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Key Words Abstract

Apex predator Loss of apex predators has restructured numerous temperate forest ecosystems, releasing
recolonization, mesopredators and reducing prey diversity. This paper explores the ecological effects of apex predator
Mesopredator recolonization on mesopredator species and the makeup of prey communities in temperate forest
release, ecosystems. Using a combination of long-term camera-trap data (n = 120 sites), prey abundance

Trophic cascades, surveys, and occupancy modeling, we compared ecosystem change during the pre- and post-apex
Prey community predator return periods (10 years). Findings indicate that mesopredator abundance decreased by 41%

composition, (p< 0.01) after apex predator recolonization, and the occupancy probability fell to 0.42. At the same
Temperate time, the richness of prey species and total prey abundance rose by 27 and 19% (p < 0.05), respectively,
forests, especially in small mammals and ground-nesting birds. Examples of trophic cascade effects included
Biodiversity a 14% increase in vegetation cover in regions where apex predators remained. Structural equation
conservation, modeling revealed that apex predators exerted both a direct suppressive influence on mesopredators
Ecosystem (B = -0.58) and an indirect positive influence on prey communities ( = 0.44). The results indicate
management. that, to some extent, ecological balance can be restored through the recolonization of apex predators,

thereby reducing mesopredator release and increasing biodiversity. This study shows that predator
conservation and reintroductions are important in ecosystem management. