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ABSTRACT
Diaspore (e.g., seed and spore) dispersal is recognized as a key mechanism in plant dynamics, including endozoochory, which 
can be a risky journey for diaspores. Endozoochory is achieved when diaspores are consumed and may germinate after the mas-
tication, the gut and fecal matrix passage, all representing filters for diaspores. Nevertheless, endozoochory is a highly studied 
mechanism through numerous methods, notably based on the observation of frugivorous behavior, diaspores retrieved in feces or 
germination experiments. However, most of those methods consider partially the endozoochorous filters (ingestion, mastication, 
gut, feces). Hence, the combined effect of the methods and filters consideration may lead to biased inference of endozoochory. 
In this study, we used a collection of 52 brown bear (Ursus arctos) feces to highlight five methods inferring endozoochory. Two 
methods consider the ingestion filter and used metabarcoding of fecal eDNA to identify fleshy fruits (i) or plants during fruiting 
periods (ii). The third method (iii) was based on the intact propagules retrieved in feces, considering ingestion and mastication 
filters. Another method (iv) was based on the germination from disaggregated feces, considering up to the gut passage filter. The 
last method (v) was based on the germination from aggregated feces, considering the four filters. We compared the number of 
taxa, the community and the plant life forms inferred among methods. We inferred the largest number of taxa in method (iii), 
but the germination-based methods inferred the most diverse plant life forms. We identify few shared taxa among methods. The 
metabarcoding-based methods might be an interesting tool as a first approximation of endozoochory while detailing the diet. The 
method (v) appeared as the most reliable. Overall, we invite future studies to mitigate their interpretations according to the filters 
of endozoochory considered and plant detectability related to the method used.

1   |   Introduction

Plant population dynamics in ecosystems are determined by 
many biotic and abiotic mechanisms, among which diaspore 
(e.g., seed or spore) dispersal across the landscape is crucial 
(Beckman and Sullivan  2023). Indeed, diaspore dispersal is 

a key mechanism for colonization or escape from harsh en-
vironments due to competition, predation, or pathogens. 
Diaspores can be dispersed by various vectors, either abiotic 
(e.g., the wind, anemochory) or biotic (i.e., zoochory) (Howe 
and Smallwood  1982). For instance, vertebrates may trans-
port diaspores over long distances by epizoochory through 
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adhesion to their fur, hoof or feathers or endozoochory 
through ingestion and excretion by defecation or regurgitation 
(e.g., Baltzinger et al. 2019).

Endozoochory by vertebrates has received considerable atten-
tion in past decades (e.g., Nogales et al. 2024) and if it was re-
lated to frugivores and fleshy fruit ingestion in the first place 
(i.e., endozoochorous dispersal syndrome, Van der Pijl 1982), 
other guilds and plant types are now documented as involved 
in this dispersal mechanism. In particular, large herbivores 
(Baltzinger et  al.  2019) and omnivores (García-Rodríguez, 
Albrecht, et al. 2021) have been well studied, and numerous 
pieces of evidence exist for the dispersal of dry-fruited plants 
(Lalleroni et  al.  2017; Pauly et  al.  2024), ferns (Lovas-Kiss 
et al. 2018; Pauly et al. 2024) or mosses (Parsons et al. 2007; 
Pauly et al. 2024). However, endozoochory has been studied 
and inferred in many different ways, either based on fru-
givorous behavior, diaspores retrieved in feces, or germina-
tion experiments, as shown in a review on islands (Nogales 
et al. 2024), seed dispersal networks (Dáttilo 2025) or palms 
(Marques Dracxler and Kissling  2022). Similar observations 
can be made if we focus on a given species, such as the brown 
bear (Ursus arctos), for which endozoochory was inferred 
either by monitoring diaspores retrieved in feces (Lalleroni 
et  al.  2017), germination of diaspores extracted from feces 
(Tavşanoğlu et  al.  2021), or germination experiments using 
intact feces (Pauly et  al.  2024). And yet, although all these 
studies deal with endozoochory, we can legitimately wonder 
whether they all provide a reliable inference of this complex 
mechanism (Dáttilo 2025).

Endozoochory is a risky and hazardous process for the plant 
diaspores, which pass through at least four successive fil-
ters to be dispersed (i.e., described hereafter), and numerous 
methods consider only partially these filters. For instance, the 
first filter is the effective ingestion of diaspores, which can be 
inferred by visual observation of frugivory (e.g., Harrer and 
Levi  2018) or through eDNA fecal metabarcoding to detect 
fleshy fruits (endozoochorous syndrome, e.g., Sato et al. 2025). 
Once eaten, diaspores are often masticated (i.e., second filter) 
and potentially broken, drawing the limit between diaspore 
dispersal and predation (Janzen 1971). The study of intact di-
aspores retrieved from feces enables a consideration of this 
filter (Lalleroni et  al.  2017). Subsequently, the diaspores are 
within the gut (i.e., third filter), which may cause an abra-
sive detrimental effect on the diaspore or enhance their vi-
ability through the action of digestive acids (Traveset and 
Verdú  2002). Studies testing diaspore viability (e.g., using 
Tetrazolium, Farmer et  al.  2017) or germination experi-
ments of diaspores retrieved in feces (Tavşanoğlu et al. 2021; 
Tsunamoto et al. 2024) properly consider the filters up to the 
gut passage. Finally, when the animal defecates, the dias-
pores can be constrained for germination by the fecal matrix 
through chemical or mechanical constraints (Mancilla-Leytón 
et  al.  2012; Pauly et  al.  2024; Jiménez-Martín et  al.  2025), 
and germination experiments based on intact feces permit 
assessing this filter (e.g., Mancilla-Leytón et  al.  2012; Pauly 
et al. 2024; Jiménez-Martín et al. 2025). In addition, germina-
tion and establishment stages also depend on the quality of the 
releasing site (Schupp et al. 2010; Karimi et al. 2020; García-
Rodríguez, Selva, et  al.  2021) and on secondary dispersal 

events (Ishikawa  2011; Culot et  al.  2015; Pauly, Vanpé, Roy, 
Sentilles, et al. 2025). Nevertheless, according to these four fil-
ters (ingestion, mastication, gut passage, and feces), a partial 
consideration of at least one of them in the study of endozoo-
chory may lead to biased results and conclusions.

Typically, the use of different methods to infer endozoochory 
complicates comparisons among studies, but we argue that it 
is exacerbated by the variability in the inference reliability ac-
cording to the endozoochorous filters considered (Dáttilo 2025). 
For instance, several studies based on target plants and using 
captive animals, highlighted more intact diaspores (up to the 
mastication filter) than germinated diaspores (up to the gut 
passage filter) (Mancilla-Leytón et al. 2011; Grande et al. 2013; 
Rubalcava-Castillo et al. 2023; Tsunamoto et al. 2024), illustrat-
ing the inference variability according to the filters considered. 
In this regard, the combined effect of the method and the filters 
considered can lead to biased results, with varying degrees of 
confidence. Both can affect particularly the results of the num-
ber of plant taxa retrieved and the type of plant life form and 
dispersal syndrome inferred. For the latter, it is particularly 
important, as dispersal syndromes are not fully reliable for en-
dozoochory, especially for omnivores and herbivores (Green 
et al. 2022). In this context, the investigation of endozoochory 
inference according to different methods could be particularly 
relevant.

