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Introduction

Seed removal is a crucial process for re-
cruiting new individuals in plant communi-
ties (Perea et al. 2014). It involves the relo-
cation of seeds from one site to another by
animal dispersers and accumulators. This
process integrates both seed predation
and secondary dispersal (Rehling et al.

Wildfires are critical to the ecological dynamics of communities in temperate
forests. However, their frequency and severity have increased significantly in
recent decades due to human activities, negatively affecting flora, fauna, and
ecosystem processes. Among the primary interactions for the natural regener-
ation of forests is seed removal, which promotes secondary seed dispersal and
predation. This study evaluated artificial seed removal under different wildfire
severities in a pine forest on the eastern edge of the Trans-Mexican Volcanic
Belt. An experiment of differential exclusion of vertebrates and invertebrates
was carried out, considering two treatments: totally exposed seeds and seeds
with exclusion of vertebrates in the unburnt forest, moderate and high sever-
ity fire. Our results showed a higher seed removal by vertebrates (birds and
rodents) in the wildfire moderate severity treatment and in the time elapsed
since wildfire occurrence; however, excluding vertebrates decreased the seed
removal rate after the fire. Therefore, moderate-severity sites are an impor-
tant factor in the communities of granivores that influence seed removal pat-
terns in the temperate forest of Veracruz, Mexico. The findings underscore the
importance of considering fire severity gradients in forest management strate-
gies, particularly in fire-adapted ecosystems. As climate change alters fire
regimes worldwide, understanding how different fire severities affect ecologi-
cal interactions such as granivory is essential for promoting forest resilience
and biodiversity.
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2024), contributing to the colonization of
new sites, facilitating ecological succession
(Hulme & Benkman 2002), and enhancing
genetic flow (Vander Wall 2023). However,
seeds are susceptible to biotic and abiotic
factors, such as predation and fire (Zuleta
& Bravo 2019). Notably, fire influences re-
cruitment rates and the establishment of
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various species, thereby shaping the com-
position of the plant communities (Souza
etal. 2023).

Fires rapidly eliminate plant cover, includ-
ing propagules, and negatively affect the
abundance of seed-dispersal fauna (Chia et
al. 2016). Additionally, fires cause habitat
fragmentation, which may increase local
extinction rates of both plants and animals
(Attri et al. 2020). Although fires often
have detrimental effects on ecosystems,
their impact varies depending on fire sever-
ity (Palmer et al. 2018). High-severity fires
cause drastic changes in large mammal
abundance and plant cover, create clear-
ings and edge areas, and reduce the avail-
ability of shelter and forage for animals
(Davies et al. 2023). Conversely, moderate-
severity fires have a lesser impact on sail
nutrients (N, P, K, and Mg), temperature,
pH, and moisture, facilitating the reestab-
lishing of herbaceous cover (Donato et al.
2009). The abundance of fauna, short and
medium-term post-fire changes in resource
availability, and vegetation structural char-
acteristics are all influenced by fire severity
and the time elapsed since the fire occur-
rence (Liu et al. 2022).

The primary seed removers in temperate
forests are birds, rodents, and inverte-
brates (Rehling et al. 2024). In the temper-
ate zones of central Veracruz, small ro-
dents such as Peromyscus spp. and Rei-
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throdontomys spp., and birds such as Junco
phaeonotus (Wagler, 1831), Tardas migrato-
rius, Carpodacus mexicanus (P. L. Statius
Miiller, 1776), play a significant role in seed
removal, accounting for up to 90% of the
seeds that fall to the ground (Flores-Pere-
do et al. 2016a). In Mexico, wildfires are the
third leading cause of biodiversity loss at
the national level (Jardel et al. 2009). Given
the global increase in fire frequency and in-
tensity and the ecological importance of
this temperate forest ecosystem, it is im-
perative to evaluate wildfire effects not
only on species diversity but also on eco-
system processes like seed removal. This
process integrates seed predation and sec-
ondary seed dispersal, and is vital for seed-
ling establishment and recruitment, which
are critical phases in the natural post-fire
regeneration of temperate forests (Klein-
man 2021).

Understanding seed removal patterns af-
ter fire is crucial both ecologically and for
forest management, given the pivotal role
seeds play in forest regeneration and
ecosystem resilience. Fires, especially un-
der changing climate conditions, can dis-
rupt natural seed dispersal and predation
dynamics, which are fundamental for re-
covering plant populations and maintain-
ing biodiversity (Harvey & Enright 2022). In
this context, this study aimed to evaluate
seed removal under different wildfire sev-
erities in a Mexican temperate forest. It is
hypothesized that: (i) seed removal will be
higher with moderate fire severity com-
pared to both unburnt forest and high-
severity fire areas, due to vegetation recov-
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ery that supports the presence of grani-
vores (Cazetta & Vieira 2021); (i) verte-
brates (birds and rodents) will exhibit
higher seed removal rates because vegeta-
tion recovery provides protection against
predators and allows granivores to expand
their spatial range in search of food (En-
riquez-De-Salamanca 2023); (iii) the time
elapsed since fire occurrence will affect
seed removal by granivores (Liu et al.
2022).

