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ABSTRACT

Primary dispersers of seeds and spores play critical roles in structuring the distributions of species, yet the role of predators as

secondary dispersers remains largely unknown. This is especially true of mycorrhizal fungi, which often rely on small mammals
to consume and disperse spores. We investigated how predator size, diet, and movement influence secondary spore dispersal in a
terrestrial carnivore community by quantifying spore loads in scats (dispersal quantity) and integrating movement rates with gut

passage time to determine dispersal distance (dispersal quality). Spores in carnivore scats increased with consumption of small

mammals and transport of spores closely tracked home range movements. Larger carnivores deposited fewer spores but moved

them farther from their source, creating a continuum between the quantity and quality of dispersal effectiveness. Our findings

highlight the importance of carnivores as long-distance dispersers of mycorrhizal fungi and reveal how trophic interactions con-

tribute to ecosystem functioning through secondary dispersal.

1 | Introduction

Animals are important dispersal vectors of propagules
(seeds and spores) for many plant and fungal species (Nathan
et al. 2008; Golan and Pringle 2017). Endozoochory, or primary
dispersal, where fruiting bodies are consumed by animals and
propagules passed through the digestive tract and dispersed fol-
lowing excretion, has been well documented for a wide range of
plant (Nathan et al. 2008) and fungal taxa (Vasutova et al. 2019).
However, trophic interactions can alter dispersal dynamics
and growing evidence suggests that diploendozoochory (here-
after secondary dispersal)—where propagules are ingested by
a primary consumer which in turn is predated upon by a sec-
ondary consumer—represents an important yet understudied

dispersal mechanism (Hdmildinen et al. 2017; Elliott et al. 2023).
Predators may serve as highly effective dispersal vectors, ca-
pable of transporting large quantities of propagules orders of
magnitude farther than their prey (Nogales et al. 2002). These
longer distance movements may be particularly important given
shifting climatic niches and increasingly fragmented land-
scapes (Hamadldinen et al. 2017). Although secondary dispersal
of seeds has been observed in a range of vertebrates (reviewed
by Hamildinen et al. 2017), the role predators play in dispersing
mycorrhizal fungi has received little attention.

Mycorrhizal fungi form symbiotic relationships with most plant
species, giving plant roots improved access to water and soil nu-
trients (Smith and Read 1997). These fungi can shape ecosystem
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dynamics by affecting plant establishment, growth, productivity,
and resiliency to drought along with controlling soil carbon stor-
age dynamics (Terwilliger and Pastor 1999; Anthony et al. 2022,
2024; Luo et al. 2023). Across ecological scales, dispersal lim-
itation of mycorrhizal fungi can strongly influence fungal com-
munity composition (Peay et al. 2010; Peay and Bruns 2014).
To facilitate dispersal, many mycorrhizal fungi produce spores
within mushrooms (epigeous) or truffles (sequestrate and hypo-
geous). Although mushroom spores can be dispersed by abiotic
factors such as wind (but see Li 2005, Galante et al. 2011), truf-
fles cannot forcibly discharge spores and require animal vec-
tors for spore liberation and movement (Johnson 1996). Small
mammals play a key role as primary consumers of truffles, often
dispersing more diverse mycorrhizal fungal communities than
wind (Stephens and Rowe 2020; Borgmann-Winter et al. 2023).
However, spore dispersal by primary fungal consumers is typ-
ically limited to distances of tens to a few hundred metres be-
cause home ranges for most small mammals are less than a few
hectares (Swihart et al. 1988). Spore dispersal distance may in-
crease by several orders of magnitude when carnivores prey on
primary fungal consumers (Elliott et al. 2023), but the relative
importance of this secondary dispersal depends on how fre-
quently carnivores consume small mammals and how far they
move. Additionally, some studies have suggested that carnivores
may directly consume sporocarps (Zielinski et al. 1999; Aguirre
et al. 2021), although it is unclear if direct consumption or mul-
titrophic interactions are the primary mode of fungal spore
transmission. Identifying the factors that influence fungal spore
consumption and movement by carnivores is crucial for under-
standing the role these species play in shaping fungal dispersal
dynamics across spatial scales. This, in turn, has important im-
plications for broader ecosystem functioning, including nutrient
cycling, plant community composition, and the resilience of eco-
systems to environmental changes (Baldrian et al. 2023).