Therefore, we investigated the inference of endozoochory ac-
cording to five different methods that consider part or all of 
the four endozoochorous filters (i.e., ingestion, mastication, 
gut passage, fecal matrix). To this purpose, we used 52 brown 
bear feces collected in the Pyrénées (South-West Europe), a 
potential keystone species (Pauly, Vanpé, Roy, Quenette, 
et  al.  2025) and a well-known plant disperser (García-
Rodríguez, Albrecht, et al. 2021) of different plant life-forms 
(Pauly et al. 2024). We performed two methods based on fecal 
eDNA metabarcoding that consider only the ingestion filter, 
a first one (i) relying on the ingestion of plants with a fleshy 
fruit syndrome, and a second one (ii) relying on all plants 
ingested during their fruiting periods (i.e., propagules in-
gested). We performed a third method (iii) that considers up 
to the mastication filter, based on intact diaspores retrieved 
from the feces. The fourth method (iv) was based on a ger-
mination experiment from disaggregated feces, a method that 
considers up to the gut passage filter. We additionally used a 
Tetrazolium test as an alternative to germination experiments. 
Finally, we inferred endozoochory using a fifth method (v) 
based on germination experiments from intact and aggre-
gated feces that consider all four filters of the endozoochory 
process. For each method, we investigated the number of taxa 
and plant life forms inferred. Furthermore, as our study was 
based on a comparison of methods, we also provided informa-
tion related to their applicability. We hypothesized a different 
number of taxa retrieved among methods and predicted that 
methods considering only the ingestion filter would provide 
the largest number of taxa. We also hypothesized that most of 
the taxa are shared between at least two methods. Finally, we 
hypothesized that methods based on germination (iv and v) 
and metabarcoding (only ii) will enable the inference of cryp-
tic taxa dispersed as very small diaspores or spores, which can 
be missed through visual observation (method iii).
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2   |   Materials and Methods

2.1   |   Feces Collection

We collected 52 fresh (less than 48 h-old) brown bear feces 
between 2017 and 2022 in the French part of the Pyrénées 
(18,000 km2) using dogs trained to detect brown bear feces 
(Sentilles et  al.  2021). We searched feces from March to 
November, corresponding to the activity periods of brown bear 
(i.e., excluding winter dormancy). We searched feces system-
atically in identified feeding areas (hosting soft or hard mast 
plants) and opportunistically following recent brown bear 
sightings, livestock depredations, or apiary damage. Feces were 
stocked in a freezer at −18°C. Metabarcoding for methods (i) 
and (ii) was performed during December 2022. The diaspore ex-
traction for method (iii) was performed in spring 2024. The ger-
mination experiments of methods (iv) and (v) were performed 
simultaneously between April and October 2023, results already 
being published (Pauly et al. 2024).

2.2   |   Metabarcoding Procedure

The metabarcoding was conducted at the Molecular Biology 
Microbiology facility of the Centre de Recherche sur la 
Biodiversité et l'Environnement (CRBE) laboratory in Toulouse 
(France) in December 2022 using a 15-g portion extracted from 
the core of the feces collected in the field or in the laboratory 
after collection. We used the trnL marker to detect the plants 
ingested (see Supporting Information for details on the metabar-
coding procedure) and a reference sub-database on the plant 
species present in the Pyrénées, extracted from GenBank to ob-
tain better assignment accuracy at the species level. The 15-g 
portion allowed the identification of the plant composition of the 
entire feces.

2.3   |   Methods for inferring endozoochory

2.3.1   |   Method (i): Metabarcoding and the  
Fleshy-Fruited Plants Ingested

Metabarcoding provides information on the presence of plants 
in feces, regardless of the part consumed. Here, based on endo-
zoochorous dispersal syndrome (Van der Pijl 1982), we consider 
fleshy-fruited plants as consumed for their fruits. We thus in-
ferred endozoochory based on fleshy-fruited plant occurrences 
in the diet using metabarcoding results. This method only con-
siders the ingestion filter. We considered all taxa (species or gen-
era) producing only fleshy fruits.

2.3.2   |   Method (ii): Metabarcoding and Plants Ingested 
During Fruiting Periods

Here, we consider all the plants retrieved in feces based on 
metabarcoding results, and inferred endozoochory for plants 
ingested during their fruiting period (i.e., diaspore ingestion). 
This method only considers the ingestion filter. To collect the 
information of the fruiting period, we used three sources: (1) 
FLORAPYR (https://​atlas​flora​pyren​aea.​eu), a Pyrénées flora 

database; (2) Tela Botanica (https://​www.​tela-​botan​ica.​org), a 
collaborative database managed by French botanists; and (3) 
Pl@ntNet (https://​plant​net.​org), a database encompassing fruit 
observations by observers in the Pyrénées, as a form of citizen 
science. Based on months of fructification recorded in data-
bases, we determined the main fruiting period for months when 
the three databases were congruent. Otherwise, we considered 
the remaining months reported as secondary fruiting periods. 
We did not perform this approach at the genus level because in-
terspecific variation of fruiting periods can be too wide. Hard 
mast species of Fagaceae (e.g., Quercus sp.) were discarded as 
their diaspores are generally destroyed by mastication (but see 
Lalleroni et al. 2017).

2.3.3   |   Method (iii): Seed Extraction

The third method (iii) inferred endozoochory based on the in-
tact diaspores retrieved in the feces. This method considers the 
ingestion and mastication filters. We used 5 g of fresh matter 
per individual feces to extract the intact diaspores, similarly to 
Lalleroni et al. (2017) who used 5 g of dry matter. We passed each 
feces through three successive sieves (with a mesh of 4.00, 0.80, 
and 0.08 mm, respectively) and water washed them to break 
down the fecal parts, remove macroelements, and collect large 
diaspores and fruits. We then collected the filtered material to 
search for smaller diaspores. We dried the filtered material to 
prevent mold formation and sorted all intact diaspores under 
a binocular magnifying glass. The diaspores retrieved were 
identified using reference books (Cappers et al. 2006; Cappers 
and Bekker 2013) and counted up to 100 (as some fruits, such 
as Vaccinium sp. fruits, may contain an extremely high number 
of seeds).

2.3.4   |   Method (iv): Seed Germination From 
Disaggregated Feces

Here, we inferred endozoochory based on the germinated 
plants identified using a germination experiment on disag-
gregated feces. This method considers the ingestion, mas-
tication, and gut passage filters. This method and its results 
were extracted from a previous study using the same samples 
(Pauly et  al.  2024). We collected 75 g of fresh matter from 
each feces, which were passed through the same successive 
sieves as method (iii) and water washed to disaggregate the 
feces and remove macroelements that were not seeds or fruits. 
The disaggregated material was then deposited on potting soil 
(blond sphagnum peat moss and coarse perlite, Klasmann/
Dielmann) and a wipe (i.e., cotton gauze for medical use) under 
the potting soil, in a rectangular pot measuring 13 × 9 × 4.5 cm 
(length by width by height). We left the pots under a green-
house for 209 days (from 5 April 2023 to 31 October 2023), with 
frequent watering. After 121 days, we randomly changed the 
pots' position to limit the effect of placement. We monitored 
each sub-sample every 4 days to map and count the new and 
dead seedlings. To control for external and potting soil con-
tamination, we veiled the experiment during the Asteraceae 
sp. and Salicaceae sp. fruiting periods, and used 20 control 
pots with potting soil only. These control sub-samples were 
placed at the same time and in the same greenhouse as the 
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fecal samples. We annotated the germinated plants to the fin-
est taxonomic level based on morphological criteria (Hanf and 
Martin 1970; Muller 2013). For some plants whose premature 
death prevented reliable identification, we assigned a proba-
ble identification (mostly based on the cotyledons only). We 
also inventoried and identified all the mosses and liverworts 
in each sub-sample just after the end of the 209-day monitor-
ing period, because the identification required disruptive ex-
tractions of the substrate.

We also performed a viability Tetrazolium test as an alternative 
to germination experiments on plant taxa extracted with the 
method (iii). We decided to conduct this test on taxa with at least 
50 seeds retrieved to properly estimate the effect of gut passage. 
On those plants, we randomly selected 50 seeds per taxa during 
summer 2025 and followed the Tetrazolium test procedure out-
lined in the dedicated handbook (Miller and Peters 2010).

2.3.5   |   Method (v): Seed Germination From 
Aggregated Feces

The fifth method (v) inferred endozoochory based on the ger-
minated plants identified using a germination experiment on 
aggregated feces. This method considers the ingestion, mastica-
tion, gut passage, and feces filters. This method and its results 
were extracted from a previous study using the same samples 
(Pauly et  al.  2024). We collected another 75 g sample of fresh 
matter from each feces, which was left intact and naturally ag-
gregated, keeping the structural complexity of the feces. The in-
tact aggregated feces were similarly deposited and monitored as 
for the fourth method (iv) in the same place, at the same time 
and with the same protocol.

