, Table S5). Bolder individuals (key variable
was proportion of time in the center) were more likely to inter-
act negatively with both white pine (7 = 349 observations from
26 individuals) and beech seeds (2 = 135 observations from 21
individuals; # = —1.24 + 0.41 and f = —0.89 + 0.33, respec-
tively; Fig. 3 A and B). Other predictors in the top model for
white pine interactions were body condition index (f = —0.43 +
0.20) and forest type.
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Fig. 2. (A) Individual scores for P. maniculatus along the antagonism-
mutualism continuum for red oak (Q. rubra; mean score = —0.07). (B) Pre-
dicted relationship (and 95% confidence intervals [95% Cls]) between a
personality trait and an individual's score along the continuum. Timid indi-
viduals have lower (more antagonistic) scores for red oak (# = —0.44 + 0.15
SE) than bolder individuals. Data points represent observed values (one
point per individual). Timidness is measured as the time spent at the end
of the emergence tunnel before emerging (z standardized), where high
values indicate a longer duration at the tunnel end before emerging (high
timidness), and low values indicate short durations at the tunnel end
before emergence (low timidness, that is, boldness).

Discussion

The seed dispersal mutualism has been termed a conditional
mutualism due to the array of biotic and abiotic factors that
influence the overall outcome (22). When components, such as
the ratio of seeds to dispersers, shift over time or through space,
the balance between mutualism and antagonism can be tipped.
Until now, knowledge of how individuals may contribute dif-
ferently to this crucial plant—animal interaction has been lim-
ited. We show that personality traits of individual dispersers
affect their position along a continuum from antagonist to
mutualist. Specifically, the boldness of an individual influenced
its tendency to interact positively with seeds. These findings
indicate that interindividual differences in behavior, or person-
alities, are a previously overlooked mechanism driving context
dependence in the seed dispersal mutualism. To garner a better
mechanistic understanding of the mutualisms that provide
essential services such as seed dispersal and pollination, our
findings suggest that future research should prioritize under-
standing the underlying role of intraspecific behavioral diversity
in disperser populations.
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Fig. 3. Predicted relationships (and 95% Cls) between a key behavioral variable indicating the degree of boldness/timidness and the probability of interact-
ing positively with seeds. (A and B) Bold P. maniculatus are more likely to have a negative interaction with white pine (P. strobus) (A) and beech (F. grandifolia)
(B) than timid individuals (8 = —1.24 + 0.41 SE and g = —0.89 + 0.33 SE, respectively). Data points represent observed values (one point per individual inter-
action). Here, boldness is measured as the proportion of time in the center portion of the open-field arena (z standardized), where high values indicate
more time in the center (high boldness), and low values indicate less time in the center (low boldness, that is, timidness). The relationship for white pine is

shown for the treatment 2 forest type.

In this study, deer mice were antagonistic, on average,
toward red oak, American beech, and white pine seeds. How-
ever, we found that within a population, there is variability in
the contributions made by individuals to the seed dispersal
mutualism. Specifically, some individuals behave in a far more
mutualistic manner than others. In practice, a balance between
mutualism and antagonism does not require an equal contribu-
tion of predation and successful caching events to break even
since just one cache that ends in recruitment has successfully
passed on the genetic material of the mother plant. Even if the
majority of individuals act as seed predators, a few individuals
who cache seeds intact will likely enable the germination rate to
exceed 0%, which may translate into a large number of seed-
lings if seed abundance is high (43). As is true for long-distance
dispersal events, the frequency of an event is not necessarily
positively correlated with its importance (44). Therefore, posi-
tive interactions are disproportionately important to the seed
dispersal mutualism since their consequences outweigh those of
negative interactions. Here, we show that individuals who
provide these positive interactions have personality traits in
common. Our previous work has shown that our samples are
representative of the greater population (i.e., we are not prefer-
entially sampling certain personality types) (45). Further, the
current study was performed among six separate stands within
the same experimental forest, and individuals were subject to
the same predator communities and weather patterns. By exten-
sion, these trends, scaled up to an entire scatter hoarder popula-
tion over the course of a season, would reflect thousands of
seeds cached intact and thousands of others consumed or taken
down into underground burrows. Seen in this context, we can
begin to understand how heterogeneity in individual contribu-
tions can upscale to have ecosystem-level consequences.

When interacting with acorns, bolder mice (i.e., those who
emerged from an enclosed space before taking time to assess
the safety of surroundings) had more mutualistic scores than
timid mice. Bold individuals were more likely to remove acorns
from the seed station and cache them intact on or just below
the surface (i.e., concealed by a thin layer of detritus, moss,
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needles, etc.). Timid individuals, instead, were more likely to
perform negative interactions such as taking acorns down into
an underground burrow (effectively eliminating future chances
of germination [50% of negative interactions observed]) or con-
suming the seed either entirely (8%) or partially (42%) after
removal (87 Appendix, Fig. S2). This led to an overall negative
relationship between the timidness of an individual and its
position on the antagonism—mutualism continuum. This trend
may reflect a greater overall perceived risk associated with cach-
ing a large seed (a risk that bolder individuals are more willing
to take). Larger seeds are generally more conspicuous, and stud-
ies have shown that larger seeds are preferentially cached in
risky areas (46) to avoid being discovered by competitors. Fur-
ther, whereas beech and white pine seeds are small enough to
be transported in the cheek pouch of a deer mouse, an acorn
must be carried externally in the jaws and requires the individ-
ual to lift its head to maneuver. Studies have shown that species
with cheek pouches tend to disperse smaller seeds (and are
likely adapted to do so), whereas pouchless rodents are instead
more likely to disperse larger seeds (19, 47). Likely, the mass of
the acorn slows the disperser down, and the inability to store
the seed in the cheek pouch inhibits the animal’s ability to see
optimally and, therefore, remain vigilant. Individuals who are
more timid may perform behaviors deemed “safer”, such as
moving directly below ground or taking the acorn to a covered
area to consume instead of taking the time (and associated risk)
to cache the seed on the surface. Examining the relationship
between boldness and the tendency to cache large seeds intact
in pouchless scatter hoarders, such as red-backed voles, would
allow us to understand this relationship more fully, as we
would expect this trend to be weaker in a rodent better adapted
to disperse large seeds.

Although we observed negative relationships between timid-
ness and antagonistic interactions with both white pine and
beech seeds, these are likely driven by different factors. Bold
individuals (those who spent more time exploring in a risky
area of the open-field arena in the center away from the walls)
were far less likely to cache seeds intact after removal.

pnas.org
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Specifically, bold mice were up to 82% less likely to cache
white pine seeds intact and up to 69% less likely to cache beech
seeds intact (Fig. 3). The negative interactions observed for
white pine seeds were most often instances where individuals
remained at the seed site and consumed the seeds immediately
(59% of negative interactions observed). Instead, 20% of inter-
actions were seeds consumed after removal, and 21% were
seeds taken down into holes. Therefore, the fact that bolder
individuals behaved more antagonistically toward white pine is
likely because bold individuals were more likely to consume
seeds immediately rather than transporting seeds to a safe place
prior to consumption. Alternatively, beech seeds were rarely
consumed at the seed site (this behavior occurred only ~4% of
the time) but were almost always removed from the site. This
finding is consistent with previous research showing the prefer-
ential dispersal of larger seeds (3). Negative interactions
observed for beech were typically consumption directly after
removal (~54% of negative interactions) or transportation of
the seed below ground (39%). The propensity for timid indi-
viduals to scatter hoard a beech seed intact may reflect different
survival strategies between bold and timid personality types
(i.e., prioritizing future energetic reserves over present resource
use) and warrants further investigation.

Collectively, deer mice were antagonistic toward red oak,
American beech, and white pine seeds. This corroborates previ-
ous studies showing that the lower the ratio of seeds to scatter
hoarders the greater the proportion of the seed crop that is har-
vested and predated (22), as this study took place in a nonmast
year. It is possible, however, that the trends seen here would be
exaggerated in years of seed mast, since, as the scatter hoarder
population becomes satiated, the number of cached seeds that
would escape predation by competitors (pilferage) and the
cache owner (recovery) becomes greater [i.e., the predator satia-
tion hypothesis (48)]. This assumes that the effects of personal-
ity on mutualistic behavior are not context dependent (i.e., it
assumes that individuals who cache more seeds intact in a non-
mast year would also cache more seeds intact in a mast year).
Surplus food items typically initiate caching behavior even if
the number of cached seeds far outweighs what the animal
would need to survive the winter (48), so it is also possible that
mast years would dampen the effects of personality type on
mutualistic behavior since all individuals would cache more. If
the effects of personality on caching probability are consistent
among years of high and low resource availability, it is likely in
years of seed mast that once the population becomes satiated,
the surplus caches made by disproportionately mutualistic indi-
viduals would contribute more to recruitment in the plant pop-
ulation. Future studies may focus on years of high resource
availability in order to make more general statements about the
effect of individuality of the animal mutualist on recruitment
rates in the plant partner (21).

Future work should also address other situations under
which the effect of personality traits on mutualistic behaviors
may be conditional (such as the effects of body condition,
ontogenetic effects, or environmental cues such as predator
densities or the availability of refuge). It is conceivable that, for
example, the degree to which boldness affects an individual’s
probability of caching a seed intact depends on whether the
individual has a higher or lower body condition index. We
note, however, that body condition is not always a good indica-
tor of an individual’s energetic reserves in species that hoard
resources (discussed in ref. 37), as these resources are not all
stored on the body in the form of fat reserves. In fact, our find-
ing that individuals with lower body condition indices were
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more likely to cache white pine seeds intact (S Appendix,
Fig. S5) could support the idea that body condition index may
be lower in individuals who are caching a greater portion of the
resources they find. Finally, one potentially important aspect of
an individual’s role as seed predator versus mutualist that was
not addressed in this study is the tendency to recover or pilfer
caches. In order to fill in the remaining black boxes, studies
that allow tracking of a seed through subsequent recaching
events [such as using telemetric thread tags (49, 50)] while
identifying the individual at each recovery/pilferage are needed.
This study should act as a catalyst for future work on this
topic.

Mutualistic interactions support much of the earth’s primary
production and are, therefore, central pillars of healthy, func-
tioning ecosystems. When one partner in a mutualism is com-
promised, the other becomes threatened indirectly (51), and
maintaining sufficient population sizes of both mutualistic part-
ners is critical to avoid Allee effects (52). Research has shown
that bolder and more active individuals are often more likely to
be removed from populations via hunting or fishing and may
experience differential fitness in response to urbanization (37,
53, 54). In species that act as dispersers in synzoochorous,
mycorrhizal, or pollination mutualisms, the removal of certain
individuals from populations may, therefore, have unintended
consequences if individuals vary in terms of their functional
contributions (55). We observed individual deer mice
(P. maniculatus) with known personality traits predating and
dispersing seeds in a natural environment. We found that
within a population of scatter hoarders, there is variability in
contributions made to the seed dispersal mutualism. Some indi-
viduals are far more mutualistic than others, and one driver of
this distinction is animal personality. These findings demon-
strate the potential for animal personality to act as a mechanism
generating context dependence in the seed dispersal mutualism
and provide a conceptual advancement to the study of mutual-
ism, bringing mutualism and intraspecific behavioral variation
together in an empirical study.

Materials and Methods

Study Site and Small Mammal Trapping. This study was conducted at the
Penobscot Experimental Forest (44°51" N, 68°37'W) in Maine (Fig. 44). The
Penobscot Experimental Forest is a mixed conifer deciduous forest (56) and is
dominated by shade-tolerant conifers (57). For more detail about the study area
see SI Appendix, Supplementary Methods.

From June to October (2016 to 2020), we implemented a large-scale
capture-mark-recapture experiment in six separate areas of forest. We trapped
small mammals in six trapping grids; each grid was 0.81 ha in area and con-
sisted of 100 flagged points spaced 10 m apart. The mean distance between
grids was ~1.42 km. We placed one Longworth small mammal trap at each
flagged point and baited traps with a mixture of sunflower seeds, oats, and
freeze-dried mealworms. We bedded traps with cotton stuffing and checked
traps twice per day (just after sunrise and in the late afternoon). We trapped at
each grid for three consecutive days and nights once per month for 5 mo each
year totaling ~45,000 trap nights (number of active traps x number of nights).

Animal Processing and Behavioral Assays. All captures were processed at a
base area in the grid. Animals were transferred directly from the trap into three
standardized behavioral assays to measure behaviors that would later be used to
assess personality. An emergence test was used to assess boldness, an open-
field test was used to measure activity and exploration in a novel environment,
and a handling bag test was used to measure docility and the response to han-
dling by an observer (32, 58). We performed behavioral assays once monthly to
ensure that animals would not become habituated. Emergence and open-field
tests were videotaped, and behaviors were quantified from videos in the
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Fig. 4. (A) Map of the study area at the Penobscot Experimental Forest (44°51’N, 68°37'W) in Maine. (B) Small mammal trapping was performed at six sepa-
rate trapping grids, and nine seed experiment sites were spaced evenly throughout each grid. (C) Experiment sites contained a set of paired stations moni-
tored by trail cameras. (D) At each station, seed trays were surrounded by antennas attached to permanent radio frequency identification readers to scan
and identify tagged individuals. (E) Fluorescent tracking powder allowed cached seeds to be recovered. (F and G) Uniquely marked seeds allowed caches to

be attributed to individual dispersers.

laboratory. For detailed field procedures as well as software and methods used
to quantify behavior, see refs. 32 and 59 and S/ Appendix, Supplementary
Methods. For a complete list of the behaviors measured, their description and
interpretation, and supporting sources, see S/ Appendix, Table S3 (modified
from ref. 10).

After the behavioral assays, we anesthetized animals with isoflurane and
inserted PIT tags (passive integrated transponders; Biomark MiniHPT8) subcuta-
neously at the midback. Animals were marked with a small animal ear tag
(National Band, style 1005-1) and a unique haircut. We recorded sex, body mass
(using a 100-g Pesola Lightline spring scale), body length, tail length, and age
class (juvenile, subadult, or adult based on body size and pelage coloration). Ani-
mals were released at the capture site after processing. Previous research in this
study system confirms that sampling methods are not biased toward certain per-
sonalities and that trapping methods do not impact behavioral measurements in
standard assays (45, 59).

Seed Experiments. In September and October 2020 during natural seed drop,
we performed a field experiment to observe individuals with known personality
types predating and dispersing seeds in their natural environment. We offered
seeds of Northern red oak (Quercus rubra), Eastern white pine (Pinus strobus),
and American beech (Fagus grandifolia), and prior to the experiment, seeds
were visually inspected for cracks, rot, or weevil holes, and acoms were float
tested (SI Appendix, Supplementary Methods).

After trapping was completed in September and October, we positioned seed
sites spaced evenly throughout each grid (Fig. 4B). At each site, we placed two
seed presentation stations (Fig. 4C). One station consisted of a tray with eight
individual wells where we offered four acoms and four beech seeds (Fig. 4D),
and the other station had a tray with six wells to each hold five white pine seeds
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(30 seeds total). Each presentation tray was mounted onto a 30 x 30 cm piece
of vinyl. Each seed station was monitored with a trail camera (Reconyx XRé Ultra-
fire) and a permanent radio frequency identification (RFID) reader to scan and
identify individuals marked with PIT tags. Stations were dusted with ultraviolet
(UV) fluorescent tracking powder (TechnoGlow), and seeds were painted a
unique color using nontoxic, UV fluorescent paint (Neon Glow, ASTMD-4236 cer-
tified) and placed in a known location on the presentation tray. For further infor-
mation about the seed station setups and methods to ensure that paint did not
influence seed selection, cache recovery, or pilferage, see SI' Appendix,
Supplementary Methods.