The dispersal effectiveness of an animal vector is often divided
into the quantitative (number of propagules) and qualitative
(distance moved and location deposited) components of disper-
sal (Schupp et al. 2017). Because body mass is related to both
diet and movement of carnivore species, it may play a key role
in structuring both components of secondary dispersal effec-
tiveness (Draper et al. 2022) (Figure 1). Body size in terrestrial
carnivores is positively correlated with prey size (Vézina 1985).
Because fungi are a major food source for small mammals (par-
ticularly rodents; Elliott et al. 2022), smaller predators that con-
sume more small mammals may deposit scats with more fungal
spores, compared to larger predators that consume larger prey
that rarely consume fungi (Figure 1a). Carnivore body mass is
also positively correlated with both gut retention time (Hernot
et al. 2005; Draper et al. 2022) and home range size (Swihart
et al. 1988). Accordingly, after consuming spores, larger car-
nivores likely retain spores longer in their digestive tracts and
move farther during home range movements, together allowing
them to disperse spores longer distances compared to smaller
carnivores (Figure 1b).

To determine the role of predators as secondary dispersers, we
evaluated five carnivore species in northern temperate forests
that vary in body size by nearly an order of magnitude (4.1-
31.2kg; Figure 2). We combined microscopy and sequencing of
fungal spores with diet analysis to determine how consumption

Fungal spore load
’

Dispersal distance
\

Predator body mass

FIGURE 1 | Predictions of how predator body mass relates to the
(a) quantity of spores in scat and (b) distance that spores are dispersed.
Smaller predators generally eat smaller prey (such as rodents which reg-
ularly consume fungi), resulting in scats with more spores compared
to larger predators which eat larger prey that consume less fungi. Body
mass is related to home range size and gut passage time such that small-
er predators move shorter distances and retain spores for a shorter du-
ration compared to larger predators that can disperse spores farther.
Fisher silhouette by Gabriela Palomo-Munoz and wolf silhouette by
Margot Michaud.

of small mammals relates to fungal spore composition in carni-
vore scats. Additionally, we integrated movement rates and gut
passage time of carnivores to predict the distance over which
each carnivore species disperses spores. We then assessed how
the quantitative (spore abundance) and qualitative (movement)
components of dispersal relate to body mass and integrated
these two components to generate a spore dispersal effective-
ness landscape. We predicted that spore dispersal would be
strongly related to carnivore body mass, but that the qualitative
and quantitative axes of spore dispersal would covary (Figure 1).
Specifically, we expected that predator body mass would be
negatively correlated with spore abundance and positively cor-
related with movement distance, creating a general continuum
of dispersal effectiveness with a tradeoff between the quantity
and quality of spore dispersal that carnivore species provide.
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FIGURE2 | The (a)focal carnivore species ranged in mean body mass (+SD) by nearly an order of magnitude from fisher (4.1kg) to wolf (31.2kg).

Within Minnesota and Wisconsin, (b) collar fix data from individuals (shapes represent centroids of movements) were used to estimate spore disper-

sal distance and (c-e) carnivore scat collection (road survey and scat detection dogs) and small mammal trapping were conducted across three study

areas (Chippewa, Headwaters, Moose Lake) yielding a total of (f) 365 small mammal and 267 carnivore scats for fungal spore assessment. Carnivore

illustrations by Ryan Stephens.

2 | Materials and Methods
2.1 | Study System

We focused on five carnivore species that co-occur in for-
ests of the upper midwestern USA and range in body mass
by nearly an order of magnitude: fisher (Pekania pennanti),
red fox (Vulpes vulpes), bobcat (Lynx rufus), coyote (Canis
latrans), and grey wolf (Canis lupus; Figure 2a). For analy-
ses, we used carnivore movement data collected in eastern
Minnesota and southern Wisconsin (Figure 2b) and fungal
spore data (from small mammals and carnivore scats) sam-
pled within the Chippewa National Forest in Minnesota (here-
after Chippewa; Figure 2c) along with sites near the Moose
Lake State Natural Area (hereafter Moose Lake; Figure 2d)

and Headwaters Wilderness Area (hereafter Headwaters;
Figure 2e) in Wisconsin. We sampled dominant forest com-
munities including northern hardwood, upland mixedwood,
upland softwood, and lowland softwood forests (for site-
specific details see Data S1).

2.2 | Small Mammal Sampling

We trapped small mammals to characterise fungal spore con-
sumption by the prey base. In 2020, we surveyed 26 sites at
Chippewa (9 upland hardwood, 9 upland mixedwood, 8 upland
softwood) and 7 sites each at Moose Lake and Headwaters (3
upland hardwood and 4 lowland softwood). We sampled each
of the 40 sites for three consecutive days (October 1-19) using
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two parallel 80 m transects with 5 trap stations. Each trap sta-
tion had 2 mouse snap traps (20 traps per site) plus 5 rat traps
placed on transects to target squirrels. For fungal spore anal-
yses, we randomly selected up to 20 individuals of each spe-
cies in each forest type and study area (Figure 2f). Individuals
were prepared as vouchers and deposited in the Yale Peabody
Museum of Natural History, New Haven, Connecticut. During
preparation, contents from the large intestine and cecum (last
10 cm of intestine for shrews) were transferred to a microcen-
trifuge tube and lyophilised for spore analyses. Sampling pro-
tocols were approved by Animal Care and Use Committees
of University of Minnesota (Protocol #2008-38344A) and
Wisconsin Department of Natural Resources (Protocol #20-
01) and followed guidelines for use of wild mammals in re-
search (Sikes 2016).

2.3 | Carnivore Scat Sampling and Processing

To determine prey and fungal spore consumption by carni-
vores, we collected scats using road surveys, live trapping, de-
tection dogs, and active searches near resting sites of collared
individuals between 2020 and 2022. At each study area, we col-
lected scats along ca. 160km road survey route (Figure 2c-e).
Routes were cleared 1week before the first collection and
driven (24-40km/h) four times, approximately 1week apart
at Chippewa (October 1-23, 2020) along with Moose Lake and
Headwaters (October 5-29, 2020, October 11—November 9,
2021). To collect additional scats at Chippewa, we captured
carnivores using 37 Tomahawk live traps (model 108—
checked daily for 11days within suitable habitat along scat
routes). However, despite considerable road survey and trap-
ping efforts, there were only 18 usable scats from Chippewa
in 2020. To increase sample sizes, we used a scat detection
dog (Rogue Detection Teams, Rice, Washington) to conduct
five surveys that each covered approximately 2.6 km? per day
in 2021. During each survey, we systematically targeted areas
with features that facilitate carnivore activity or funnel move-
ment (e.g., roads, trails, edges, topographic features). Results
from detection dog surveys indicated that fishers were present
but that scats were not deposited on roads. As fishers are an
important part of carnivore communities in Minnesota and
Wisconsin (Pauli et al. 2022), we supplemented our dataset
with fisher scats (n=13) collected between 7 September and
18 October 2022 from resting sites of collared animals in
Superior National Forest, Minnesota (Data S2).

Carnivore scats were identified to species using either mor-
phology (fox and wolf) or DNA (National Genomics Center for
Wildlife and Fish Conservation; Missoula, MT, USA; Data S3).
After identification, carnivore scats were weighed, broken into
pieces, hydrated in water, and washed through a 500 um screen
to recover undigested prey remains (e.g., bones, teeth, claws,
hair). Prey items were identified to the lowest possible taxo-
nomic level using a reference collection and taxonomic keys
(Adorjan and Kolenosky 1969; Hazard 1982). Additionally, we
retained 0.5-2.0g of scat subsamples (collected throughout the
scat) for fungal spore analysis. The pieces were soaked in warm
water and homogenised to create 50 mL of scat slurry. The slurry
was filtered through a 500 um screen three times to isolate fine
particles. Scat filtrate was mixed with 95% EtOH to a volume

of 5mL and the remaining large particles were added to undi-
gested prey for diet assessments.

2.4 | Fungal Spore Analysis

We used microscopy to quantify the types and abundance of
fungal spores in small mammal intestines and carnivore scats
(see Stephens et al. 2017). Spores were isolated from samples
(20mg of freeze-dried small mammal intestinal material or
500 1L of carnivore scat filtrate) by filtering through a 125 um
screen with 40mL of distilled water. For each sample, 100 uL
of concentrated spore isolate (precipitate mixed with 95%
ethanol) was spread onto a 22x22mm area of a glass slide,
cleared, and sealed with a cover slip. For each slide (one per
small mammal and two per carnivore sample), we counted
the number of spores of each fungal taxon in 20 fields of
view at 400x magnification and enumerated larger and less
numerous spores by scanning a 121 mm? area at 100X. We
used spore counts, spore isolate volume and total material ex-
tracted from cecums and large intestines of small mammals to
quantify spore abundance in each small mammal as a proxy
for the number of spores that a carnivore would ingest when
consuming prey. Similarly, we used spore counts, spore iso-
late volume, filtrate volume, and scat weight to calculate the
total number of spores for each carnivore scat. Spores were
categorised into morphotypes based on size, shape, wall thick-
ness, colour, and ornamentation. Truffles were identified to
the lowest possible taxonomic unit (genus or species) and
mushrooms as spore morphotypes. Additionally, to confirm
truffle identifications and assign taxonomy (genus or family)
to mushroom-producing taxa, all carnivore scats with spores
were amplified in the rDNA internal transcribed spacer region
2 (ITS2) using primers ITS4-fun and 5.8 s-fun and sequenced
using Illumina MiSeq (Data S4). Many arbuscular mycorrhi-
zal species are sporocarpric and consumed by small mam-
mals (Janos et al. 1995), but are difficult to identify based on
spores and ITS2 sequencing. For arbuscular mycorrhizal fun-
gal spores, we assigned morphotypes to family Glomeraceae.
Our analyses were likely unaffected by soil contamination
as autumn leaf senescence provided a barrier between scats
and soil. Additionally, focusing on spores eliminated any in-
fluence of hyphal contamination. However, because carni-
vore scats could have been contaminated from mushrooms,
in analyses we only included truffle taxa (rarely disperse via
wind; Borgmann-Winter et al. 2023) or mushrooms that were
present in small mammal digestive tracts.

We assessed fungal community similarity among study areas
and between carnivore scats and small mammals using per-
mutational multivariate analysis of variance (PerMANOVA)
in R package ‘Vegan’ (Oksanen et al. 2014) on a Bray-Curtis
dissimilarity matrix. We visualised patterns in fungal compo-
sition among samples using non-metric multidimensional scal-
ing (NMDS) in R package ‘Vegan’ using the same dissimilarity
matrix. Prior to analyses, we relativised spore data by scaling
across all samples within a fungal taxon and removing fungal
taxa that occurred in <2% of samples.

We compared fungal richness and spore loads (1) within each
carnivore species when small mammal remains were present
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and absent and (2) among carnivore species when either small
mammal remains were present or absent using generalised lin-
ear models analysed in a Bayesian framework. For fungal rich-
ness we used a negative binomial error distribution and for spore
loads we used a gamma distribution (for Bayesian modelling
details see Data S5). We further qualitatively compared spore
richness and loads in carnivore scats to those in shrews (Blarina
brevicauda, Sorex cinereus, S. arcticus), mice (Peromyscus leu-
copus, P. maniculatus), voles (Myodes gapperi) and squirrels
(Glaucomys volans, G. sabrinus, Tamiasciurus hudsonicus,
Tamias striatus). Spore loads were adjusted for differences
in spore production among fungal taxa by using an index cal-
culated as the sum of scaled spore abundances of fungal taxa
within a sample (scaled 0 to 1 within a taxon across small mam-
mal and carnivore samples) (Stephens et al. 2021). Spore load
values ranged from 0 (no spores) to the richness of the scat sam-
ple (i.e., indicating that all identified fungal taxa were present at
their highest observed abundances).

To assess if spores in carnivore scat were related to the fre-
quency of small mammal prey consumption, we compared
fungal richness and spore loads to the frequency at which a
carnivore species consumed small mammals (based on diet
assessment) using linear regression that propagated uncer-
tainty across the modelling steps in a Bayesian framework
(Data S5). We used a bipartite network to visualize interaction
frequencies based on count data between carnivore species
and arbuscular mycorrhizal and ectomycorrhizal fungi. To
assess the magnitude of spore dispersal, we calculated spore
abundance in scats for the most common fungal taxa (present
in > 10 carnivore scats).

2.5 | Spore Dispersal Distance

We modelled spore dispersal distance for each carnivore species
by integrating movement data from collared individuals with
gut passage time from the literature. Movement data came from
four GPS collar studies with telemetry fixes every 1-11h during
the fall or early winter. We obtained movement data from
Minnesota and Wisconsin for female and male individuals, re-
spectively, from fishers (n=7, 7), red foxes (n=6, 8), bobcats
(n=38, 10), coyotes (n=6, 9; Margenau et al. 2023), and wolves
(n=9, 9; Erb et al. 2015, Chakrabarti et al. 2022) (Figure 2b;
Data S6). Because we were interested in regular home-range
movements, dispersing individuals were excluded. We used
collar movement data to quantify displacement as the net dis-
tance (m) moved from a starting location over a five-day period.
Within an individual, sequence start times were staggered such
that displacements were calculated over all times of the day. We
modelled mean net displacement as a function of time using
anon-linear saturation model (Michaelis—Menten formulation)
assuming gamma-distributed errors (Rehm et al. 2019):

Wjjgex X LiME;
Y Pljsex + time;
where y; is the mean displacement for the ith observation, a;,,
are asymptotes for the jth individual drawn from sex-specific
Gaussian hyperdistributions, and fj,, are half-saturation

constants drawn from sex-specific Gamma hyperdistributions.
Thus, the model accounted for repeated measures from indi-
viduals and differences in displacement due to sex, enabling
species-level predictions averaged across sexes.

We modelled gut passage time using data collected from a lit-
erature review of 20 studies tracking the passage of seeds or
seed-like particles (e.g., plastic beads) in 18 species from focal
carnivore families (Canidae, Felidae, Mustelidae). For each
study, we extracted data on the timing and corresponding cu-
mulative proportion of particles that passed through since inges-
tion (when graphic, data were extracted using GetData Graph
Digitizer; version 2.26). We translated these proportions into es-
timated seed numbers using a benchmark of 100 seeds per trial,
which is conservative given that the mean number of seeds in
trials, when reported, was 240.6 (SD =123.9, range 93-384). We
then modelled the number of seeds deposited as a function of
time, taxa, and body mass using a binomial logistic regression
with a random intercept indexed by study. Due to low sample
size for felid observations (9 gut passage times from two studies),
we combined Felidae and Canidae into a single category. Using
a natural log transformation of the time covariate provided a
superior model fit (Data S5). We used model posteriors to pre-
dict gut passage time for each species based on body mass and
family. We then estimated spore shadows of species by using the
posteriors to replace the time variable in the gut passage time
model with the associated predicted distances from the displace-
ment model.

2.6 | Body Mass and Dispersal Effectiveness

To determine how carnivore body mass influences spore
dispersal, we used a linear regression with a Gaussian error
distribution to assess the relationship between carnivore
body mass and both the quantitative (spore load index) and
qualitative (distance) components of spore dispersal. As
above, we propagated uncertainty across modelling steps in a
Bayesian framework (Data S5). To assess our prediction that
there is a tradeoff between the quantity and quality of spore
dispersal, we constructed an effectiveness landscape where
spore dispersal effectiveness=quantity X quality (Schupp
et al. 2010, 2017).

With the exception of PerMANOVA, we analysed all models in
a Bayesian framework using Markov chain Monte Carlo simula-
tions in JAGS and R (Plummer 2003; R Core Team 2021).

3 | Results

3.1 | Spore Community Composition
and Abundance

We analysed 365 small mammal samples and 267 carnivore
scats for fungal spores across the three study areas (Figure 2f).
We detected fungal spores in 87% of small mammal samples
(shrew =68%, mouse=285%, vole and squirrel=100%) and
67% of the carnivore scats (fisher=77%, red fox=84%, bob-
cat=62%, coyote = 65%, wolf=49%). Overall, there was high
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overlap in fungal community composition between small
mammals and carnivore scats with trophic level (prey vs.
carnivore) only explaining 0.8% of variation (F,,;,=2.02,
p<0.001) and study area 1.4% (F2,477:3.21, p<0.001) based
on PerMANOVA (Figure 3a).