2.4   |   Comparison of Methods

We compared the plant detectability among methods using ac-
cumulation curves based on the number of taxa detected and 
the number of feces. For this purpose, we removed unidenti-
fied taxa or uncertain identification. In a second analysis, we 
compared plant communities dispersed based on a dissimilarity 
matrix using a permutation test and by calculating the turnover 
and nestedness among methods. For this purpose, for a given 
method that identified a taxon at the species level (e.g., Rubus 
idaeus), an occurrence at the genus level was recorded if that 
genus had been identified at that taxonomic rank by another 
method (e.g., Rubus). Finally, we qualitatively described for each 
of the methods the ability to detect different plant life forms, and 
applicability related to the time, expense (except agent salary), 
and expertise required.

We performed all data analyses on R Studio (v.4.3.2). For the 
accumulation curves, we used the package vegan (v. 2.6.8) 
(Oksanen et  al.  2007), and for the dissimilarity matrix test 
and turnover calculation, we respectively used vegan (v.2.6.8 
2.6.8) (Oksanen et al. 2007) and betapart (v.1.6.1) (Baselga and 
Orme 2012) packages. We realized the Figures 1–4 on R Studio 
and the Figure 5 using Canva.com.

3   |   Results

Based on metabarcoding of fecal eDNA, we identified 5919 
OTUs (Operational Taxonomic Units), including 12,945,186 
reads. Of these 5919 OTUs, 5785 were annotated to family level 
(nearly 100% of reads annotation, n = 12,939,806 reads), 624 to 
genus level (87.7% of reads annotation, n = 11,351,326 reads), and 

FIGURE 1    |    Occurrence of species (Y axis) identified in brown bear feces (blue dots: #4169E1) during the year (X axis in Julian day). For each 
species, the black solid line corresponds to the main fruiting period, while the black dotted line corresponds to the secondary fruiting periods; a spe-
cies retrieved outside of these periods was not considered as dispersed. Dry-fruited plants are written in green (#006400), fleshy-fruited in purple 
(#800080).
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297 to species level (1.4% of reads annotation, n = 175,219 reads). 
Thanks to the BLAST performed, we enhanced the taxonomic 
annotation of 13 OTUs (180,621 reads; including three spe-
cies annotation: Conopodium majus, Rubus idaeus, and Meum 
athamanticum). Most of the annotations were hard mast bear-
ing Fagaceae (2132 OTUs, 87.1% of annotations, n = 11,257,894 
reads). We thus identified 53 different taxa, including 19 spe-
cies, 23 genera, and 11 families (see details in Supporting 
Information).

3.1   |   Method (i): Metabarcoding and Fleshy Fruits 
Ingested

According to the metabarcoding results and the method (i), we 
identified three fleshy-fruited plants considered as dispersed by 
endozoochory. Those plant species were scattered in 27% (14/52) 
of feces samples: Vaccinium myrtillus (9/52), Vaccinium uligino-
sum (4/52), and Rubus idaeus (5/52).

3.2   |   Method (ii): Metabarcoding and Plants 
Ingested During Fruiting Periods

Among the 19 plant species identified in the diet by metabarcod-
ing, we found information on the fruiting period for 16 of them, 
permitting endozoochory investigation according to the method 
(ii) (data lacking for Cynosurus cristatus, Salvia pratensis, and 
Nepeta cataria). Among those 16 species, we counted three 
fleshy-fruited shrubs, 12 dry-fruited herbaceous plants, and 
one hard-mast woody plant (and not considered as dispersed). 
According to method (ii), we identified nine species consumed 
during their fruiting periods and inferred as dispersed by endo-
zoochory (three fleshy-fruited and six dry-fruited plants). Those 
species were scattered in 29% of feces samples (15/52). Most of 
the fleshy-fruited plants (90% of samples) were ingested during 
their fruiting period (main and secondary), whereas dry-fruited 
plants (46% of samples) were ingested mostly outside their fruit-
ing period (Figure 1).

3.3   |   Method (iii): Seed Extraction

We extracted a total of 1478 intact diaspores in 58% (30/52) of the 
feces samples, belonging to 27 different taxa, and—according to 
the method (iii)—these were considered as dispersed by endozoo-
chory. We identified nine taxa at the species level, 13 at the genus 
level, and five at the family level. We found 66 diaspores from 15 
different herbaceous plant taxa scattered in 28% (14/52) of the sam-
ples. We found at least 1405 diaspores from six fleshy-fruited taxa 
(Ribes alpinum; Rosa canina; Rubus sp.; Vaccinium sp.; Sorbus sp.; 
and Juniperus sp.) scattered in 37% (19/52) of the samples, and most 
of them were Vaccinium sp. (69%) and Rubus sp. (30%). We found 
only one diaspore from a dry-fruited shrub (Calluna vulgaris). We 
finally retrieved six diaspores from four dry-fruited woody plants 
scattered in 6% (3/52) of the samples, including two taxa producing 
small diaspores (Betula pendula and Betula pubescens) and two 
producing larger diaspores (Abies sp.; Pinaceae sp.).

3.4   |   Method (iv): Seed Germination From 
Disaggregated Feces

Those results were extracted from a previously published study 
(Pauly et al. 2024). Based on the germination experiment from 
disaggregated feces (n = 52), we detected plants (angiosperms, 
mosses and ferns) in 42% of feces samples (22/52), all consid-
ered as dispersed by endozoochory according to the method 
(iv). We observed the emergence of 164 angiosperm seedlings 
in 27% (15/52) of the samples and identified taxonomically 
121 out of the 164 seedlings. We thus identified seven angio-
sperms, including one tree (Betula sp.), two fleshy-fruited 
shrubs (Rubus idaeus and Vaccinium myrtillus), and four her-
baceous taxa (Holcus lanatus; Oxalis corniculata; Persicaria 
hydropiper; and one Asteraceae sp.). Vaccinium myrtillus is the 
species that germinated the most (n = 5/52) and represented 
most of the seedlings identified (n = 114/121), whereas other 
taxa only counted one or two seedlings. We also observed 
43 unidentified seedlings, but most of them were probably 
Vaccinium sp. (88%, n = 38/43). Furthermore, we detected one 

FIGURE 2    |    Taxa accumulation curves according to the method used (i.e., (i) fleshy fruits based on metabarcoding, (ii) plants during fruiting pe-
riods based on metabarcoding, (iii) seed extraction, (iv) disaggregated feces, and (v) aggregated feces).
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6 of 12 Ecology and Evolution, 2025

fern species (Dryopteris carthusiana) with three sprouts 
scattered in 6% (3/52) of samples and four mosses at the end 
of the monitoring (Leptodictyum riparium; Ptychostomum 

dichotomum; Ceratodon purpureus; Barbula convoluta) scat-
tered in 17% (9/52) of samples.

As an alternative to the germination experiment from disag-
gregated feces, we performed Tetrazolium viability tests on 50 
Rubus sp. and 50 Vaccinium sp. diaspores extracted and deter-
mined that 41% and 21% respectively of the diaspores tested were 
still viable. For non-viable diaspores, we noted that the embryo 
was either aborted or intact but non-viable.

3.5   |   Method (v): Seed Germination From 
Aggregated Feces

Those results were extracted from a previously published study 
(Pauly et al. 2024). Based on the germination experiment from 
aggregated feces (n = 52), we detected plants (angiosperms, 
mosses, and ferns) in 25% of feces samples (13/52), all considered 
to be dispersed by endozoochory according to the method (v). 
We observed the emergence of 85 angiosperm seedlings in 19% 
(n = 10) of the samples and identified taxonomically 41 out of 
the 85 seedlings. We thus identified three angiosperms, includ-
ing one tree (Betula sp.) and two fleshy-fruited shrubs (Rubus 
idaeus and Vaccinium myrtillus). Vaccinium myrtillus repre-
sented most of the germinations (n = 5) and seedlings (n = 39), 
whereas the two other taxa only counted one seedling. We also 
observed 44 unidentified seedlings, but most of them were prob-
ably Vaccinium sp. (93%, n = 41/45). Furthermore, we detected 

TABLE 1    |    Statistical results based on permutation test on 
dissimilarity matrix per method.

Pairwise comparison F-value p R2

Method (i)–Method (ii)a 0.9168 0.476 0.03284

Method (i)–Method (iii) 5.5832 0.001 0.11733

Method (i)–Method (v) 5.3008 0.001 0.15016

Method (i)–Method (iv) 1.9892 0.085 0.08292

Method (ii)–Method (iii) 4.5698 0.001 0.09607

Method (ii)–Method (v) 3.7675 0.001 0.10836

Method (ii)–Method (iv) 1.2136 0.272 0.05012

Method (iii)–Method (v) 3.2472 0.002 0.06594

Method (iii)–Method (iv) 2.0861 0.027 0.05204

Method (v)–Method (iv) 1.2249 0.258 0.04499

Note: In bold: Statistically significant results.
aMethod (i) = metabarcoding and the fleshy-fruited plants ingested; Method 
(ii) = metabarcoding and plants ingested during fruiting periods; Method 
(iii) = seed extraction; Method (iv) = seed germination from disaggregated feces; 
Method (v) = seed germination from aggregated feces.

FIGURE 3    |    Number of taxa inferred per method (between brackets) and shared (connected black dots) or not among the five methods (i.e., (i) 
fleshy fruits based on metabarcoding, (ii) plants during fruiting periods based on metabarcoding, (iii) seed extraction, (iv) disaggregated feces, and 
(v) aggregated feces). The bar of the histogram represents the number of taxa shared by a unique combination of methods.
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7 of 12Ecology and Evolution, 2025

one fern species (Dryopteris carthusiana) with three sprouts in 
one sample (2%). We also identified two mosses at the end of the 
monitoring (Pseudoscleropodium purum; Ceratodon purpureus) 
scattered in 6% (3/52) of samples.

3.6   |   Comparison of Methods

3.6.1   |   Taxa Diversity

Among all the methods used, we identified potential plant dis-
persal in 78% of the samples (41/52) corresponding to 56 taxa. 
This included eight fleshy-fruited shrub taxa (Rubus idaeus; 
Vaccinium myrtillus; Vaccinium uliginosum; Ribes alpinum; Rosa 
canina; Juniperus sp.; Rubus sp. and Vaccinium sp.), one fleshy-
fruited tree (Sorbus sp.), one dry-fruited shrub (Calluna vulgaris), 
35 dry-fruited herbaceous plants (see details in Supporting 
Information), three dry-fruited tree taxa (Betula pendula; Betula 
pubescens; Betula sp.), two hard-mast tree taxa (Pinaceae sp., 
Abies sp.), one fern (Dryopteris carthusiana) and five mosses 
(Barbula convoluta; Ceratodon purpureus; Leptodictyum ripar-
ium; Pseudoscleropodium purum; Ptychostomum dichotomum).

Based on the observation of the accumulation curves on taxa 
detected per method, we observed that methods (i), (ii), (iv), and 
(v) seemed to stabilize at an asymptote and detected fewer than 
15 taxa. Conversely, method (iii) detected more taxa in total and 
did not appear to reach an asymptote (Figure 2).

3.6.2   |   Taxa Composition

Based on the plant inferred as dispersed by endozoochory in 
each method, we detected a significant difference in plant 
composition among methods based on the dissimilarity matrix 

analysis (Permanova, F-value = 3.2604, p = 0.001, and R2 = 0.13). 
The composition obtained with method (iii) was significantly 
different from all others, while no significant dissimilarity was 
detected between metabarcoding-based methods (i) and (ii) or 
between germination-based methods (iv) and (v). The method 
(v) was significantly different from metabarcoding-based 
methods (i; ii), whereas the method (iv) was not different from 
metabarcoding-based methods (Table 1 for comparison details). 
All feces combined, we calculated a high turnover (0.80) and 
nestedness (0.99) among methods.

In detail, two taxa were identified in all five methods (Vaccinium 
sp. and Rubus sp.) (Figure 3). Those two taxa were identified at the 
species level (Vaccinium myrtillus and Rubus idaeus) in methods 
(i), (ii), (iv), and (v), whereas method (iii) only reached the genus 
level. Betula sp. was shared by methods (iii), (iv), and (v). The moss 
species Ceratodon purpureus and the fern species Dryopteris car-
thusiana were exclusively identified in methods (iv) and (v). One 
species (Vaccinium uliginosum) was only identified in both meth-
ods (i) and (ii), another one (Calluna vulgaris) in both methods (ii) 
and (iii) only, and a last taxon (Asteraceae sp.) in both methods 
(iii) and (iv) only. In contrast, five taxa were found exclusively in 
method (ii), 23 exclusively in method (iii), six exclusively in method 
(iv), and one exclusively in method (v) (Figure 3).

Concerning Vaccinium sp. and Rubus sp. that were retrieved in 
each of the five methods, they were found respectively in 16 and 
10 of the 52 fecal samples, with method (iii) inferring most of the 
dispersal events (80% and 94% of total detection, respectively, 
Figure 4). In two of the 52 fecal samples, we detected Vaccinium 
sp. in each method, which was not the case for Rubus sp. Method 
(ii) refined the results of Method (i) by removing two Rubus sp. 
occurrences. The methods (iv) and (v) provided the lowest detec-
tion, with 31% of the total detection for Vaccinium sp. and 10% of 
the total detection for Rubus sp. (Figure 4).

FIGURE 4    |    Detection of Vaccinium sp. and Rubus sp. (filled cell) per method (lines) and sample (columns). The methods were: (i) Fleshy fruits 
based on metabarcoding, (ii) plants during fruiting periods based on metabarcoding, (iii) seed extraction, (iv) disaggregated feces, and (v) aggregated 
feces.
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8 of 12 Ecology and Evolution, 2025

3.6.3   |   Life Form Detection, Time, Cost 
and Expertise Required

All the methods allowed the inference of fleshy-fruited plants. 
The methods (ii), (iii), (iv), and (v) allowed the inference of dry-
fruited plants, while only the methods (iv) and (v) permitted 
the inference of mosses and ferns (Figure 5). In terms of time, 
the methods (iii) were the fastest, whereas the germination-
based methods (iv) and (v) were the longest. In terms of cost, 
the methods (i) and (ii) were the most expensive (extraction and 
sequencing costs), whereas the methods (iii), (iv), and (v) were 
relatively cheap if we exclude available binocular or greenhouse 
(only functioning and watering costs). In terms of expertise, the 
methods (i) and (ii) required a high level of expertise (molecular 
tools and bioinformatics). In contrast, (iii), (iv), and (v) required 
only taxonomic expertise, which can be facilitated by the use of 
handbooks (Figure 5).

4   |   Discussion

In this study, we used brown bear feces to conduct five meth-
ods to infer endozoochorous dispersal according to the filters of 
endozoochory (ingestion, mastication, gut passage, feces). We 
highlighted the variability in the inference of endozoochory ac-
cording to the combined effect of the methods and filters consid-
ered. First, contrary to our hypothesis, among the many different 
taxa inferred as dispersed by endozoochory, we found only a few 
taxa shared among methods. This difference could be related to 
the use of different sample masses from heterogeneous feces, 
which probably biased the comparison. However, we detected 
more overlap among methods for plant life forms detection, with 
fleshy-fruited plants inferred in each method, dry-fruited plants 
inferred in each method except method (i), and mosses and 
ferns inferred only in methods (iv) and (v). Although the great-
est detection of plant life forms by germination-based methods 

FIGURE 5    |    Chronology of the four different filters that diaspores face from the ingestion to the release in the fecal matrix, with the method(s) 
that handle each successive filter (i.e., (i) fleshy fruits based on metabarcoding, (ii) plants during fruiting periods based on metabarcoding, (iii) seed 
extraction, (iv) disaggregated feces and (v) aggregated feces.). We also represented the plant life-forms detected (Ff plants = fleshy-fruited plants; Df 
herbs = dry-fruited herbs; Df trees = dry-fruited trees; ferns and mosses), the time spent, the cost in euros, and the level of expertise, ranked from low 
to high, required for each method. The silhouette was obtained freely from Canva.com.
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9 of 12Ecology and Evolution, 2025

confirmed our hypothesis, the absence of moss and fern in 
metabarcoding-based methods contradicted it. The absence 
of detection was probably related to the marker used (Taberlet 
et  al.  2018). Furthermore, we observed a different number of 
taxa detected among the methods, with method (iii) resulting in 
the largest number of taxa inferred despite the use of only 5 g of 
feces material, which contradicted our hypothesis. This result 
may be related to the filters of endozoochory, as method (iii) did 
not consider the filters of gut passage and feces; some of the dia-
spores retrieved can be intact but non-viable. On the contrary, it 
may be related to the requirements of diaspore germination not 
met for many diaspores, the low detectability of metabarcoding, 
or the intrinsic heterogeneous nature of the feces. Nevertheless, 
considering that method (v) was the only one to consider all the 
endozoochorous filters and inferred the greatest diversity of life 
forms, it appeared as the most reliable and complete method to 
infer endozoochory.