Seed stations were set at dusk and visited before dawn so all cache search-
ing could be done in darkness. The observer (A.M.B.) used a UV flashlight
(uvBeast) to follow all fluorescent trails from each station (Fig. 4E). The
observer recorded whether each trail 1) ended at a seed, 2) ended down a
hole, or 3) ended up a tree or faded out. If a seed was found, the observer
recorded the identity of the seed and whether the seed was consumed or
intact after removal. When trails ended up trees or faded away, these trails
could not be linked to a known interaction and were, therefore, not used in
further analyses. Fig. 4 F and G depicts images of caches located using these
methods. All videos from trail cameras were played back in the laboratory,
and identification of each individual visiting the stations was confirmed using
the time-stamped RFID reads and the unique haircut seen in the videos
(Movie S1). Any instances where a located cache could not be confidently
paired with an observed interaction made by a marked individual were not
used in further analyses (27 cases for oak, 18 cases for beech, and 6 cases for
white pine; SI Appendix, Supplementary Methods).

To minimize visits by nontarget species, stations were removed at dawn and
reset at dusk if seeds remained. Seed stations were left active at a site for an
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average of two nights but were removed after the first night if all seeds were
consumed/removed. In total, we offered 412 acorns, 412 beech seeds, and
3,090 white pine seeds at 103 seed sites (206 paired stations).

Statistical Analyses. First, we performed a repeatability analysis using the
rptR package in R (60) to determine which behavioral variables observed during
standardized assays could be considered personality traits. We then calculated
each individual's mean best linear unbiased predictor (BLUP) for each behavioral
variable over 1,000 simulations with the arm package, and subsequent men-
tions of personality refer to the mean BLUP value (S Appendix, Supplementary
Methods) (61).

For all Peromyscus who interacted with seeds at presentation stations, we
quantified the proportion of interactions that were positive events (the seed was
dispersed and cached intact) and the proportion of interactions that were nega-
tive events (the seed was consumed at the station, consumed after removal, or
could be confirmed to be taken down a hole). In line with ref. 19, we then calcu-
lated each individual's location on the predator-mutualist continuum by sub-
tracting the proportion of negative interactions from the proportion of those that
were positive. Individual locations along the continuum, hereafter referred to as
scores, were calculated for each seed species separately. S/ Appendix, Table S1
shows a breakdown of each interaction type and its classification as positive or
negative. We acknowledge that since individuals varied in the number of interac-
tions that went into their calculated score, individuals with a greater number of
interactions likely had more precise estimates. While we cannot specifically
account for this in the score estimate, we imposed the variable “number of seed
interactions” into models predicting the score as detailed below.

Models Predicting Individual Scores along the Antagonism-Mutualism
Continuum. We used a nested hypothesis testing approach (62) to assess

whether personality type affects an individual's location along the continuum
(one value per individual). We ran linear models using score as the dependent
variable. Throughout our analyses, models within 2.0 AAICc (Akaike's informa-
tion criterion corrected for small sample sizes) of the top model were considered
to have equal support (62, 63). We assured noncollinearity between continuous
predictor variables before inclusion in models (S Appendix, Table Sé). We first
tested covariates suspected to influence individual scores: the number of seed
interactions, forest type, trapping grid, sex, an index of body condition [calcu-
lated using the scaled-mass index (64)], and body mass (a proxy for age). We
compared models to the null, and when more than one model scored higher
than the null model, we tested for an additive effect of these variables. We
retained the top model from this model set and tested it against seven new

1. J. L Bronstein, Mutualism (Oxford University Press, 2015).

2. J.Bascompte, P. Jordano, "Biodiversity and plant-animal coevolution” in Mutualistic Networks
(Princeton University Press, 2013), pp. 1-14.

