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Introduction: With increasing human activities, the area affected by humans
increases annually and many wild animals are under threat of extinction. On the
other hand, there are serious conflicts between human and many wildlife. In
order to mitigate conflicts, it is important to understand how animals perceive
the balance of benefits and risks in human-inhabited areas and how they use the
land. In this study, we investigated how African forest elephants (Loxodonta
cyclotis), which are in serious conflict with humans, use anthropogenic
environments by focusing on their trails.

Methods: This study targeted two parameters of anthropogenic environments:
vegetation, particularly savannas, which have been maintained by human burning
for many years, and population density, particularly in low-density seminatural
land. Within Moukalaba-Doudou National Park, Gabon, and an adjacent village,
we mapped elephant trails and compared their density and structure between
vegetation (forest and savanna) and areas (inside and outside the national park).

Results: In the forest, only 31.4% of the elephant trails were well-established with
exposed ground. In the savanna, the density of elephant trails was lower than that
in the forest; however, the trails were narrower and 65% of the trails were well
established. This suggests that elephants tend to follow specific routes in the
savanna that may help them travel more easily, and that they are perceiving some
risks. The density of elephant trails outside the national park was higher, and the
trails were wider than those in the national park, suggesting frequent elephant
use. This was probably due to the crop fields and mango trees
attracting elephants.

Discussion: In the study area, available food may be a greater attractant to
elephants relative to the risk of being threatened by humans. The findings show
that elephant trail surveys can be carried out inexpensively over a short period of
time. Moreover, they can clarify land use by elephant populations, including fine-
scale heterogeneous movements.

African forest elephant (Loxodonta cyclotis), animal trails, savanna-mosaic forest,
seminatural lands, human-elephant conflict, land use pattern
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1 Introduction

The extinction of animal species and populations and the
degradation of their habitats due to human activities are pressing
global issues (Dirzo et al., 2014; Ceballos et al., 2015). The impact of
humans is not only on a direct level, such as overhunting, but also
on an indirect level, such as deforestation, affecting many other
animals (Brook et al., 2008; Haddad et al., 2015; Bogoni et al., 2022).
Large terrestrial mammals are at an extremely high risk of
extinction (Cardillo et al., 2005; Ripple et al., 2015; Atwood et al.,
2020) and have a significant impact on the environment by creating
heterogeneity in vegetation structure and small animal abundance
(Pringle et al., 2023). Their disappearance has a cascading effect on
other living organisms (Wilson, 1987; Terborgh, 1988; Keesing and
Young, 2014; Bello et al, 2015), so it is important for the
conservation of ecosystems to understand how such species are
adapting to the human-influenced environments that have come to
dominate in recent centuries (Graham et al., 2009; Ellis et al., 2020).

All terrestrial animals choose places to move to find water, food,
mates, and to avoid dangers from predators. Many animals are
generally forced to trade-off between the conflicting needs of
foraging and avoiding predation. Herbivores perceive spatial
variation in predation risk, which is known as the “landscape of
fear” (Laundre et al., 2001; Riginos, 2015), and if the risk of predation
is too great compared to the benefits of food, they will avoid certain
areas or refrain from foraging (Riginos, 2015). This tradeoff between
benefits and risks changes depending on the conditions and interacts
dynamically (Riginos, 2015; Palmer et al., 2022). Humans are also
predators, and their activities create and change new landscapes of
fear for wild animals (Gaynor et al., 2019; Mills and Harris, 2020).

The movement of elephants, the largest land animals in the
world today, is also affected by human activity (Buij et al., 2007;
Granados et al., 2012; Breuer et al., 2016; Wall et al,, 2021). They
avoid human settlements and traffic roads (Buij et al., 2007; Blake
et al., 2008), and their home ranges become smaller (Wall et al.,
2021). They are more nocturnal in high-risk areas (Graham et al.,
2009; Gaynor et al., 2018; Smit et al., 2023), and move faster with
less tortuosity near farmlands (Troup et al., 2020). While there are
many studies which show that elephants avoid anthropogenic
environments and take risk-avoidance behavior, on the other
hand, human-elephant conflicts caused by the overlap of
elephant and human habitats are becoming a serious problem in
various habitats with various levels of human activity (e.g.
Songhurst et al., 2016; Matsuura et al., 2024). In order to mitigate
conflicts, it is important to identify the factors in each area,
including those that are specific to that area. Clarifying the local
land use preferences of elephant populations in small-scale and
inferring their behavior there will help to understand the extent to
which the area is perceived by them as a risk and/or benefit.

Animal trails are the result of their movements. These trails are
formed by terrestrial animals repeatedly passing the same route. As
they are used repeatedly, the ground surface becomes compacted
and the soil is exposed, creating trails that may remain for many
years. Agnew (1966) distinguished two purposes for which animals
use trails: to move from one area to another over a relatively long

Frontiers in Conservation Science

10.3389/fcosc.2025.1525065

distance and to forage in a relatively small area. These two purposes
are not always distinguishable; however according to Agnew (1966),
trails for foraging are abundant but not very conspicuous, whereas
trails for movement are rare but easy to observe. Each animal trail
reflects specific behaviors and is a linear form of physical alteration
by animals repeatedly trampling plants and compacting or scraping
the ground. Investigating trails is better suited for understanding
how elephants use local areas rather than assessing discrete traces
such as feces.

The animal trails made by African forest elephants (Loxodonta
cyclotis) are large. They can be tens of kilometers long and several
meters wide (Blake and Inkamba-Nkulu, 2004). Vanleeuwe and
Gautier-Hion (1998) classified elephant trails into three types:
“boulevards,” which are straight and wide and extend over long
distances; “foraging paths,” which are winding and have no
consistent direction; and “clearing alleys,” which are a fine
network of trails around open wetland called bai. Clearing alleys
are thought to be the result of elephants monitoring the open
environment before they enter bai (Vanleeuwe and Gautier-Hion,
1998). Therefore, although they are specific to a particular place,
they are the result of risk-avoidance behavior. Boulevards are the
largest trails and are mainly used for movement, connecting fruit
trees, and water sources (Vanleeuwe and Gautier-Hion, 1998). This
corresponds to the purpose of movement from one area to another
according to Agnew’s classification. Foraging paths, as the name
indicates, correspond to the purpose of foraging, according to
Agnew’s classification. When passing through anthropogenic
environments, elephants move in a directional manner along
clearly defined trails (Von Gerhardt et al., 2014). Fields that are
close to the elephant trails are more likely to be raided (Von
Gerhardt et al., 2014).

Previous studies on elephant trails have focused on trails with
exposed ground surfaces (Blake and Inkamba-Nkulu, 2004;
Shannon et al., 2009; Von Gerhardt et al,, 2014) and wide trails
(Vanleeuwe and Gautier-Hion, 1998; Benitez and Queenborough,
2021). Such wide trails with exposed ground last for many years
without disappearing. Elephants use trails other than the exposed
and wide ones, but if they cease to use them before the trails become
well-established, the trails will disappear. In addition, elephants also
create new trails by passing through places that are not trails, but
this cannot be discovered by investing only the wide, well-exposed
trails. However, there has been limited research on the dynamics of
the appearance and disappearance of elephant trails. In reality, trails
must go through several stages of elephant use before they become
well established. To understand the tendency of whether an
elephant will follow an existing trail or create a new trail by
passing through a place that is not a trail, it is necessary to clarify
how many elephant trails exist and where they are located, not just
for the wide, well-established trails, but for all types of trails.

Additionally, previous studies on forest elephant trails have often
been conducted in forested habitats that the elephant species originally
inhabited and where there is little human influence (Blake and
Inkamba-Nkulu, 2004; Inogwabini et al., 2013; Vanleeuwe and
Gautier-Hion, 1998). However, in addition to such a ‘pristine’
environments, it is necessary to consider the anthropogenic
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environments, which currently host a large proportion of elephants. A
total of 57.4% of the current distribution of forest elephants is outside
of protected areas (Wall et al,, 2021). It has been suggested that there is
a threshold for human population density or activity level that
elephants and humans cannot inhabit (Hoare and Du Toit, 1999;
Wall et al, 2021) and it is estimated to be 15 to 20 people/km” for
African savanna elephants (L. africana) in Zimbabwe (Hoare and Du
Toit, 1999). The value for forest elephants is probably not very
different from this. On the other hand, it is suggested that there is
also a tipping point in human land use, and when the population
density of a rural area reaches approximately 8 people/km?, the rate of
deforestation increases, and the area seems to be converted into
permanent farmland (Mayaux et al., 2013; Abernethy et al., 2016).
In other words, it is thought that areas with a population density of up
to about 8 people/km?, are the key to conservation and coexistence.
Therefore, we will focus on two environmental parameters here. One
is the vegetation, with a focus on savanna vegetation maintained by
human fires. The other is human population density, with a focus on
low-density seminatural lands.

Savanna vegetation is defined by the dominance of grass rather
than trees. In Gabon, forests intermingle with grassy and shrubby
savannas, forming savanna mosaic forests. There, people usually
live in villages in the savanna. In some African savanna mosaic
forests, including Gabon, burning is important for maintaining
savanna vegetation (Jeffery et al, 2014; Gray and Bond, 2015).
Forest elephants move between the forest and savanna daily (Mills
etal., 2018). Although fire can damage not only the savanna but also
the surrounding forests, the presence of elephant trails on the
savanna-forest border protects the forest from fire (Cardoso
et al, 2019). Thus, the savanna mosaic forest was maintained
through interaction with human and elephant activities.

Ellis and Ramankutty (2008) and Ellis et al. (2010, 2020)
proposed the concept of an “Anthrome,” which incorporates the
effects of human activity into biomes, which are classified based on
factors such as climate. Ellis et al. (2020) distinguished seminatural
lands from other types of human inhabited areas (urban,
settlements, villages) based on a population density of less than
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100 people/km?, and defined seminatural lands as “inhabited lands
with minor use for permanent agriculture and settlements.” In other
words, seminatural lands are areas where wild animals may
encounter humans, but human pressure is relatively low. Gabon
is home to more than half the forest elephants (Maisels et al., 2013;
Thouless et al., 2016; Laguardia et al., 2021), and due to the low
population density of 0.9 people/km? in rural areas (Abernethy
et al,, 2016), the majority of the land is classified as seminatural
lands with a population density of less than 10 people/km?* (Ellis
et al,, 2010, 2020).

Hence, the objectives of this study were: (1) to quantitatively
measure the density and clarify the distribution of elephant trails,
including narrow trails and trails with no exposed ground, in a
Gabonese savanna mosaic forest; (2) to clarify whether the
distribution and structure of elephant trails differ in
heterogeneous environments, including savannas and seminatural
environments, specifically, (2-a) compare the density and structure
of the trails in forest and savanna environments, and (2-b) compare
the density and structure of the trails in environments within
national park and in environments around village outside
national park; and (3) to consider whether a seminatural
environment with a low population density is a risky place for
elephants. The overall aim of this study was to understand how
elephant habitat use patterns inferred from these results reflect the
trade-off between foraging benefits and avoidance of human-
induced risks.

2 Materials and methods

2.1 Study sites

Fieldwork was conducted in the northeastern part of the
Moukalaba-Doudou National Park (MDNP), which is located in
the southwest of the Republic of Gabon, and in the village of
Doussala, on the opposite bank of the Moukalaba River, which
forms the boundary of the MDNP (Figure 1). The annual rainfall in
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this area ranges from 1,176 to 2,043 mm (Hongo et al,, 2018). The
dry season is mainly from May to September, and the rainy season
is from October to April (Takenoshita et al., 2008).

The vegetation type in the Moukalaba area is savanna mosaic
forest with a mixture of primary forest, secondary forest, riverine forest,
mountain forest, and savanna (Ando et al., 2008; Hongo et al., 2018).
Patchy savannas in the Moukalaba area are maintained by burning at
the end of the dry season every year by the park and local people.

The fauna in this area is also rich in species, such as the western
gorilla (Gorilla gorilla), chimpanzee (Pan troglodytes), leopard
(Panthera pardus), African buffalo (Syncerus caffer), and
waterbuck (Kobus ellipsiprymnus) (Nakashima, 2015). The density
of forest elephants in this area is estimated to be 0.387 individuals/
km?, which is slightly higher than the average density in Gabon
(0.38 individuals/km?) (Laguardia et al., 2021). The only potential
predators of elephants in this area are leopards and humans;
however, the killing of forest elephants by leopards is extremely
rare (Blake, 2004), and the impact of poaching is thought to be
minimal because of the difficulty of access and strict control of
illegal hunting (Terada et al., 2021).

The village of Doussala had a population of approximately 30-40
people (in 2019, Terada et al,, 2021), and is located along an unpaved
road in the savanna. The exact population density of this area is
unknown; however, considering the population trends (Matsuura and
Moussavou, 2015; Terada et al,, 2021), it is thought that it does not
differ greatly from the report from a neighboring area (0.8 people/km’,
Thibault and Blaney, 2003). The surrounding forest is used for shifting
cultivation. Elephant raiding of crops is a serious problem, and local
people have no choice but to stay in the fields every night to scare them
away (Matsuura et al., 2024). People use specific trails across the
savanna on a daily basis to travel to and from their village and fields. In
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this area, livestock such as small goats and chickens are only kept in
limited numbers around houses. There are 124 mango (Mangifera
indica) trees around the village (Nomoto, unpublished data), and the
fruit is an attractive food source for elephants. The elephants cross the
Moukalaba River to travel between the national park and the village,
and use the area around the village throughout the year. There are
currently no permanent residents in the national park.

2.2 Elephant trail survey

Elephant trail data were collected between September and
October 2017 in the MDNP and Doussala village. This period
corresponds to the end of the dry season and beginning of the

rainy season.

2.2.1 Establishment of survey plots

We drew grid lines on the map at 100 m intervals in both the
north-south and east-west directions, and divided the survey area into
two “area categories” inside the MDNP (park) and outside the MDNP
(village). We then selected several forest and savanna plots from each
area category based on the vegetation map. Each plot covered an area
of 1 ha. Forest and savanna are referred to as the “vegetation category.”
For both categories, we selected plots that could be obtained by walking
from the research base. We excluded plots that contained both
vegetation types in a single plot, plots that included the Moukalaba
River, and plots that contained roads that were sufficiently wide for
vehicles to pass through. In addition, we excluded plots that contained
crop fields and the trails frequently used by people, including trails to
and from the fields. We selected 55 target plots on the map before the
survey (Figure 2). The forest plots were mostly secondary forests

[ ] Forest - Plantation

O Forestplot — Humanroad
Savanna (unpaved)
-------- Human trail

O Savannaplot

m— River (boundary) Center of village

=== River (other) Research Base
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Vegetation and location of survey plots. The solid black line shows the boundary of MDNP (the western side). Doussala Village is located to the east

of MDNP.

Frontiers in Conservation Science

04 frontiersin.org


https://doi.org/10.3389/fcosc.2025.1525065
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Nomoto and Akomo-Okoue

[83.3%, calculated based on the vegetation map in Hongo et al. (2018)]
and included a few riverine forests. Because of the small number of
samples, we combined these two forest types into one category. The
number of plots for each of the target vegetation categories (forest/
savanna) and area categories (park/village) are listed in Table 1.

2.2.2 Tracing and measuring of the elephant trails
within the plots

We defined an animal trail as a linear area in which the ground
and vegetation were trampled or uncovered by the passage of
animals. Referring to the judgment of the research assistants, who
were familiar with the local forest, we recorded the trails that
elephants were thought to be able to pass through as elephant
trails. They were at least 20 cm wide and with a space of at least 1.5
m high above them. We mapped all elephant trails in the survey
plots by recording tracks every two seconds using a global
positioning system (GPS) device (Garmin GPSMAP 64s) while
walking along the trails. Along the elephant trails, we set up the
measuring points every 20 m, which were measured based on the
number of steps. One of the two research assistants who had
practiced walking with a 1-meter stride in advance measured the
steps. At these points, we measured the width of the trail using a
non-sagging rigid measuring tape, and recorded the exposure level
of the trail (Figure 3). We measured areas with exposed ground and/
or bent plants as trail widths in 1 cm increments and then rounded
them to the nearest 5 cm to account for measurement error. The
exposure level was categorized into four levels (levels 1-4)
depending on the degree of soil exposure and plant trampling.
Levels 1 and 2 correspond to trails where the ground is not exposed,
whereas levels 3 and 4 correspond to trails where the ground is
exposed. The locations of the relatively fresh signs of the elephants,
such as dung and clear footprints, were also recorded. The number
of measuring points within the plot was used as an indicator of the
linear density of the elephant trails for the analysis. This was
because the accuracy of GPS tracking differs between closed-
canopy forests and open savannas, so using linear density was
considered inappropriate for comparison. The trail width and
exposure level of the trail surface were used as indicators of the
structure of the elephant trails.

The survey was conducted during a period when the savanna
was gradually burned. Because we could not know in advance which
areas had been burned, some survey plots were burned and some
were not. As burning may have affected the results, we included

TABLE 1 Number of survey plots and total measuring points by
vegetation and area categories.

Vegetation Area [\ [o} [\[o}
category category of plots of points
Forest Park 12 244

Village 6 188
Savanna Park 10 78

Village 27 499

Total 55 1009
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whether the plot area had been burned in the model when analyzing
elephant trail point density.

2.3 Statistical analysis

All analyses were performed using R version 4.3.3 (R Core
Team, 2024). We examined whether elephant trail point density
(number of measuring points in a survey plot), trail width, and
exposure level differed depending on vegetation and area categories.

We modeled the elephant trail point density using a generalized
linear model (GLM) with a negative binomial distribution and a log
link function (glm.nb function in MASS package, Venables and
Ripley, 2002). We included the vegetation category (forest/
savanna), area category (park/village), their interaction, and
burning (1/0) as explanatory variables. The trail width was
modelled using a GLM with a t-distribution and identity link
function (glmmTMB function in glmmTMB package, Brooks
et al,, 2017). We included the vegetation category, area category,
and their interaction as explanatory variables. The generalized
linear mixed model that includes the plot ID as a mixed effect did
not converge. We modeled the exposure level using a cumulative
link mixed model (CLMM) (cImm?2 function in ordinal package,
Christensen, 2023). We included vegetation category, area category,
and their interaction as explanatory variables, and plot ID as a
mixed effect. For the GLMs, we checked the models for
overdispersion/underdispersion and residual distribution
(simulateResiduals function in DHARMa package, Hartig, 2022).
In addition, we performed Moran’s I test for spatial autocorrelation
in the residuals for the GLMs (testSpatialAutocorrelation function
in DHARMa package, Hartig, 2022).

In all models, we first tested whether the interaction between the
vegetation category and area category had an effect using a
likelihood ratio test. If the interaction did not have a significant
effect, we adopted a model without the interaction, and then tested
the effect of the interaction between the vegetation and area
categories using the likelihood ratio test. If the interaction had a
significant effect, we then tested a simple main effect (emmeans
package, Lenth, 2024) to assess the effect of one factor at each level
of the other factor.

3 Results

Elephant trails were found in 53 of the 55 plots surveyed, with
1009 measuring points (Table 1). No elephant trails were found in
the two savanna plots in the park.

3.1 Elephant trail point density

The average point density of the elephant trails in the forest
plots (both park and village) was 24.0 points per plot (1 ha) (n = 18,
SD = 11.4, range: 4-45). Because the points were placed
approximately every 20 m, there were, on average, a total of 480
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Level 4

Level 3

Example of the exposure level of elephant trails. Trail width was measured in units of 1 cm as the part of the ground that has been trampled or
exposed. Exposure level was defined as follows: Level 1 is where the ground is completely covered in plants, and the plants have not been
compacted down; Level 2 is where the ground is completely covered in plants, and the plants have been compacted down; Level 3 is where
vegetation such as plant sprouts can be seen, but the ground is not completely covered; Level 4 is where there are no plants on the ground at all.

m of elephant trails per plot. Elephant trails in the savanna had an
average point density of 15.6 points per plot (n = 37, SD = 9.8, range:
0-38), which means that there were on average a total of 312 m
elephant trails per plot.

The interaction between the vegetation category and area
category was not significant (y* = 0.26, df = 1, p = 0.61). Elephant
trail point density differed significantly between vegetation categories
(Figure 4A; Table 2) and was higher in forest plots than in savanna
plots. The density of elephant trails also differed significantly by area
category (Figure 4A; Table 2) and was higher in the village plots than
in the park plots. These differences were also significant if we only
included measuring points with fresh signs nearby (elephant signs
were found between the intersections before and after that point)
(vegetation category: x° = 20.82, df = 1, p < 0.001; area category: y° =
9.10, df = 1, p = 0.003). The marginal means of elephant trail point
density calculated from the model were 19.7 (95% confidence interval
(CI): 14.9-26.0) points per plot in the park forest, 33.4 (95% CI: 23.8—
46.9) points per plot in the village forest, 9.9 (95% CI: 7.1-13.6) points
per plot in the park savanna, and 16.8 (95% CI: 13.7-20.5) points per
plot in the village savanna (Figure 4A).

3.2 Elephant trail structure: width

In the forest plots, the average elephant trail width was 53.2 cm
(SD = 10.3, range: 30-130). In the savanna, the average width was
43.5 cm (SD = 8.8, range: 20-95). Of the elephant trails measured in
the forest, trails with 50 cm width were the most common (31.3%),
followed by those with 55 cm width (27.4%). For elephant trails
measured in the savanna, trails with 40 cm width accounted for the

Frontiers in Conservation Science

largest proportion (30.9%), followed by those with 50 cm width
(19.8%). If we only look at exposed trails, the average width of forest
trails was 57.1 cm (SD = 13.0, range: 35-130) and the average width of
savanna trails was 44.6 cm (SD = 8.9, range: 25-95).

The interaction between the vegetation category and area
category was significant (y* = 11.4, df = 1, p < 0.001, Table 3A).
There were significant differences in elephant trail widths between
the vegetation categories in both the park and village plots
(Figure 4B; Table 3B), with forest trails being wider than savanna
trails. There were also differences in trail widths between the area
categories in both forests and savannas (Figure 4B; Table 3B), with
village trails being wider than park trails. The effect of the area
category on the difference in trail width was greater in the forest
than in the savanna (Figure 4B; Table 3A). The marginal means of
the elephant trail widths calculated from the model were 49.3 cm
(95% CI: 48.2-50.3) in the park forest, 56.2 cm (95% CI: 55.0-57.5)
in the village forest, 40.7 cm (95% CI: 38.9-42.4) in the park
savanna, and 43.4 cm (95% CI: 42.7-44.1) in the village
savanna (Figure 4B).

3.3 Elephant trail structure: exposure level

In the forest plots, the proportion of points where the ground was
exposed was 31.4%. In contrast, 65.0% of the points were exposed in
the savanna. The fitted model predicted that the proportion of level 2
points would be the highest in the forest plots (49.2% in the park
forest and 49.8% in the village forest), whereas the proportion of level
3 points would be the highest in the savanna plots (53.1% in the park
savanna and 52.0% in the village savanna; Figure 5).
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FIGURE 4
(A) Trail point density and (B) trail width on measuring points in different vegetation and area categories. Each dot shows (A) the number of
measuring points on elephant trails in each plot and (B) the average trail width of measuring points per plot. Diamond-shaped dots and black line
show the model's predicted values and it's 95% confidence interval. Violin plot shows the distribution of (A) trail point density and (B) trail width of
each vegetation/area category.

TABLE 2 Summary of the GLM for estimating elephant trail point density, and results of the likelihood ratio test.

95% ClI LR Test
Parameter Coefficient lower
(Intercept) 2.98 0.14 271 3.26 — — —
Burning -0.45 0.22 -0.89 -0.00 — — —

‘ Vegetation category

Savanna —-0.54 0.19 -0.94 -0.15 7.53 1 0.006

‘ Area category

Village 0.53 0.18 0.16 0.90 7.90 1 0.005

Burning is whether the plot area was already burned (1) or not yet burned (0) that year.
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TABLE 3A Summary of the GLM for estimating elephant trail width.

95% ClI

Parameter Coefficient lower upper
(Intercept) ‘ 49.25 0.52 48.24 50.27
Vegetation category

Savanna ‘ -8.59 1.02 ‘ -10.61 -6.59
Area category

Village ‘ 6.98 0.80 ‘ 5.40 8.56
Interaction

Savanna: —4.24 1.25 —6.69 -1.79

Village

TABLE 3B Results of the simple main effect test for fixed effects.

Parameter Condition

Vegetation category Area = Park 70.33 1 < 0.001
Area = Village 318.63 ‘ 1 < 0.001

Area category Vegetation = Forest 75.40 ‘ 1 ‘ < 0.001
Vegetation = Savanna 8.07 1 0.005

Vegetation category includes Forest and Savanna, and Area category includes Park and Village
(see Methods section).

The interaction between the vegetation category and area
category was not significant (3> = 0.20, df = 1, p = 0.66). The
exposure level of the elephant trail surface at the measuring points
differed depending on the vegetation category (Figure 5; Table 4),
with the savanna exhibiting a higher exposure level than the forest.

10.3389/fcosc.2025.1525065

However, there was no difference in exposure levels according to the
area category (Figure 5; Table 4).

4 Discussion

4.1 Density and structure of elephant trails
in forest plots

Our survey of elephant trails in Moukalaba found that there
were an average of 480 m of elephant trails per plot (1 ha) in the
forested areas. This is the first study to quantify the linear density
and width of all elephant trails, including those that are not in
permanent use. The trails that met the same criteria applied in
previous research (i.e., those with exposed ground surface) only
accounted for 31.4% of the total or 151 m per plot (31.4% of 480 m).
This indicates that the majority of the trails used by the forest
elephants were not firmly trampled and/or were not exposed.