Materials and methods

Site description

The study was conducted in the reserve
San Juan del Monte reserve, a protected
area dedicated to recreational and environ-
mental education (Fig. 1a). The reserve cov-
ers 609.62 hectares on the northern slope
of the Cofre de Perote volcano in Las Vigas
de Ramirez, Veracruz, Mexico (19° 37’ 53.4"
N, 97° 07’ 00.1” W; altitude 2700 m a.s.l. -
Vargas et al. 2002).

The area features heterogeneous topog-
raphy, with steep hills in the southern re-
gion and plains in the north. Two forest
types dominate the reserve: pine forests,
primarily composed of Pinus teocote Schie-
de ex Schitdl, and mixed forests with Pinus
patula Schl. et Cham, Pinus pseudostrobus
Lindl, Quercus crassifolia Humb Bonpl, and
Alnus jorullensis Kunth. In the shrub layer,
dominant species include Baccharis con-
ferta Kunth, Prunus serotina (Ehrh.), and
Buddleia spp. L. The herbaceous stratum is
primarily composed of Alchemilla pectinata
Kunht, Archibaccharis androgyna (Bran-

Surveyed sites

Fig. 1- (A) Reserve for
recreation and environ-
mental education in San
Juan del Monte, Ver-
acruz, Mexico. (B) Spatial
distribution of fire sever-
ity in the San Juan de
Monte Reserve, Ver-
acruz, Mexico. Surveyed
sites: (a) unburnt forest
(green square) without
any damage from the
wildfire; (b) moderate
severity (light blue circle)
the fire was limited to
the lower layer (grasses,
herbs and small shrubs),
with trees showing
green-yellow crown frac-
tions; and (c) high sever-
ity (blue diamond) the
tree, shrub and herb lay-
ers were burned with a
layer of white ash.

degee) S.F. Blake, and Pteridium aquilinum
(L.) Kunht. The reserve is also home to di-
verse wildlife, including 37 mammal spe-
cies, 38 bird species, 17 reptile species, and
6 amphibian species (GEV/CEMA 2002).

Classifying wildfire severity

On March 11t, 2019, a wildfire broke out in
the San Juan del Monte reserve and
burned for five days, affecting approxi-
mately 350 hectares, more than 50% of the
protected area (609.62 ha - Fig. 1b).

Satellite imagery and aerial photography
were utilized to classify fire severity. Sen-
tinel 2B satellite images from the European
Space Agency (ESA - https://scihub.coper
nicus.eu/dhus/#/home) and aerial photo-
graphs, taken four days after the fire
(March 20, 2019) using a Mavic-Pro un-
manned aerial vehicle (UAV) at an altitude
of 50 meters, were analyzed. The UAV im-
ages, with a 3 cm/pixel resolution, were
captured from five different locations.

Control points representing unburned
forest, low, moderate, and high fire sever-
ity areas were extracted from the aerial im-
ages. Using RGB bands (band 2-4 from the
satellite images), a spectral signature was
created in ArcMap® v. 10.5 (ESRI Inc., 2016).
A supervised maximum likelihood classifi-
cation of the protected area was then per-
formed (Cracknell 2007). Each control
point covered an area of 2500 m? (5x5 pix-
els on the satellite image), with 68 control
points: 15 for high severity, 15 for moderate
severity, 22 for low severity, and 16 for un-
burned forest areas.

Classification accuracy was verified using
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n=30 independent points for each severity
level and by constructing a confusion ma-
trix. The overall classification error was low
(< 8%), except for the low severity class,
which had an error rate of 46% due to mis-
classification with unburned forest areas
(Ramirez-Sanchez 2020). The unburned for-
est also had a higher confusion rate (21%)
with the low-severity class. Field visits were
conducted to corroborate the classification
results and account for the heterogeneous
severity of wildfires.

Field measurements of severity
indicators

Following Keeley (2009), key biophysical
indicators for fire severity were recorded
at each sampling site. Unburned forest
sites exhibited no fire damage, while mod-
erate-severity sites showed trees with
small portions of their canopies containing
green-yellow needles and burnt stalks, but
the soil’s organic layer remained mostly in-
tact. High-severity sites, in contrast, were
characterized by the complete destruction
of trees, shrubs, and herbaceous layers,
with deposits of white ash and charred or-
ganic matter.

Experimental design and seed removal
treatments

In June of 2019, 45 plots were selected,
including 15 unburnt forest sites, 15 with
moderate fire severity, and 15 in areas of
high severity. Each plot covered an area of
400 m? and was separated by 230 meters
to prevent overlap. All sites were within
the elevation range of 2300-2500 meters.

To evaluate seed removal across wildfire
severity levels, an exclusion treatment was
implemented to restrict access to granivo-
rous vertebrates while allowing the entry
of invertebrates (e.g., ants). Control areas
(without exclusion) were also established,
permitting free access to all organisms
(Coté et al. 2003). The exclusion treatment
involved placing mesh cubes of 10 x 15 x 10
cm as confinement areas, with 0.5 cm
mesh openings. These cubes were fixed to
the ground using wooden stakes 30 cm
long, buried approximately 10-15 cm deep.
In contrast, the control treatment allowed

Moderate wildfire severity favors seed removal by granivores

Tab. 1 - Mean * standard error of temperature and precipitation in the study area.
Data correspond to 2019 and 2020 (21 months total). Temperature and precipitation
data were obtained from the Las Vigas de Ramirez 30211 meteorological station (lati-
tude 19° 37' 53.4" N, longitude 97° 07’ 00.1” W) through the National Water Commis-
sion (CONAGUA - http://www.conagua.gob.mx).

Temperature (°C)

Precipitation (mm)

Seasonality Months

2019 2020 2019 2020
Dry season October - February 8.2 + 3.2 7.1+0.32 45.0+32.5 62.6+21.6
Wet season  March - May 27.0+£17.1 22.7 +15.6 55.0+45.3 38.6+8.4
Water surplus June - September  15.0+9.1  12.6 £+ 0.29 250.0 + 90.2 174.1 + 63.8

unrestricted access to seeds by any organ-
ism in the forest.

Both treatments (exclusion and control)
were placed in pairs, spaced three meters
apart. In each treatment, 20 artificial seeds
were placed on the ground within each of
the 45 experimental plots (20 seeds x 45
plots, totaling 1800 seeds). Seeds were ex-
posed for 72 hours after which the number
of removed seeds was recorded, and the
remaining seeds were retrieved to prevent
further degradation. A viability and durabil-
ity test was conducted under conditions
similar to the study to address concerns
about seed degradation due to prolonged
environmental exposure. This test evalu-
ated potential degradation indicators such
as mold growth, mass loss, or decomposi-
tion. During the 72-hour exposure period,
periodic checks revealed no significant
signs of decomposition, physical damage,
or structural loss in most cases. This proce-
dure was repeated every three months
from June 2019 to December 2020, aligning
with periods of pine seed production (No-
vember-January) and of herbaceous/shrub
seed availability (July-September in the
rainy season, and January-April in the dry
season — Tab. 1). A total of 11,160 artificial
seeds were used during the study period.

Artificial seeds

The artificial seeds were prepared using
400 g of commercial wheat flour mixed
with 200 ml of water (Angotti et al. 2018).
The mixture was combined in a 1L glass
beaker (PIREX, USA) until a homogeneous

consistency was achieved, kneaded into a
firm dough, and rolled into a thin layer to
dry for 30 minutes. Using a mold, artificial
seeds were shaped to mimic natural seeds,
with an average width of 3.74 + 0.9 mm
and an average height of 3.92 + 0.04 mm
(Luna & Dattilo 2018).

Artificial seeds were chosen as a con-
trolled experimental tool to study removal
patterns without the influence of biological
variability, such as germination, weight,
size or color (Price & Longland 1989). Using
artificial seeds offered several advantages:
(i) they provide a consistent reference for
testing ecological hypotheses in diverse en-
vironments, (ii) their uniformity minimized
variability unrelated to seed removal inter-
actions, and (jii) unintentional plant estab-
lishment leading to disruptions to the local
ecosystem can be avoided (Luna et al.
2021). Although artificial seeds lack biologi-
cal complexity, this trade-off was deemed
acceptable for the scope of this study (Ra-
bello et al. 2015). Tab. 2 highlights the bene-
fits of using artificial seeds to control ex-
perimental variables and ensure repro-
ducibility.

Data analysis

To evaluate the effects of time since the
fire, treatments (control/exclusion), fire
severity, and their interactions — time since
the fire x fire severity, time since the fire x
treatment, and fire severity x treatment - a
mixed-effects binomial model was used.
The response variable was the proportion
of seeds removed, while the explanatory

Tab. 2 - Specific advantages and disadvantages of artificial seeds that allow isolating key factors in the study and minimizing sources

of unwanted variability.

Advantages

Disadvantages

Artificial seeds can be designed with consistent size, shape, weight, Artificial seeds do not replicate the biochemical properties of real
and texture, allowing to systematically study the effects of specific seeds, such as the production of chemical signals (e.g., secondary

variables (e.g., dispersal patterns) without the natural variability

inherent in real seeds.

By eliminating biological factors such as genetic variability or
differences in moisture content, artificial seeds ensure that
experimental results are comparable across replicates and

independent trials.

Real seeds are subject to germination, decay, or other biological
processes that could interfere with the research objectives,
especially in long-term studies. Artificial seeds remain stable,

enabling prolonged experimentation.

biological cues.

fabrication processes.

metabolites) or interactions with soil microorganisms.

Results obtained using artificial seeds may not fully represent
ecological interactions involving real seeds, especially when
predator or disperser behavior is influenced by chemical or

Depending on the design, creating artificial seeds with specific
properties can involve additional costs in terms of materials or

iForest 18: 121-127
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Tab. 3 - Summary of the effects of time since fire, treatment (exclusion/control), fire
severity (unburnt forest, moderate and high severity), and their two-way interactions
on artificial seed removal. (df): degrees of freedom.

Effects 1 df p-value
Time since fire (TSF) 42.2 6 < 0.001
Exclusion 101.8 1 < 0.001
Fire severity 9.7 < 0.001
TSF: Exclusion 140.5 < 0.001
TSF: Severity 44.7 12 < 0.001
Exclusion: Severity 53.3 < 0.001

factors included time since the fire, treat-
ment, and fire severity, as well as their pair-
wise interactions. Given that the study
spanned 21 months and utilized 45 experi-
mental plots, the identity of each plot was
included as a random factor to account for
temporal variations. Additionally, another
mixed-effects binomial model was applied
to assess the effect of the year (2019 vs.
2020) and fire severity on seed removal, us-
ing the same response variable and ran-
dom factor.

The analyses were conducted in R (R Core
Team 2023) using the “glmer” function

treatments were performed using contrast
methods, with standard errors estimated
from the model’s linear predictors. These
contrasts were implemented using the
“glht” function of the “multcomp” pack-
age (Hothorn et al. 2008).

Results

From the total of 11,160 seeds used in this
study, 55% were removed. Of these, 53%
were removed in the control treatment,
with 40% of these removals occurring in ar-
eas of moderate severity. The results
showed significant effects of time since the

since fire x fire severity, time since fire x
treatment, and fire severity x treatment, all
effects were statistically significant (p <
0.05 - Tab. 3).

Time and severity of the fire

Seed removal rates varied significantly
over time. The highest rates of seed re-
moval occurred in September and Decem-
ber 2019 and September 2020, while the
lowest rate was observed in December
2020 (P < 0.05 - Fig. 2a). Moderate fire
severity consistently showed the highest
seed removal rates, particularly in Septem-
ber 2019 and June 2020 (X* =115, df =8, P <
0.001 - Fig. 2b). By December 2020, seed re-
moval rates in unburned forest were sig-
nificantly higher compared to those in
high-severity areas (Fig. 2b).

In the overall analysis, areas with moder-
ate fire severity exhibited significantly
higher seed removal rates compared to the
areas of high severity. However, seed re-
moval rates in unburned forest areas were
intermediate and did not significantly differ
from those in moderate and high-severity
areas (P > 0.05 - Fig. 3).

Treatments and severity of the fire
The exclusion treatment reduced the
seed removal rate by 46% compared to the

from the “Ime4” package (Bates et al. fire, treatment type (control/exclusion), control (3> =99, df =1, p < 0.001 - Fig. 4a).
2015). Pairwise comparisons between fire severity, and their interactions: time This effect was observed in areas of moder-
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Fig. 2 - Post-fire seed removal in March 2019 in the San Juan del Monte reserve, Las Vigas, Veracruz, Mexico. (A): Seed removal
between 3 and 21 months after fire. (B): Seed removal between 3 and 21 months after fire in unburnt forest (green), moderate (yel-
low), and high severity (red). Different letters indicate significant differences (p < 0.05).
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ate and high severity, but not in the un-
burnt forest (y2 = 43, df = 2, p < 0.001 - Fig.
4b).

Time with treatments

The interaction between the control/ex-
clusion treatment and time since the fire
showed significant differences only in June
2020, when the control treatment exhib-
ited a higher seed removal rate than the
exclusion treatment (> = 122, df = 6, p <
0.001 - Fig. 5).

Years and severity of the fire

The mixed-effects model revealed signifi-
cant differences between years (> = 12, df
=1, p < 0.001 - Fig. 6). Seed removal rates
were higher in June and December 2019
compared to March-December 2020. How-
ever, no significant differences were found
between unburned forest, moderate sever-
ity and high severity areas (p > 0.05).

Discussion

This study evaluated the effects of fire
severity on seed removal activity and the
potential removal of natural seeds through
a vertebrate and invertebrate exclusion ex-
periment. Results reveal that moderate fire
severity significantly influenced seed re-
moval patterns 21 months after the San
Juan de Monte reserve wildfires. Differ-
ences in vegetation structure, fire severity,

Sced removal trecatments

and the time since the fire all affected seed
removal rates and the organisms involved.
Vertebrates were particularly critical in
seed removal in the moderate-severity ar-
eas during the first year after the wildfire.

Wildfires modify vegetation structure,
which in turn impacts granivorous-medi-
ated seed removal (Tasker et al. 2011). Less
affected areas may act as refugees for re-
generation, influenced by variations in tem-
perature, humidity, and disperser activity.
This aligns with prediction (i) of this study,
as rapid vegetation recovery in moderate-
severity areas, dominated by P. aquilinum
(fern) and Muhlenbergia macroura L.
(grass), Arbutus xalapensis (Kunth), and
Baccharis conferta (Kunth) Hitchc. (shrub)-
created micro-habitats with specific condi-
tions (temperature, light, and moisture) fa-
vorable to granivores like Reithrodontomys
sp., Dendroica occidentalis (J. K. Townsend,
1837), Wilsonia pusilla (A. Wilson, 1811), and
Turdus grayi (Bonaparte, 1838), among oth-
ers (Flores-Peredo 2005, Ramirez-Sadnchez
2020).

Greater seed removal in areas affected by
moderate fire severity can significantly in-
fluence the initial regeneration and succes-
sional trajectories of the forest. This proc-
ess favors less-consumed species, en-
hances biodiversity, and accelerates the re-
turn to a mature forest state (Davies et al.
2023). While low-severity fires generally do

Fire severity

not cause substantial changes to flora and
fauna, enabling complete seed removal.
Moderate fire severity negatively impacts
large mammals, soil temperature, and pH
levels. However, it also increases the avail-
ability of key nutrients (e.g., phosphorus,
potassium, and magnesium) while preserv-
ing seed trees and supporting small mam-
mals. These conditions allow for seed re-
moval, seedling recruitment, and the con-
tinuation of forest regeneration and suc-
cessional processes. On the other hand,
high-severity fires severely disrupt seed
trees, seed banks, organic matter, soil
moisture, depth, and nutrient availability,
thereby impairing seed availability, seed re-
moval, and seedling establishment (Dona-
to et al. 2009).

These findings are consistent with other
studies conducted in temperate forests,
which indicate that vertebrates, particu-
larly birds and rodents, are the primary
agents of seed removal (Cazetta & Vieira
2021, Enriquez-De-Salamanca 2023). Graniv-
orous rodents display foraging patterns
closely linked to vegetation compositions
(Cazetta & Vieira 2021, Enriquez-De-Sala-
manca 2023). For example, Peromyscus me-
lanotis and Mus musculus Linnaeus exhibit
foraging behaviors influenced by vegeta-
tion composition, moving between frag-
ments based on disturbance levels and re-
source availability (Flores-Peredo 2005, Flo-
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Fig. 5 - Seed removal after the March 2019 fire in the San Juan
del Monte reserve, Las Vigas, Veracruz, Mexico. Experimental
vertebrate exclusion treatment between 3 and 21 months post-
fire. Different letters indicate significant differences (p < 0.05).
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res-Peredo & Vazquez-Dominguez 2016b).
Dense vegetation, such as that found in
moderate-severity areas, provides cover
that reduces predation risk, while open ar-
eas (e.g., high-severity sites) expose grani-
vores to predators like eagles, owls, and
snakes (Banks et al. 2011)

Granivorous birds also contribute signifi-
cantly to seed removal, with their mobility
and use of vegetation as perch sites en-
hancing their foraging efficiency (Vazquez-
Reyes et al. 2022). For example, the ability
to fly enables birds to move rapidly be-
tween different forage zones and cover
greater distances by utilizing foliage pro-
files that serve as perch sites (Flores-Pe-
redo & Vézquez-Dominguez 2016b). In this
study, moderate-severity sites were char-
acterized by trees with green-yellow can-
opies and herbaceous vegetation. In con-
trast, high-severity sites were destroyed
and characterized by completely charred
trees, shrubs, and herbaceous vegetation.
Additionally, Flores-Peredo (2005) report-
ed in the same study area that granivorous
birds, such as Junco phaeonotus (Wagler,
1831), Tardas migratorius, Carpodacus mexi-
canus (P. L. Statius Mdiller, 1776), Spizella
passerine (Bechstein, 1798), and Poocetes
gramineus, play a fundamental role in seed
removal and dispersal, primarily during the
day. This observation could explain the
higher seed removal values found in mod-
erate-severity areas.

The time elapsed since the fire began in-
fluenced seed removal, supporting predic-
tion (iii). Overall, the seed removal rate
was higher in 2019 (September). Post-fire
fire changes in plant coverage lead to de-
creased food resources and altered activity
patterns as birds must forage at a greater
distance from their nests (Roman 2010).
Conversely, when serotine cones open and
release seeds due to the fire effect, the
presence and abundance of granivorous
birds are favored. In contrast, the nectariv-
orous, insectivorous, and frugivorous birds
decrease (Novoa et al. 2021). It was further
observed that the recovery and restructur-
ing of the plant community mediates the
recovery of granivorous communities and
their levels of seed removal. Factors such
as understory plant density, herbaceous
coverage, and number of mammals syner-
gistically influenced resource availability
within the ecosystem; these dynamics con-
tribute to the lower seed removal ob-
served in 2020 (Tejeda-Landero et al. 2019).

Seed removal is a critical ecological proc-
ess influencing plant regeneration and eco-
system resilience. However, this process is
increasingly vulnerable to the combined
pressures of climate change and shifting
fire regimes (Stewart et al. 2021). These
global phenomena alter the interactions
between plants and animals, mediating
seed dispersal and predation, with pro-
found implications for forest dynamics,
biodiversity, and ecosystem recovery. The
interplay between climate change, fire
regimes, and seed removal is a complex
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and pressing issue. These forces disrupt
the delicate balance of ecosystems, modi-
fying habitats and altering the behavior,
distribution, and abundance of species in-
volved in seed removal. Such disruptions
hinder forest regeneration and threaten
biodiversity (Harvey & Enright 2022). Ad-
dressing these challenges requires innova-
tive research and conservation strategies
to prevent forest resilience and the vital
ecological processes that forests support.

Conclusions

Our results demonstrated higher seed re-
moval by vertebrates (birds and rodents) in
areas affected by moderate fire severity.
These findings highlight the significant role
of moderate fire severity in shaping graniv-
orous communities and influencing seed
removal patterns in the temperate forest
of Veracruz, Mexico. Artificial seeds proved
a valuable methodological approach, par-
ticularly in scenarios where fruiting sea-
sons are disrupted due to the severity and
intensity of fires, or where there is limited
knowledge of local fruiting plant species.
While the absence of natural seeds some-
what constrains this method, it offers a
broader understanding of ecosystem func-
tioning patterns by minimizing seed prefer-
ence and size biases. This approach pro-
vides critical insights into the ecological
processes that drive forest recovery and
resilience in the face of environmental dis-
turbances.

Author Contributions

DACZ: Conceptualization, Data curation,
Formal analysis, Writing - original draft. JCI,
JFAM, JDCZ: Supervision, Writing - review
and editing. JLAV, LABG, SAS, JFDN: Super-
vision, Writing - review and editing. DACZ:
Funding acquisition, Project administra-
tion. DACZ: Writing - review and editing.

Funding

This work was supported by the Veracruz
Council for Scientific Research and Techno-
logical Development (COVEICYDET-8.8 2SO
2020) and a CONAHCYT grant awarded to
DACZ (609138).

Data Availability Statement

The data presented in this study are avail-
able upon request. Due to privacy con-
cerns, they are not publicly available.

Acknowledgements

We thank Ismael Guzman for their invalu-
able assistance in field campaigns and sort-
ing samples. Diana Ramirez provided us
with remote sensing maps of the affected
area. A special thanks to SEDEMA-Xalapa
for the logistic support and lodging facili-
ties in the SJM Protected Area.

Declaration of Interest

The authors declare that they have no
known competing financial interests or
personal relationships that could influence
the work reported in this paper.

References

Angotti MA, Rabello A, Santiago G, Ribas C
(2018). Seed removal by ants in Brazilian sa-
vanna: optimizing fieldwork. Sociobiology 65
(2) 155-161. - doi: 10.13102/sociobiology.v65i2.1
938

Attri V, Dhiman R, Sarvade S (2020). A review on
status, implications and recent trends of forest
fire management. Journal of Ecology 5 (4): 592-
602. - doi: 10.26832/24566632.2020.0504024

Banks SC, Dujardin M, McBurney L, Blair D,
Barker M, Lindenmayer DB (2011). Starting
points for small mammal population recovery
after wildfire: recolonisation or residual popula-
tions? Oikos 120: 26-37. - doi: 10.1111/j.1600-0706.
2010.18765.x

Bates D, Méachler M, Bolker B, Walker S (2015).
Fitting linear mixed-effects models using Ime4.
Journal of Statistics Software 67 (1): 1-48. - doi:
10.18637/jss.v067.i01

Cazetta TC, Vieira EM (2021). Fire occurrence me-
diates small-mammal seed removal of native
tree species in a Neotropical Savanna. Frontiers
in Ecology and Evolution 946. - doi: 10.3389/fev
0.2021.793947

Chia EK, Bassett M, Leonard SW, Holland GJ, Rit-
chie EG, Clarke MF, Bennett AF (2016). Effects
of the fire regime on mammal occurrence after
wildfire: site effects vs. landscape context in
fire-prone forests. Forest Ecology and Manage-
ment 363: 130-139. - doi: 10.1016/j.foreco.2015.
12.008

Jardel PEJ, Alvarado E, Morfin JER, Castillo FN,
Flores JGG (2009). Regimenes de fuego en eco-
sistemas forestales de México. impacto ambi-
ental de incendios forestales [Fire regimes in
forest ecosystems of Mexico. Environmental
impact of forest fires]. Instituto Nacional de In-
vestigaciones Forestales Agricolas y Pecuarias,
Colegio de Postgraduados, México, pp. 731 [in
Spanish]

Coté M, Ferron J, Gagnon R (2003). Impact of
seed and seedling predation by small rodents
on early regeneration establishment of black
spruce. Canadian Journal of Forest Research 33
(12): 2362-2371. - doi: 10.1139/x03-167

Cracknell AP (2007). Introduction to remote
sensing (2™ edn). CRC Press, Boca Raton, FL,
USA, pp. 352. [online] URL: http://books.
google.com/books?id=0RPNBQAAQBAJ

Davies HF, Visintin C, Murphy BP, Ritchie EG,
Banks SC, Davies 1D, Bowman DM (2023). Pyro-
diversity trade-offs: a simulation study of the
effects of fire size and dispersal ability on na-
tive mammal populations in northern Aus-
tralian savannas. Biological Conservation 282:
110077. - doi: 10.1016/j.biocon.2023.110077

Donato DC, Fontaine JB, Campbell JL, Robinson
WD, Kauffman JB, Law BE (2009). Conifer re-
generation in stand-replacement portions of a
large mixed-severity wildfire in the Klamath-
Siskiyou Mountains. Canadian Journal of Forest
Research 39 (4): 823-838. - doi: 10.1139/X09-016

Enriquez-De-Salamanca A (2023). Dynamics of
Mediterranean pine forests reforested after
fires. Journal of Forest Research 34 (2): 345-
354. - doi: 10.1007/s11676-022-01503-3

Flores-Peredo R (2005). Efecto de la vegetacién
sobre la abundancia y diversidad de depre-
dadores de semillas de Pinus teocote Schl. et
Cham. en hdbitats contrastantes del estado de

iForest 18: 121-127


https://doi.org/10.26832/24566632.2020.0504024
https://doi.org/10.1007/s11676-022-01503-3
https://doi.org/10.1139/X09-016
https://doi.org/10.1016/j.biocon.2023.110077
http://books.google.com/books?id=oRPNBQAAQBAJ
http://books.google.com/books?id=oRPNBQAAQBAJ
https://doi.org/10.1139/x03-167
https://doi.org/10.1016/j.foreco.2015.12.008
https://doi.org/10.1016/j.foreco.2015.12.008
https://doi.org/10.3389/fevo.2021.793947
https://doi.org/10.3389/fevo.2021.793947
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1600-0706.2010.18765.x
https://doi.org/10.1111/j.1600-0706.2010.18765.x
https://doi.org/10.13102/sociobiology.v65i2.1938
https://doi.org/10.13102/sociobiology.v65i2.1938

Veracruz, México [Effect of vegetation on the
abundance and diversity of seed predators of
Pinus teocote Schl. et Cham. in contrasting
habitats in the state of Veracruz, Mexico]. Msc
Thesis, Universidad Veracruzana, Veracruz,
México, pp. 64 [in Spanish]

Flores-Peredo R, Sanchez-Veldsquez LR, Bolivar-
Cimé BDS (2016a). Pine seed removal in frag-
ments of three temperate plant communities.
Botanical Sciences 94 (4): 737-744. - doi:
10.17129/botsci.750

Flores-Peredo R, Vazquez-Dominguez G (2016b).
Influence of vegetation type and season on ro-
dent assemblage in a Mexican temperate for-
est mosaic. Therya 7 (3): 357-369. - doi: 10.12933
[therya-16-390

GEV/CEMA (2002). Programa de Manejo de San
Juan del Monte [San Juan del Monte Manage-
ment Program]. Gobierno del Estado de Ver-
acruz - GEV, Coordinacidn Estatal de Medio Am-
biente - CEMA, México DF, pp. 190 [in Spanish]

Harvey BJ, Enright NJ (2022). Climate change
and altered fire regimes: impacts on plant pop-
ulations, species, and ecosystems in both hemi-
spheres. Plant Ecology 223: 699-709. - doi:
10.1007/511258-022-01248-3

Hothorn T, Bretz F, Westfall P (2008). Simultane-
ous inference in general parametric models.
Biometrical Journal 50 (3): 346-363. - doi:
10.1002/bimj.200810425

Hulme PE, Benkman CW (2002). Granivory. In:
“Plant-Animal Interactions: An Evolutionary Ap-
proach” (Herrera CM, Pellmyr O eds). Oxford
University Press, Oxford, pp. 132-156.

Keeley JE (2009). Fire intensity, fire severity and
burn severity: a brief review and suggested us-
age. International Journal of Wildland Fire 18:
116-126. - doi: 10.1071/WF07049

Kleinman JS (2021). A review and case study of
multiple interacting disturbances in forest
ecosystems. PhD Thesis, Forest Ecology, Uni-
versity of Alabama, Tuscaloosa, AL, USA, pp.
137. [online] URL: http://www.proquest.com/
openview/6c2865622bfe2f8dd124992a96b2493
5/1

Liu B, Liang Y, He HS, Liu Z, Ma T, Wu MM (2022).
Wildfire affects boreal forest resilience through
post-fire recruitment in Northeastern China.
Ecology Indicators 145: 109705. - doi: 10.1016/j.
ecolind.2022.109705

Luna P, Dattilo W (2018). A new protocol using
artificial seeds to evaluate dietary preferences

iForest 18: 121-127

Moderate wildfire severity favors seed removal by granivores

of harvester ants in semi-arid environments.
Sociobiology 65 (2): 149-154. - doi: 10.13102/s0c
iobiology.v65i2.1783

Luna P, Garcia-Chavez JH, Izzo T, Sosa VJ, Del-
Claro K, Dattilo W (2021). Neutral and niche-
based factors simultaneously drive seed and in-
vertebrate removal by red harvester ants. Eco-
logical Entomology 46: 816-826. - doi: 10.1111/
een.13018

Novoa FJ, Altamirano TA, Bonacic C, Martin K,
Ibarra JT (2021). Fire regimes shape biodiver-
sity: responses of avian guilds to burned for-
ests in Andean temperate ecosystems of south-
ern Chile. Avian Conservation and Ecology 16
(2): 22. - doi: 10.5751/ACE-01999-160222

Palmer HD, Denham AJ, Ooi MK (2018). Fire
severity drives variation in post-fire recruitment
and residual seed bank size of Acacia species.
Plant Ecology 219 (5): 527-537. - doi: 10.1007/
511258-018-0815-5

Perea R, Venturas M, Gil L (2014). Seed predation
on the ground or in the tree? Size-related differ-
ences in behavior and ecology of granivorous
birds. Acta Ornithologica 49 (1): 119-130. - doi:
10.3161/000164514X682940

Price MV, Longland WS (1989). Use of artificial
seed patches by heteromyid rodents. Journal
of Mammal 70 (2): 316-322. - doi: 10.2307/13815
13

R Core Team (2023). R: a language and environ-
ment for statistical computing. Vienna, Austria.
[online] URL: http://cran.r-project.org/doc/man
uals/r-release/R-exts.html

Rabello AM, Queiroz AC, Lasmar CJ, Cuissi RG,
Canedo-Junior EO, Schmidt FA, Ribas CR (2015).
When is the best period to sample ants in tropi-
cal areas impacted by mining and in rehabilita-
tion process? Insectes Sociaux 62: 227-236. -
doi: 10.1007/s00040-015-0398-2

Ramirez-Sanchez D (2020). Evaluacién de un in-
cendio forestal en un bosque de coniferas del
centro de Veracruz: andlisis de la sucesién tem-
prana usando percepcién remota y métodos a
nivel de campo [Evaluation of a forest fire in a
coniferous forest in central Veracruz: early suc-
cession analysis using remote sensing and field
level methods]. Ms Thesis, Instituto de Eco-
logia AC, México, pp. 90 [in Spanish]

Rehling F, Jongejans E, Farwig N, Schabo DG
(2024). Quantifying the mutualism-antagonism
continuum for seed removal by a granivorous
disperser. Basic Applied Ecology 76: 35-40. -

doi: 10.1016/j.baae.2024.02.005

Romadn JG (2012). Evaluation of seed removal by
rodents and ants in Mediterranean pine forests
affected by forest fires. Doctoral dissertation,
Department of Experimental Sciences and Sus-
tainability, University of Girona, Spain, pp. 119.