3. S.B.Vander Wall, How plants manipulate the scatter-hoarding behaviour of seed-dispersing
animals. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 989-997 (2010).

4. ). Bascompte, Mutualism and biodiversity. Curr. Biol. 29, R467-R470(2019).

5. L Browne, K. Ottewell, V. L. Sork, J. Karubian, The relative contributions of seed and pollen
dispersal to gene flow and genetic diversity in seedlings of a tropical palm. Mol. Ecol. 27,
3159-3173(2018).

6. R.S.Snell etal, Consequences of intraspecific variation in seed dispersal for plant demography,
communities, evolution and global change. AoB Plants 11, plz016 (2019).

7. S.A.Chamberlain, J. L. Bronstein, J. A. Rudgers, How context dependent are species interactions?
Ecol. Lett. 17, 881-890(2014).

8. D.l.Bolnick et al., The ecology of individuals: Incidence and implications of individual
specialization. Am. Nat. 161, 1-28 (2003).

9. D.!.Bolnick et al., Why intraspecific trait variation matters in community ecology. Trends Ecol. Evol.
26,183-192(2011).

10. R.Zwolak, How intraspecific variation in seed-dispersing animals matters for plants. Biol. Rev.
Camb. Philos. Soc. 93, 897-913(2018).

11. F. Fuster, A. Traveset, Importance of intraspecific variation in the pollination and seed dispersal
functions of a double mutualist animal species. Oikos 129, 106-116 (2020).

12. S.B.Correa et al., Overfishing disrupts an ancient mutualism between frugivorous fishes and
plants in Neotropical wetlands. Biol. Conserv. 191, 159-167 (2015).

13. N. Pérez-Méndez, A. Rodriguez, M. Nogales, Intra-specific downsizing of frugivores affects seed
germination of fleshy-fruited plant species. Acta Oecol. 86, 38-41(2018).

14. M. C. Rodriguez-Rodriguez, P. Jordano, A. Valido, Quantity and quality components of
effectiveness in insular pollinator assemblages. Oecologia 173, 179-190 (2013).

15. C.Tur, B.Vigalondo, K. Trgjelsgaard, J. M. Olesen, A. Traveset, Downscaling pollen-transport
networks to the level of individuals. J. Anim. Ecol. 83, 306-317 (2014).

16. G.P.Smith, J. L. Bronstein, D. R. Papaj, Sex differences in pollinator behavior: Patterns across
species and consequences for the mutualism. J. Anim. Ecol. 88, 971-985 (2019).

17. L. Pérez-lzquierdo et al., Plant intraspecific variation modulates nutrient cycling through its below
ground rhizospheric microbiome. J. Ecol. 107, 1594-1605 (2019).

PNAS 2022 Vol.119 No.15 2113870119

models, adding one personality trait measurement to each (S/ Appendix, Table
$3). We removed one individual Peromyscus from the dataset due to an extreme
value (high leverage) in the behavioral variable "proportion of time in the cen-
ter" so that this trait would not inflate the strength of a regression in which it is
included. All continuous predictor variables were scaled (z standardized).

Models Predicting Discrete Interactions with Seeds. Although both com-
prehensive and consistent with recent literature, the approach of calculating an
individual's position along the predator-mutualist continuum condenses all
interactions by an individual into one single score. To instead assess how person-
ality traits may impact each interaction individually, we performed an additional
analysis using mixed-effects models in the R package Ime4 (65). We ran logistic
models on each seed species separately, using each interaction as a separate
observation (a repeated measures design). The dependent variable was a bino-
mial variable with the value 1 if the interaction was classified as positive and 0 if
the interaction was classified as negative. We used individual identity as a
random intercept in these models and used the same fixed effects and model
selection procedures as described above (with the addition of seed mass as a
covariate for oak and beech). Running these mixed models predicting the dis-
crete interactions allowed us to incorporate uncertainty due to differing number
of interactions among individuals.
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be accessed on the Figshare repository at https://dx.doi.org/10.6084/m9.
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porting Information.
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