The average width of the elephant trails in the forest was 53.2
cm and with 480 m trails per plot. This means that elephant trails
cover 255.4 m” of one hectare plot, or 2.6% of the area. Considering
that the distribution of unexposed elephant trails is likely to change
seasonally, it is likely that larger areas will be disturbed by elephants
over the course of a year. Because large mammals are more likely to
be captured by motion-triggered cameras on animal trails than at
random locations (Cusack et al., 2015), changes in the distribution
of elephant trails should also bring about changes in the locations of
these animal species.

This study found that non-exposed trails accounted for a large
proportion of elephant trails in forested areas. It was suggested that
elephants also used the area outside the well-trodden trails to some
extent. These trails were spread out in a network of many
intersections. The distribution of well-exposed trails reveals the
long-term movement patterns of the entire elephant population

100%
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FIGURE 5

Relationship between exposure level on measuring points, and vegetation and area categories. Each bar shows the cumulative probabilities
(proportion) of exposure level (1 to 4) on each vegetation and area category.
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TABLE 4 Summary of the CLMM for estimating the proportion of exposure level of elephant trails, and the results of likelihood ratio tests for

fixed effects.

Coefficient

Parameter

95% ClI

lower

Exposure level (thresholds)

Level 1 — Level 2 -1.42 0.27 -1.94 -0.90 — — —

Level 2 — Level 3 0.79 0.26 0.27 1.30 — — —

Level 3 — Level 4 321 0.29 2.65 3.77 — — —
Vegetation category

Savanna 1.68 0.33 1.04 ‘ 2.32 20.79 1 < 0.001
Area category

Village -0.16 0.33 -0.79 0.48 0.23 1 0.633

The exposure level is the cumulative probability for each category (levels 1-4), and corresponds to the intercept. Plot ID was included in the model as a random factor.

(Shannon et al, 2009). The distribution of trails, including non-
exposed trails, can reveal the intensity of elephant land use at a certain
point in time. In addition, by monitoring the seasonal changes in
non-exposed trails, it is possible to understand short-term movement
patterns and seasonal habitat use.

4.2 Elephant trails in savanna

This study revealed that there are many elephant trails in
savannas, although the density of these trails is lower than that in
forests. Forest elephants are generally frugivorous, consuming mainly
fruits and leaves (Short, 1981; Tchamba and Seme, 1993; White et al.,
1993), and the fruits preferred by elephants are often found in
secondary forests (White et al., 1993). As most of the survey plots
in this study were secondary forests, it is not surprising that many
elephant trails were found in the forest plots. However, the savanna
also had an average of 312 m of elephant trails per 1 ha, which was
65% of the trails in the forest. This may be related to the frequent use
of savanna by forest elephants during the short dry season (Mills
et al, 2018). The dominant fruit tree species in the savanna of
Moukalaba was Nauclea latifolia; however, it was not ripe at that
time. Psidium guineensis also grows in the savanna; however, its seeds
have been found in very small numbers in elephant dungs collected
during the same months of another year (Nomoto, unpublished
data). The elephants probably came to the savanna not only to search
for fruit trees but also to feed on grass shoots.

The proportion of exposed elephant trails was higher in the
savanna than in the forest. The density of the exposed trails in the
savanna was 203 m/ha, which was higher than that of the forest
(151 m/ha). Several factors might have contributed to these
differences. One possibility may be differences in the frequency
and method of elephant use (whether they use existing trails or
explore new routes), and another may be differences in the recovery
speed of vegetation. Generally it takes more traffic to create a visible
animal trail in a savanna than in a forest (Agnew, 1966). Therefore,
elephants in this area tend to follow existing trails in the savanna.
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The fact that the width of the trails in the savanna was narrower
than that in the forest also indicates that the elephants followed
trails more faithfully in the savanna than in the forest. Additionally,
elephant trails in the savanna are relatively straight (Nomoto,
personal observation). Thus, elephant trails in savanna may be
used mainly for passing through to other destinations, and the
movement that is less tortuous and more faithful to the trails (Von
Gerhardt et al., 2014; Troup et al, 2020) seems to reflect an
awareness of the risks of open vegetation. In this study, no data
were collected regarding the actual frequency of elephant use.
Therefore, future studies need to compare the results with data
from camera traps, as well as to compare them with data from
various vegetation and topographical areas.