The metabarcoding-based methods (i) and (ii) considered 
only the ingestion filter of the endozoochory process. Those 
methods were risky as they were based on the occurrence of 
a plant that was ingested either as a diaspore, shoot, leaf, or 
root, which may not indicate endozoochory at all. This is why 
the method (i) was only based on the consumption of fleshy-
fruited plants (endozoochorous syndrome; Van der Pijl  1982). 
The results for Vaccinium or Rubus show that the inferences of 
the method (i) were congruent with other methods most of the 
time. However, metabarcoding also missed other fleshy fruits 
retrieved in method (iii), including Sorbus sp. Ribes sp. Rosa 
sp. and Juniperus sp. We could explain this lack of detection 
by the incomplete reference sequence database or the length of 
the marker, which constrained taxonomic annotation. Based 
on metabarcoding, we also introduced a new method (ii) using 
fruiting period data of all plants retrieved in feces to infer po-
tential diaspore ingestion. This method permitted going beyond 
the endozoochorous syndrome (Green et al. 2022) and allowed 
the investigation of dry-fruited plant dispersal. We thus high-
lighted the dispersal by endozoochory of six dry-fruited plants, 
among which one was inferred in other methods (but probably 
more if the entire feces were considered). Furthermore, using 
fruiting periods also refined the inference of fleshy-fruited 
plants, by revealing the occurrence of Rubus in two feces out-
side its fruiting period, which is consistent with the absence of 
detection in methods (iii), (iv), and (v). This method could be 
improved with the enhancement of plant detection by metabar-
coding, and more precise information on the fruiting period 
(e.g., fruiting periods of the year of feces collection). Although 
expensive, imperfect, and risky in terms of endozoochory in-
ference, the use of metabarcoding may be used as an interest-
ing tool for first approximation of endozoochory (especially for 
fleshy-fruited plants) while providing detailed information on 
the animal diet (García-Rodríguez, Selva, et  al.  2021; Nawaz 
et al. 2019; Pauly et al. 2026).

Based on the method (iii), highlighting intact diaspores retrieved 
in feces, we inferred the largest number of taxa dispersed by 
endozoochory. Yet, this method may still miss tiny diaspore or 
spore dispersal as based on visual observation, even though it 
may be possible, but requires higher expertise and more time 
(e.g., Cázares and Trappe  1994). In the same way, the results 

may be overestimated due to intact but potentially non-viable 
seeds. Moreover, visual identification encounters some limits 
for taxonomic annotation, as few morphological criteria exist 
to discriminate plant species (Cappers et al. 2006; Cappers and 
Bekker  2013). Dáttilo  (2025) suggested that barcoding on ex-
tracted intact seeds can be a powerful tool to refine such results. 
Nevertheless, the method (iii) is less expensive than metabar-
coding, faster than germination experiments (and not sensitive 
to seed germination requirements) and requires a medium level 
of expertise to identify diaspores. In this regard, the method 
(iii) was useful to infer endozoochory, despite the missed flora 
(mosses, ferns) and which did not consider the detrimental effect 
of the gut passage and the fecal matrix.

The germination-based methods (v) and (vi) tested the viability 
of seeds through germination and thus considered the gut pas-
sage (Traveset and Verdú 2002). These methods permitted the 
detection of cryptic dispersal (mosses or ferns, Pauly et al. 2024). 
Such dispersal inference can also be due to contamination oc-
curring between the defecation and the collection or from an 
airborne origin. We limited this contamination by the use of 
very fresh feces and that most species were not present near the 
greenhouse or in the controls (Pauly et al. 2024). For instance, 
endozoochorous dispersal of mosses and ferns has already been 
documented in other monogastric mammals respectively in fly-
ing fox Pteropus conspicillatus (Parsons et al. 2007) and wood 
moose Apodemus sylvaticus (Arosa et al. 2010). A recent review 
argued that endozoochory by large mammals could even be of 
ecological relevance for these plants (Brock 2025). Nevertheless, 
germination experiments are also sensitive to diaspore re-
quirements for germination that may bias the results (Karimi 
et al. 2020). As an alternative to germination experiments from 
disaggregated feces, we performed the Tetrazolium test on 
Rubus and Vaccinium diaspores and quickly proved that most 
of the seeds were viable. On one hand, Tetrazolium tests may 
counter seed dormancy or other requirements and provide sim-
ilar results to germination experiments at a faster rate. On the 
other hand, it requires important expertise, handling diaspores 
and potentially destroying them. This can induce bias and be 
time-consuming according to the number of diaspores retrieved 
(Miller and Peters 2010; Soares et al. 2016). Therefore, the use of 
Tetrazolium offers an interesting but potentially riskier alterna-
tive to germination experiments.

Germination experiments from aggregated feces were the only 
method used that considered the four filters of endozoochory. 
Based on the original study (Pauly et  al.  2024) aggregated 
feces represented a significant filter to germination compared 
to the disaggregated feces, as reported elsewhere (Enders and 
Vander Wall 2012; Mancilla-Leytón et al. 2012; Jiménez-Martín 
et al. 2025). To disaggregate brown bear feces in the Pyrénées, 
dung beetles seem to be the main biotic agent, while inducing 
secondary dispersal (Pauly, Vanpé, Roy, Sentilles, et al. 2025), 
but in Ursidae feces other agents can be observed, such as small 
mammals (e.g., Enders and Vander Wall 2012; Koike et al. 2012). 
Neglecting the fecal matrix filter may overestimate endozo-
ochory but also overlook the crucial activity of fecal visitors 
and secondary dispersers in the plant dispersal process (Culot 
et  al.  2015; Ishikawa  2011), all the more relevant for animals 
releasing large feces (Stricklan et al. 2020).
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We acknowledge that our comparative approach was not per-
fect, as we used different sample masses from heterogeneous 
feces, which may explain the high turnover in taxa identified 
among methods. The use of similar masses, particularly for 
method (iii), could have revealed more similarities among the 
methods. In the same way, the passage in the freezer (−18°C) or 
the greenhouse monitoring may have biased germination ability 
and the results of methods (iv) and (v). Our study suggests that 
germination from aggregated feces provides a reliable method 
for inferring, but it remains biased according to germination 
requirements. In the same way, to better quantify the endozo-
ochorous filters, feeding experiments with identified amounts 
of seeds, as previously done for target plants (Mancilla-Leytón 
et  al.  2011; Grande et  al. 2013; Rubalcava-Castillo et  al.  2023; 
Tsunamoto et  al.  2024) or animal materials (Lovas-Kiss 
et al. 2024), may provide interesting results especially accord-
ing to plant life forms. Furthermore, the methods used here are 
not the only ones for inferring endozoochory; others, such as the 
germination of seeds extracted on potting soil (e.g., Tavşanoğlu 
et al. 2021) or in Petri dishes (e.g., Lovas-Kiss et al. 2023), can 
properly infer endozoochory but ignore the feces filter. Finally, 
diaspores' journey does not end with the release in the fecal 
matrix as the presence of secondary dispersers (Andresen and 
Urrea-Galeano  2022) and the releasing site quality are both 
crucial to the germination and establishment success (Schupp 
et al. 2010).