Souza FC, Viana-Junior AB, Mittelman PU, De
Azevedo FCC (2023). Tree density-dependence
effects on seed dispersal of a large-seeded
tropical tree. Journal of Tropical Ecology 39:
e17. - doi: 10.1017/S0266467423000068

Stewart JA, Van Mantgem PJ, Young DJ, Shive
KL, Preisler HK, Das AJ, Thorne JH (2021). Ef-
fects of postfire climate and seed availability on
postfire conifer regeneration. Journal of Ecol-
ogy 31(3): €02280. - doi: 10.1002/eap.2280

Tasker EM, Denham AJ, Taylor JE, Strevens TC
(2011). Post-fire seed predation: does distance
to unburnt vegetation matter? Austral Ecology
36 (7): 755-766. - doi: 10.1111/j.1442-9993.2010.02
214.X

Tejeda-Landero VM, Sanchez-Veldsquez LR, Viv-
eros-Viveros H, Aparicio-Renteria A, Flores-Pe-
redo R (2019). Seed bank formation and re-
moval of Pinus hartwegii (Pinaceae) seeds
along an altitudinal gradient in the Cofre de
Perote National Park, Veracruz, Mexico. Botani-
cal Sciences 97 (4): 623-629. - doi: 10.17129/bot
SCi.2204

Vander Wall SB (2023). Seed dispersal in pines
(Pinus). Botanical Reviews 89 (3): 275-307. - doi:
10.1007/512229-023-09288-8

Vargas MF, Escobar MS, De la Maza ER, Del Pont
LRM (2002). Areas naturales protegidas de
México con decretos estatales [Protected natu-
ral areas in Mexico with state decrees]. Secre-
taria de Medio Ambiente y Recursos Naturales,
Instituto Nacional de Ecologia y Comisién Na-
cional de Areas Naturales Protegidas, México
DF, Vol 2, pp. 1022. [in Spanish]

Vazquez-Reyes LD, Paz-Hernandez H, Godinez-
Alvarez HO, Del Coro Arizmendi M, Navarro-
Siglienza AG (2022). Trait shifts in bird commu-
nities from primary forest to human settle-
ments in Mexican seasonal forests. Are there
ruderal birds? Perspectives in Ecology and Con-
servation 20 (2): 117-125. - doi: 10.1016/j.pecon.
2021.11.005

Zuleta KO, Bravo SJ (2019). Recruitment of
woody species in tropical forests exposed to
wildland fires: an overview. Ecosistemas 28 (1):
106-117. - doi: 10.7818/ECOS.1642

127

>
(S
)
wv
]
)
o
L.
e
c
(1]
wv
]
19}
c
AL
194
w
o
)
B0
2
0
I
)
w
)
S
)
=



https://doi.org/10.1016/j.pecon.2021.11.005
https://doi.org/10.1016/j.pecon.2021.11.005
https://doi.org/10.1007/s12229-023-09288-8
https://doi.org/10.17129/botsci.2204
https://doi.org/10.17129/botsci.2204
https://doi.org/10.1111/j.1442-9993.2010.02214.x
https://doi.org/10.1111/j.1442-9993.2010.02214.x
https://doi.org/10.1002/eap.2280
https://doi.org/10.1017/S0266467423000068
https://doi.org/10.1016/j.baae.2024.02.005
https://doi.org/10.1007/s00040-015-0398-2
http://cran.r-project.org/doc/manuals/r-release/R-exts.html
http://cran.r-project.org/doc/manuals/r-release/R-exts.html
https://doi.org/10.2307/1381513
https://doi.org/10.2307/1381513
https://doi.org/10.3161/000164514X682940
https://doi.org/10.1007/s11258-018-0815-5
https://doi.org/10.1007/s11258-018-0815-5
https://doi.org/10.5751/ACE-01999-160222
https://doi.org/10.1111/een.13018
https://doi.org/10.1111/een.13018
https://doi.org/10.13102/sociobiology.v65i2.1783
https://doi.org/10.13102/sociobiology.v65i2.1783
https://doi.org/10.1016/j.ecolind.2022.109705
https://doi.org/10.1016/j.ecolind.2022.109705
http://www.proquest.com/openview/6c2865622bfe2f8dd124992a96b24935/1
http://www.proquest.com/openview/6c2865622bfe2f8dd124992a96b24935/1
http://www.proquest.com/openview/6c2865622bfe2f8dd124992a96b24935/1
https://doi.org/10.7818/ECOS.1642
https://doi.org/10.1071/WF07049
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1007/s11258-022-01248-3
https://doi.org/10.12933/therya-16-390
https://doi.org/10.12933/therya-16-390
https://doi.org/10.17129/botsci.750

	Moderate wildfire severity favors seed removal by granivores in a Mexican pine forest
	Introduction
	Materials and methods
	Site description
	Classifying wildfire severity
	Field measurements of severity indicators
	Experimental design and seed removal treatments
	Artificial seeds
	Data analysis

	Results
	Time and severity of the fire
	Treatments and severity of the fire
	Time with treatments
	Years and severity of the fire

	Discussion
	Conclusions
	Author Contributions
	Funding
	Data Availability Statement
	Acknowledgements
	Declaration of Interest
	References