Within a carnivore species, spore richness (Figure 3b) and
spore loads (Figure 3c) in scats were higher when small

mammal remains were present compared to when they were
absent. Further, when small mammal remains were present,
all carnivore species had similar spore richness and spore
loads (Figure 3b,c). However, at the species level, carnivores
that had a higher frequency of small mammal consumption
had both higher spore loads and spore richness (fishers hav-
ing the highest values and wolves having the lowest), although
this relationship was stronger for spore richness than spore
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loads (Figure 3d,e). Overall, carnivores interacted with both
arbuscular mycorrhizal and ectomycorrhizal fungi and dis-
persed at least 32 fungal taxa based on spore morphotypes
with confirmation from sequencing, most of which were truf-
fles (Figure 4a). Sequencing only picked up 22% of spores de-
tected in microscopy (likely due to saprobic dung-associated
fungi dominating sequence reads), making it impossible to
use operational taxonomic units (OTUs) to parse many of
the genus-level identifications across samples. When a fun-
gal taxon was present, spore abundance ranged from around
100 to over a billion, with median abundance values around
10,000 spores per scat (Figure 4b).
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3.2 | Spore Dispersal Distance

Displacement varied among the carnivore species with red
foxes moving the shortest distance, followed by coyotes, fish-
ers, and wolves (with consistent trends after 10h as assessed
by overlap of 95% credible intervals; Figure 5a). Bobcat move-
ments had high uncertainty, likely due to differences between
sexes, but they tended to move farther than red foxes and coy-
otes (Figure 5a). Mean gut passage time increased with car-
nivore size with fishers having the shortest (9.1 h) and wolves
having the longest (16.6h) transit times (Figure 5b). Spore
dispersal roughly tracked movement with red fox dispersing
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in carnivore scats (present in 10 or more samples) including (c) Genea spp., (d) Glomeraceae sp. 3, () Elaphomyces americanus, (f) Glomeraceae sp. 1,
(g) Hydnotrya cubispora, (h) Elaphomyces verruculosus, (i) Tuber spp. (j), Boletaceae spp., (k) Hymenogaster sp., (1) Rhizopogon pseudoroseolus, (m)
Elaphomyces sp. 1, (n) Hydnotra tulasnei, (0) Octaviania spp., and (p) Glomeraceae sp. 2.
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spores the shortest mean distance (0.8 km), followed by coy-
ote (1.5km), fisher (2.0km), and wolf (3.5km) (Figure 5c).
Bobcats (1.9km) had similar mean dispersal distances as fish-
ers but were variable and broadly overlapped with red fox and
coyote (Figure 5c¢).

3.3 | Body Mass and Dispersal Effectiveness

Body mass was negatively correlated with spore loads (R?=0.92)
and positively correlated with dispersal distance (R?>=0.70)
(Figure 6a,b). These tradeoffs in the quantity (spore abundance)
and quality (movement distance) components of dispersal were
reflected in dispersal effectiveness with similar values for red
fox, coyote, and wolf; with the smaller carnivore (red fox) plot-
ting higher on the quantity axis and the largest carnivore (wolf)
plotting higher on the quality axis (Figure 6c). However, al-
though there was some overlap, fisher and bobcat were 2.5 and

1.5 times more effective, respectively, compared to other carni-
vores, a pattern largely driven by their ability to disperse spores
relatively far for their body sizes (Figure 6b,c).