4.3 Elephant trails in the village

Compared with the elephant trails in the park, those around the
village were denser and wider, but there was no significant
difference in the exposure level of the trail surfaces. The values
predicted by the model showed that trails around the village were
approximately 7 cm wider than those in the park. This is thought to
reflect differences in the frequency of use by elephants, at least to a
certain extent. The village area is likely attractive to elephants owing
to the presence of crop fields and mango trees (Ngama et al., 2019).
Forest elephants avoid areas of intense industrial human activity
(Barnes et al, 1991; Buij et al., 2007), and prefer secondary
vegetation in abandoned villages and plantations (Barnes et al,
1991). The village covered by this study has a small population, and
elephant poaching is relatively rare in this area (Terada et al., 2021);
therefore the attractiveness of the available food may be greater than
the risk of being threatened by humans. Consequently, it is possible
that elephants frequently use areas around village. This is consistent
with a report that elephant sounds were heard on 77.9% of the
nights villagers stayed in the crop fields (Matsuura et al., 2024). To
prevent crop damage, the local people stay overnight in the fields to
scare them away (Terada et al., 2021; Matsuura et al., 2024). Even if
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they are chased away from the fields, they may be using the
secondary vegetation in the forest outside without feeling much
risk. Doussala Village is located on the bank of the Moukalaba River
and is close to a water source. The survey period included the end of
the dry season; therefore, the water from the river is likely to be
valuable for elephants at this time of the year (Beirne et al., 2021).

This study showed that elephants frequently use seminatural
lands outside the protected area, and that in such places, the pattern
of vegetation disturbance is caused by a combination of human
activity patterns and elephant land use patterns. In places where
elephants and humans share the same habitat, it is believed that a
unique ecosystem, different from a purely natural environment, is
formed. Shifting cultivation is usually carried out over a cycle of
approximately 1-2 years, changing the location of the fields. For
savanna elephants, the area of elephant trails is expected to decrease
by 79% when artificial waterholes are removed (Shannon et al,
2009). This means that if the place loses its attractiveness, the
elephants will stop visiting and the trails will disappear. In the case
of forest elephants, it is possible that changes in the distribution of
elephant trails will occur as the location of the field shifts. As human
activity continues to expand, human habitats are expected to
occupy even larger areas in the future. The collection of ecological
data in such anthropogenic areas will hopefully elucidate the local
relationships between elephant and human land use and its
transitions, and provide important insights into elephant-
human coexistence.

4.4 Elephant trails as an indicator of the
intensity of elephant land use

There has been a lot of research using GPS telemetry to study
elephant migration patterns (Blake et al., 2008; Loarie et al., 2009;
Mills et al,, 2018). The advantage of elephant trail surveys is their
relatively low cost compared to more expensive GPS telemetry
surveys (Weinbaum et al, 2007). Additionally, GPS telemetry
surveys can only collect data on individuals wearing the device,
and the number of individuals that can be tracked is limited. In
contrast, elephant trails are the result of the behavior of all
individuals who use the area. Therefore, it is possible to clarify
the environment-use patterns of the entire population by
investigating trails (Newmark and Rickart, 2012), although it is
difficult to determine the patterns for each individual. This
information is useful for the quick and easy assessment of the
intensity of elephant use in particular areas. These two methods are
not mutually exclusive, and by combining them, it is possible to
clarify the land use patterns of elephants in the area in more detail.

5 Conclusion

Elephant trails with various structures have been found not only
in forests but also in anthropogenic areas, such as savannas and
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seminatural lands outside protected areas. Furthermore, in area
where human-elephant conflict is serious, it was found that
elephant trails were more densely distributed outside the
protected area than within the protected area. The micro-level
structure of the African savanna mosaic forests is strongly
affected by both elephants and humans, and this is particularly
noticeable in seminatural environment with low populations
outside the protected area. Our study revealed that the majority
of the trails used by forest elephants were not well-established and
without exposed ground. Although this survey was conducted only
during a specific season, from the end of the dry season to the
beginning of the rainy season, we were able to clarify the land use by
elephant populations, including the heterogeneity of such use on a
fine scale. By tracking changes in different seasons and years, it will
be possible to clarify elephants land use and impact on their
environment in more detail. In order to mitigate human-elephant
conflicts in long-term, it is necessary to consider the needs of both
humans and elephants (Mumby and Plotnik, 2018). Assessing land
use based on the development of elephant trails will be the first step
toward understanding their needs.
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