This study encourages greater caution and nuance for the in-
ference of endozoochory according to the method used and the 
filters considered. We draw particular attention to the plant life 
form detectability and confidence of inference. In this sense, 
the comparison among studies on endozoochory must look 
beyond simple methodological differences, but also consider 
the different filters tackled in these methods. Our results also 
suggest that the methods could complement each other to limit 
the biases of each. Finally, it may be interesting to analyze the 
most significant filters for different plants as performed in pre-
vious studies, in order to gain a more accurate understanding 
of the endozoochorous dispersal process and reduce part of the 
black box.

Author Contributions

Grégoire Pauly: conceptualization (equal), data curation (lead), for-
mal analysis (lead), investigation (lead), methodology (equal), project 
administration (equal), validation (equal), visualization (lead), writ-
ing – original draft (lead), writing – review and editing (equal). Cécile 
Vanpé: funding acquisition (equal), methodology (equal), project ad-
ministration (equal), supervision (equal), validation (equal), visual-
ization (supporting), writing – review and editing (equal). Mélanie 
Roy: data curation (supporting), formal analysis (supporting), funding 
acquisition (equal), investigation (supporting), methodology (equal), 
project administration (equal), supervision (equal), validation (equal), 
visualization (supporting), writing – review and editing (equal). Yannis 
Clavier: investigation (supporting), writing – review and editing 
(supporting). Adélie Chevalier: investigation (supporting). Jérôme 
Sentilles: resources (lead). Tanguy Daufresne: funding acquisition 
(equal), methodology (equal), project administration (equal), supervi-
sion (equal), validation (equal), writing – review and editing (support-
ing). Christophe Baltzinger: conceptualization (equal), data curation 
(supporting), formal analysis (supporting), funding acquisition (equal), 
investigation (supporting), methodology (equal), project administration 

(equal), supervision (equal), validation (equal), visualization (support-
ing), writing – review and editing (equal).

Acknowledgments

This study was funded under agreements N°OFB-22-1125 between 
‘Office français de la biodiversité’ and INRAE and N°OFB.22.0773 be-
tween ‘Office français de la biodiversité’ and CNRS. A warm thanks to 
the ‘Réseau Ours Brun’ (Brown Bear Network) for their help in finding 
feces. The authors would like to thank Anne-Sophie Benoiston, Amaia 
Iribar, and Lucie Moreau for their work on metabarcoding and bioinfor-
matics. We also thank Guilhem Parmain and Clarisse Gabard for their 
help in the laboratory, Yann Dumas and Richard Chevalier for their 
help in taxonomic annotation during germination experiments.

Funding

This work was supported by Agreement N° OFB-22-1125 between 
‘Office français de la biodiversité’ and INRAE and N° OFB.22.0773 be-
tween ‘Office français de la biodiversité’ and CNRS.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data are available in Supporting Information.

References

Andresen, E., and L. A. Urrea-Galeano. 2022. “Effects of Dung Beetle 
Activity on Tropical Forest Plants.” Frontiers in Ecology and Evolution 
10: 1–14. https://​doi.​org/​10.​3389/​fevo.​2022.​979676.

Arosa, M. L., J. A. Ramos, L. G. Quintanilla, and D. Brown. 2010. “First 
Report of Fern (Culcita macrocarpa) Spore Consumption by a Small 
Mammal (Apodemus sylvaticus).” Mammalian Biology 75, no. 2: 115–
121. https://​doi.​org/​10.​1016/j.​mambio.​2009.​05.​009.

Baltzinger, C., S. Karimi, and U. Shukla. 2019. “Plants on the 
Move: Hitch-Hiking With Ungulates Distributes Diaspores Across 
Landscapes.” Frontiers in Ecology and Evolution 7, no. 38: 1–19. https://​
doi.​org/​10.​3389/​fevo.​2019.​00038​.

Baselga, A., and C. D. L. Orme. 2012. “Betapart: An R Package for the Study 
of Beta Diversity.” Methods in Ecology and Evolution 3, no. 5: 808–812.

Beckman, N. G., and L. L. Sullivan. 2023. “The Causes and 
Consequences of Seed Dispersal.” Annual Review of Ecology, Evolution, 
and Systematics 54: 403–427. https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​
10232​0-​104739.

Brock, J. M. 2025. “Effective Dispersal of Fern Spore and the Ecological 
Relevance of Zoochory.” Biological Reviews 100, no. 5: 2116–2130. 
https://​doi.​org/​10.​1111/​brv.​70038​.

Cappers, R. T., and R. M. Bekker. 2013. A Manual for the Identification 
of Plant Seeds and Fruits (Barkhuis). Barkhuis. https://​digit​al.​casal​ini.​
it/​97894​92444240.

Cappers, R. T., R. M. Bekker, and J. E. Jans. 2006. Digitale zadenat-
las van Nederland (Barkhuis&Groningen University Library, Vol. 4). 
Barkhuis Publishing.

Cázares, E., and J. M. Trappe. 1994. “Spore Dispersal of Ectomycorrhizal 
Fungi on a Glacier Forefront by Mammal Mycophagy.” Mycologia 86, 
no. 4: 507–510.

Culot, L., M.-C. Huynen, and E. W. Heymann. 2015. “Partitioning the 
Relative Contribution of One-Phase and Two-Phase Seed Dispersal 
When Evaluating Seed Dispersal Effectiveness.” Methods in Ecology and 
Evolution 6, no. 2: 178–186. https://​doi.​org/​10.​1111/​2041-​210X.​12317​.

 20457758, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.72589 by C

ochrane France, W
iley O

nline L
ibrary on [02/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fevo.2022.979676
https://doi.org/10.1016/j.mambio.2009.05.009
https://doi.org/10.3389/fevo.2019.00038
https://doi.org/10.3389/fevo.2019.00038
https://doi.org/10.1146/annurev-ecolsys-102320-104739
https://doi.org/10.1146/annurev-ecolsys-102320-104739
https://doi.org/10.1111/brv.70038
https://digital.casalini.it/9789492444240
https://digital.casalini.it/9789492444240
https://doi.org/10.1111/2041-210X.12317


11 of 12Ecology and Evolution, 2025

Dáttilo, W. 2025. “Beyond the Bites: Rethinking Seed-Dispersal 
Networks in Plant-Frugivore Studies.” Food Webs 42: e00384. https://​
doi.​org/​10.​1016/j.​fooweb.​2024.​e00384.

Enders, M. S., and S. B. Vander Wall. 2012. “Black Bears Ursus amer-
icanus Are Effective Seed Dispersers, With a Little Help From Their 
Friends.” Oikos 121, no. 4: 589–596. https://​doi.​org/​10.​1111/j.​1600-​0706.​
2011.​19710.​x.

Farmer, J. A., E. B. Webb, R. A. Pierce II, and K. W. Bradley. 2017. 
“Evaluating the Potential for Weed Seed Dispersal Based on Waterfowl 
Consumption and Seed Viability.” Pest Management Science 73, no. 12: 
2592–2603. https://​doi.​org/​10.​1002/​ps.​4710.

García-Rodríguez, A., J. Albrecht, S. Szczutkowska, A. Valido, N. 
Farwig, and N. Selva. 2021. “The Role of the Brown Bear Ursus arctos 
as a Legitimate Megafaunal Seed Disperser.” Scientific Reports 11, no. 1: 
1–11. https://​doi.​org/​10.​1038/​s4159​8-​020-​80440​-​9.

García-Rodríguez, A., N. Selva, T. Zwijacz-Kozica, et  al. 2021. “The 
Bear-Berry Connection: Ecological and Management Implications 
of Brown Bears' Food Habits in a Highly Touristic Protected Area.” 
Biological Conservation 264: 109376. https://​doi.​org/​10.​1016/j.​biocon.​
2021.​109376.

Grande, D., J. M. Mancilla-Leytón, M. Delgado-Pertiñez, and A. Martín-
Vicente. 2013. “Endozoochorus Seed Dispersal by Goats: Recovery, 
Germinability and Emergence of Five Mediterranean Shrub Species.” 
Spanish Journal of Agricultural Research 11, no. 2: 347–355. https://​doi.​
org/​10.​5424/​sjar/​20131​12-​3673.