4 | Discussion

We found that body mass and subsequent differences in diets
and movement influence the relative role that carnivore spe-
cies play as secondary dispersers of mycorrhizal fungi. Overall,
smaller-bodied carnivores consumed more small mammals and
dispersed higher spore loads but over shorter distances relative
to larger-bodied carnivores that consumed fewer small mam-
mals but moved longer distances. Our findings highlight the
role of trophic interactions in contributing to ecosystem func-
tioning and suggest that carnivores provide an important but
largely overlooked mechanism of long-distance dispersal of my-
corrhizal fungi.
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4.1 | Quantitative Component of Spore Dispersal

There is considerable variation in spore inoculum densities re-
quired for effective colonisation of roots, but many taxa can col-
onise roots with only a few hundred to several thousand spores
(Parladé et al. 1996; Rincén et al. 2001; Klironomos and Hart 2002).
Our results indicate that spore loads vary greatly but that car-
nivores can generally disperse sufficient numbers of mycorrhi-
zal fungal spores to facilitate colonisation of plants (Figure 4b).
Fungal spores have been previously detected in scats of fisher and
pampas fox (Zielinski et al. 1999; Aguirre et al. 2021), although
it has been unclear if spores are the result of primary or second-
ary consumption. When small mammal remains were present in
carnivore scat, we observed more spores compared to when they
were absent, indicating that spores are primarily from consum-
ing prey. Many scats with no identified small mammal remains
retained low levels of spores along with microscopic fragments
of hair. As a small fraction of prey hair often passes after bones
and teeth (Bowland and Rowland 1991), we suspect that many of
these spores also originated from prey but are either slow to exit
the gut or get caught with hair particles. Nevertheless, coyote and
red fox scats often had high spore abundances of Elaphomyces and
Rhizopogon (which produce relatively large sporocarps) with no

trace of prey remains. This suggests that omnivorous predators
may act as both primary and secondary dispersers of mycorrhizal
fungi, although direct consumption may be limited to fungal taxa
with relatively large sporocarps whereas secondary dispersal will
likely reflect the wide array of sporocarp sizes that small mam-
mals consume (Stephens et al. 2017).

Higher small mammal frequency in the diet increased overall
fungal richness and spore loads in carnivore scats, although the
relationship with spore loads was not as strong (Figure 3b,c).
Spore loads include both richness and spore abundance, and al-
though mid-sized carnivores such as bobcat and coyotes have
relatively lower fungal richness, they have a high abundance
of spores when taxa are present. This may be driven in part by
the size of bobcat (15.2+11.3g) and coyote scats (13.4+11.0g),
which are much larger than fisher (5.8+3.9g) or red fox
(6.9+6.8g) scats.

4.2 | Qualitative Component of Spore Dispersal

Larger-bodied species have been shown to provide longer-
distance propagule dispersal (Wotton and Kelly 2012; Rehm
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et al. 2019). We generally observed this trend but found that
there were considerable species-specific effects with fishers
having the ability to disperse spores relatively long distances for
their body size (Figure 6b). Similar to Rehm et al. (2019), we
found that spore shadow distributions were primarily driven
by movement rates rather than gut passage time, underscor-
ing the importance of movement in dispersal distance. Thus,
even smaller-bodied species with relatively fast gut passage
times can provide long-distance dispersal if movement rates are
high. Nevertheless, variability in gut retention time related to
diet could still modulate dispersal distance. For example, shifts
from a meat- to fruit-based diet can reduce gut retention time
in grizzly bears by over 50% (Elfstrom et al. 2013). Also, given
that small particles such as spores may persist at low levels in
the gut longer than larger particles such as bones (Bowland and
Rowland 1991), it is likely that gut passage time distributions
have considerably longer tails than what we modeled from ex-
perimental studies using seeds (Figure 5b). Given the saturat-
ing nature of displacement kernels (Figure 5a), these longer
tails would be unlikely to greatly increase dispersal distance for
home range movements but could increase movement for dis-
persing individuals and broaden the deposition area of spores if
they were deposited in more scats.

Our assessment of the qualitative component of dispersal was
based on movement distance, but effects from gut passage on
viability along with the location of deposition are also import-
ant aspects of dispersal quality (Schupp et al. 2010). Although
freezing and alcohol emersion of samples prevented us from
thoroughly assessing spore viability, most spores were in-
tact (e.g., Figure 4c-p), suggesting that they were still viable.
Further, seedlings have been successfully inoculated with fun-
gal spores that passed through the digestive systems of both
small mammals (reviewed in Elliott et al. 2022) and pampas
foxes (Lycalopex gymnocercus; Aguirre et al. 2021), together sug-
gesting that spores remain viable across trophic levels. However,
overall spore viability may vary depending on gut retention time
along with species-specific differences in animal stomach acid-
ity and fungal spore traits such as wall thickness and melaniza-
tion (Anderson 2025).