Green, A. J., C. Baltzinger, and Á. Lovas-Kiss. 2022. “Plant Dispersal 
Syndromes Are Unreliable, Especially for Predicting Zoochory and 
Long-Distance Dispersal.” Oikos 2022, no. 2: 1–11. https://​doi.​org/​10.​
1111/​oik.​08327​.

Hanf, M., and N. Martin. 1970. Les Adventices et Leurs Plantules. La 
Maison Rustique.

Harrer, L. E. F., and T. Levi. 2018. “The Primacy of Bears as Seed 
Dispersers in Salmon-Bearing Ecosystems.” Ecosphere 9, no. 1: 1–15. 
https://​doi.​org/​10.​1002/​ecs2.​2076.

Howe, H. F., and J. Smallwood. 1982. “Ecology of Seed Dispersal.” 
Annual Review of Ecology and Systematics 13, no. 1: 201–228.

Ishikawa, H. 2011. “Effects of Dung Beetles on Seedling Emergence 
From Herbaceous Seeds in the Dung of Sika Deer (Cervus nippon) in a 
Temperate Japanese Grassland Ecosystem.” Ecological Research 26, no. 
4: 725–734. https://​doi.​org/​10.​1007/​s1128​4-​011-​0831-​6.

Janzen, D. H. 1971. “Seed Predation by Animals.” Annual Review of 
Ecology and Systematics 2, no. 4033: 465–492.

Jiménez-Martín, I., A. J. Green, N. Szabó, B. A. Lukács, O. Vincze, 
and A. Lovas-Kiss. 2025. “Better out Than In: Faecal Matrix Inhibits 
Establishment Success After Waterfowl Endozoochory.” Annals of 
Botany: 1–11. https://​doi.​org/​10.​1093/​aob/​mcaf192.

Karimi, S., M.-R. Hemami, M. Tarkesh Esfahani, and C. Baltzinger. 
2020. “Endozoochorous Dispersal by Herbivores and Omnivores Is 
Mediated by Germination Conditions.” BMC Ecology 20, no. 1: 1–14. 
https://​doi.​org/​10.​1186/​s1289​8-​020-​00317​-​3.

Koike, S., H. Morimoto, C. Kozakai, et  al. 2012. “Seed Removal and 
Survival in Asiatic Black Bear Ursus thibetanus Faeces: Effect of Rodents 
as Secondary Seed Dispersers.” Wildlife Biology 18, no. 1: 24–34. https://​
doi.​org/​10.​2981/​10-​049.

Lalleroni, A., P.-Y. Quenette, T. Daufresne, M. Pellerin, and C. Baltzinger. 
2017. “Exploring the Potential of Brown Bear (Ursus arctos arctos) as a 
Long-Distance Seed Disperser: A Pilot Study in South-Western Europe.” 
Mammalia 81, no. 1: 1–9. https://​doi.​org/​10.​1515/​mamma​lia-​2015-​0092.

Lovas-Kiss, Á., L. Antal, A. Mozsár, et  al. 2024. “Bird-Mediated 
Endozoochory as a Potential Dispersal Mechanism of Bony Fishes.” 
Ecography 2024, no. 6: e07124. https://​doi.​org/​10.​1111/​ecog.​07124​.

Lovas-Kiss, Á., M. J. Navarro-Ramos, O. Vincze, et  al. 2023. “Traits 
for Transport: Alien Wetland Plants Gain an Advantage During 
Endozoochorous Seed Dispersal by Waterfowl.” Freshwater Biology 68, 
no. 10: 1703–1715. https://​doi.​org/​10.​1111/​fwb.​14154​.

Lovas-Kiss, Á., B. Vizi, O. Vincze, V. A. Molnár, and A. J. Green. 2018. 
“Endozoochory of Aquatic Ferns and Angiosperms by Mallards in 
Central Europe.” Journal of Ecology 106, no. 4: 1714–1723. https://​doi.​
org/​10.​1111/​1365-​2745.​12913​.

Mancilla-Leytón, J. M., R. Fernández-Alés, and A. Martín Vicente. 2011. 
“Plant–Ungulate Interaction: Goat Gut Passage Effect on Survival and 
Germination of Mediterranean Shrub Seeds.” Journal of Vegetation Science 
22, no. 6: 1031–1037. https://​doi.​org/​10.​1111/j.​1654-​1103.​2011.​01325.​x.

Mancilla-Leytón, J. M., R. Fernández-Alés, and A. Martín Vicente. 
2012. “Low Viability and Germinability of Commercial Pasture Seeds 
Ingested by Goats.” Small Ruminant Research 107, no. 1: 12–15. https://​
doi.​org/​10.​1016/j.​small​rumres.​2012.​04.​001.

Marques Dracxler, C., and W. D. Kissling. 2022. “The Mutualism–
Antagonism Continuum in Neotropical Palm–Frugivore Interactions: 
From Interaction Outcomes to Ecosystem Dynamics.” Biological 
Reviews 97, no. 2: 527–553. https://​doi.​org/​10.​1111/​brv.​12809​.

Miller, A. L., and J. Peters. 2010. AOSA/SCST Tetrazolium Testing 
Handbook (AOSA/SCST). AOSA/SCST.

Muller, F. M. 2013. Seedlings of the North-Western European Lowland: A 
Flora of Seedlings. Springer Science & Business Media.

Nawaz, M. A., A. Valentini, N. K. Khan, C. Miquel, P. Taberlet, and J. 
E. Swenson. 2019. “Diet of the Brown Bear in Himalaya: Combining 
Classical and Molecular Genetic Techniques.” PLoS One 14, no. 12: 1–
21. https://​doi.​org/​10.​1371/​journ​al.​pone.​0225698.

Nogales, M., K. R. McConkey, T. A. Carlo, et  al. 2024. “A Review on 
the State of the Art in Frugivory and Seed Dispersal on Islands and the 
Implications of Global Change.” Botanical Review 90, no. 2: 160–185. 
https://​doi.​org/​10.​1007/​s1222​9-​023-​09296​-​8.

Oksanen, J., R. Kindt, P. Legendre, et  al. 2007. “The vegan Package. 
Community Ecology Package 10(631-637), 719.”

Parsons, J., A. Cairns, C. Johnson, S. Robson, L. Shilton, and D. Westcott. 
2007. “Bryophyte Dispersal by Flying Foxes: A Novel Discovery.” Oecologia 
152: 112–114. https://​doi.​org/​10.​1007/​s0044​2-​006-​0639-​1.

Pauly, G., M. Roy, C. Vanpé, et al. 2026. “Do Sex, Age or Ecological Needs 
Shape an Endangered Brown Bear Population Diet? New Insights From 
Faecal Metabarcoding.” Biological Conservation 313, no. 1: 1–9. https://​
doi.​org/​10.​1016/j.​biocon.​2025.​111548.

Pauly, G., C. Vanpé, M. Roy, et al. 2024. “Endozoochorous Plant Dispersal 
by the Brown Bear (Ursus arctos) in the Pyrénées: Angiosperms but 
Also Ferns and Mosses and the Importance of Disaggregation Agents.” 
Botany Letters 172, no. 1: 1–11. https://​doi.​org/​10.​1080/​23818​107.​2024.​
2439414.

Pauly, G., C. Vanpé, M. Roy, P. Y. Quenette, T. Daufresne, and C. 
Baltzinger. 2025. Can Omnivores Be Considered Keystone Species? 
Bears as a Study Case. https://​doi.​org/​10.​22541/​​au.​17488​3877.​74483​
299/​v1.

Pauly, G., C. Vanpé, M. Roy, et al. 2025. “Dung Beetles, but Not Rodents, 
Contribute to Brown Bear Feces Removal, Disaggregation, and 
Secondary Seed Dispersal.” Ecosphere 16, no. 8: 1–14. https://​doi.​org/​
10.​1002/​ecs2.​70382​.

Rubalcava-Castillo, F. A., A. G. Valdivia-Flores, J. D. J. Luna-Ruíz, et al. 
2023. “Effects of Endozoochory and Diploendozoochory by Captive 
Wild Mammals on Juniperus deppeana Seeds.” Ecology and Evolution 
13, no. 7: e10262. https://​doi.​org/​10.​1002/​ece3.​10262​.

Sato, J. J., R. Kosakaie, K. Kado, and Y. Yamaguchi. 2025. “Fecal DNA 
Metabarcoding Analyses Imply Seasonally Opportunistic Feeding by 
the Japanese Marten, Martes melampus (Mammalia: Carnivora), in 

 20457758, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.72589 by C

ochrane France, W
iley O

nline L
ibrary on [02/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.fooweb.2024.e00384
https://doi.org/10.1016/j.fooweb.2024.e00384
https://doi.org/10.1111/j.1600-0706.2011.19710.x
https://doi.org/10.1111/j.1600-0706.2011.19710.x
https://doi.org/10.1002/ps.4710
https://doi.org/10.1038/s41598-020-80440-9
https://doi.org/10.1016/j.biocon.2021.109376
https://doi.org/10.1016/j.biocon.2021.109376
https://doi.org/10.5424/sjar/2013112-3673
https://doi.org/10.5424/sjar/2013112-3673
https://doi.org/10.1111/oik.08327
https://doi.org/10.1111/oik.08327
https://doi.org/10.1002/ecs2.2076
https://doi.org/10.1007/s11284-011-0831-6
https://doi.org/10.1093/aob/mcaf192
https://doi.org/10.1186/s12898-020-00317-3
https://doi.org/10.2981/10-049
https://doi.org/10.2981/10-049
https://doi.org/10.1515/mammalia-2015-0092
https://doi.org/10.1111/ecog.07124
https://doi.org/10.1111/fwb.14154
https://doi.org/10.1111/1365-2745.12913
https://doi.org/10.1111/1365-2745.12913
https://doi.org/10.1111/j.1654-1103.2011.01325.x
https://doi.org/10.1016/j.smallrumres.2012.04.001
https://doi.org/10.1016/j.smallrumres.2012.04.001
https://doi.org/10.1111/brv.12809
https://doi.org/10.1371/journal.pone.0225698
https://doi.org/10.1007/s12229-023-09296-8
https://doi.org/10.1007/s00442-006-0639-1
https://doi.org/10.1016/j.biocon.2025.111548
https://doi.org/10.1016/j.biocon.2025.111548
https://doi.org/10.1080/23818107.2024.2439414
https://doi.org/10.1080/23818107.2024.2439414
https://doi.org/10.22541/au.174883877.74483299/v1
https://doi.org/10.22541/au.174883877.74483299/v1
https://doi.org/10.1002/ecs2.70382
https://doi.org/10.1002/ecs2.70382
https://doi.org/10.1002/ece3.10262


12 of 12 Ecology and Evolution, 2025

Southwestern Honshu Island, Japan.” Zoological Science 42, no. 4: 374–
388. https://​doi.​org/​10.​2108/​zs250005.

Schupp, E. W., P. Jordano, and J. M. Gómez. 2010. “Seed Dispersal 
Effectiveness Revisited: A Conceptual Review.” New Phytologist 188, no. 
2: 333–353. https://​doi.​org/​10.​1111/j.​1469-​8137.​2010.​03402.​x.

Sentilles, J., C. Vanpé, and P.-Y. Quenette. 2021. “Benefits of 
Incorporating a Scat-Detection Dog Into Wildlife Monitoring: A Case 
Study of Pyrenean Brown Bear.” Journal of Vertebrate Biology 69, no. 3: 
1–11. https://​doi.​org/​10.​25225/​​jvb.​20096​.

Soares, V. N., S. G. Elias, G. I. Gadotti, A. E. Garay, and F. A. Villela. 
2016. “Can the Tetrazolium Test be Used as an Alternative to the 
Germination Test in Determining Seed Viability of Grass Species?” 
Crop Science 56, no. 2: 707–715. https://​doi.​org/​10.​2135/​crops​ci2015.​
06.​0399.

Stricklan, D., P. Saud, A. F. Cibils, et al. 2020. “Germination of One-Seed 
Juniper Seeds Distributed by Different Frugivore Groups.” Rangeland 
Ecology & Management 73, no. 3: 433–440. https://​doi.​org/​10.​1016/j.​
rama.​2019.​12.​006.

Taberlet, P., A. Bonin, L. Zinger, and E. Coissac. 2018. Environmental 
DNA: For Biodiversity Research and Monitoring. Oxford University 
Press.

Tavşanoğlu, Ç., D. D. Kazancı, A. Soyumert, A. Ertürk, and C. Ü. 
Değirmenci. 2021. “Seed Dispersal by the Brown Bear in a Mixed 
Temperate Forest: Fruit Type Matters.” Mammal Research 66, no. 1: 
137–147. https://​doi.​org/​10.​1007/​s1336​4-​020-​00551​-​6.

Traveset, A., and M. Verdú. 2002. “A Meta-Analysis of the Effect of Gut 
Treatment on Seed Germination.” In Seed Dispersal and Frugivory: 
Ecology, Evolution and Conservation. Third International Symposium-
Workshop on Frugivores and Seed Dispersal, São Pedro, Brazil, 6–11 
August 2000, edited by D. J. Levey, W. R. Silva, and M. Galetti, 1st 
ed., 339–350. CABI Publishing. https://​doi.​org/​10.​1079/​97808​51995​
250.​0339.

Tsunamoto, Y., H. Tsuruga, K. Kobayashi, T. Sukegawa, and T. 
Asakura. 2024. “Seed Dispersal Function of the Brown Bear Ursus arc-
tos on Hokkaido Island in Northern Japan: Gut Passage Time, Dispersal 
Distance, Germination, and Effects of Remaining Pulp.” Oecologia 204: 
1–11. https://​doi.​org/​10.​1007/​s0044​2-​024-​05510​-​5.

Van der Pijl, L. 1982. Principles of Dispersal. SpringerVerlag.

Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Data S1: ece372589-sup-0001-Supinfo1.csv. Data 
S2: ece372589-sup-0002-Supinfo2.csv. Data S3: ece372589-sup-0003-
Supinfo3.csv. Data S4: ece372589-sup-0004-AppendixS1.docx. 

 20457758, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.72589 by C

ochrane France, W
iley O

nline L
ibrary on [02/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.2108/zs250005
https://doi.org/10.1111/j.1469-8137.2010.03402.x
https://doi.org/10.25225/jvb.20096
https://doi.org/10.2135/cropsci2015.06.0399
https://doi.org/10.2135/cropsci2015.06.0399
https://doi.org/10.1016/j.rama.2019.12.006
https://doi.org/10.1016/j.rama.2019.12.006
https://doi.org/10.1007/s13364-020-00551-6
https://doi.org/10.1079/9780851995250.0339
https://doi.org/10.1079/9780851995250.0339
https://doi.org/10.1007/s00442-024-05510-5

	Inferring Endozoochory From Ingestion to Germination Through Biological Filters: Brown Bear Feces as a Case Study
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Feces Collection
	2.2   |   Metabarcoding Procedure
	2.3   |   Methods for inferring endozoochory
	2.3.1   |   Method (i): Metabarcoding and the Fleshy-Fruited Plants Ingested
	2.3.2   |   Method (ii): Metabarcoding and Plants Ingested During Fruiting Periods
	2.3.3   |   Method (iii): Seed Extraction
	2.3.4   |   Method (iv): Seed Germination From Disaggregated Feces
	2.3.5   |   Method (v): Seed Germination From Aggregated Feces
	2.4   |   Comparison of Methods


	3   |   Results
	3.1   |   Method (i): Metabarcoding and Fleshy Fruits Ingested
	3.2   |   Method (ii): Metabarcoding and Plants Ingested During Fruiting Periods
	3.3   |   Method (iii): Seed Extraction
	3.4   |   Method (iv): Seed Germination From Disaggregated Feces
	3.5   |   Method (v): Seed Germination From Aggregated Feces
	3.6   |   Comparison of Methods
	3.6.1   |   Taxa Diversity
	3.6.2   |   Taxa Composition
	3.6.3   |   Life Form Detection, Time, Cost and Expertise Required


	4   |   Discussion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