Most of our scats were collected from roads. Spores from these
samples could ultimately be moved off the road by water or
insects such as dung beetles (Miloti¢ et al. 2019); however,
roads are likely not an ideal habitat for colonising host plants.
Based on dog surveys in our Chippewa study area, carnivores
deposit scats in forested areas, but differences in habitat selec-
tion could lead to differences in microsite location deposition
(Garcia-Cervigon et al. 2018). For example, fishers primarily
stay in mature forest whereas bobcats use both mature and
regenerating forest (McNitt et al. 2020a; Pauli et al. 2022).
Further, differences in tree community composition at the
microsite, coupled with fungal species-specific host affinities,
will strongly influence the ability of dispersed spores to col-
onise host plants. For example, most arbuscular mycorrhizal
fungi have broad host associations whereas many ectomy-
corrhizal fungi are host specific such as Rhizopogon species
that only associate with members of the family Pinaceae
(Massicotte et al. 1994).

4.3 | Spore Dispersal Effectiveness

We found that all carnivore species dispersed spores, but that
fishers were the most effective in terms of dispersing high
spore loads over relatively long distances. Given the ubiquity
of fungivory, especially by small mammals (Elliott et al. 2022),
we suspect that secondary fungal dispersal by carnivores is a
widespread phenomenon. Similar to fishers, other terrestrial
mustelids are likely highly effective spore dispersers including
martens (Martes spp.), which occur throughout the Holarctic
and parts of Southeast Asia (Zhou et al. 2011). In addition, birds
of prey—such as hawks and owls—that regularly hunt small
mammals and traverse large areas may also play an important
role in spore dispersal. Unlike many terrestrial carnivores, rap-
tors are less constrained by roads and human infrastructure, po-
tentially allowing them to disperse spores more broadly across
fragmented landscapes.

Although we focused on interspecific variation in spore dispersal,
intraspecific variation and seasonality may modulate the relative
effectiveness of individuals. Specifically, individual variation in
diet and movement associated with sex, age, and behaviour could
change both the quantitative and qualitative components of dis-
persal effectiveness (Zwolak 2018), with the relative importance of
these factors varying among species. For example, sex may drive
movement for some species such asbobcats and fishers where males
move considerably farther than females (McNitt et al. 2020b), but
for pack animals such as wolves, sex has less influence. For social
carnivores such as coyotes and wolves, behaviour associated with
status may influence dispersal effectiveness as subordinate or tran-
sient individuals consume less large-bodied prey and move farther
distances than dominant individuals (Bartel and Orrock 2022).
Competition among carnivore species (Major and Sherburne 1987;
Smith et al. 2023) and seasonality (Jensen et al. 2024) may fur-
ther modify dispersal effectiveness by changing small mammal
consumption rates along with movement and habitat selection.
Seasonality may also play a role in structuring fungal spore com-
position in carnivore scats as small mammal diets shift with fun-
gal fruiting phenology (Lehmkuhl et al. 2004).

5 | Conclusions

We found that carnivores differ in the qualitative and quantita-
tive aspects of fungal spore dispersal, suggesting low ecological
redundancy among species and highlighting the importance of
maintaining carnivore communities to facilitate this ecosystem
function across spatial scales. The ability of carnivores to move
spores longer distances than their prey is especially important as
fungi track changing climate windows and host plant distribu-
tions (Van Nuland et al. 2024). Additionally, because carnivores
move across heterogeneous landscapes (Olson et al. 2024), and
use disturbed areas such as burned or logged forest (Vanbianchi
et al. 2017; Jones et al. 2024), they can maintain genetic connec-
tivity of mycorrhizal fungi across fragmented habitat patches
and establish new populations in regenerating areas. Together
this long-distance dispersal across heterogeneous landscapes
is especially important for truffle taxa which rely almost exclu-
sively on animal vectors for dispersal.
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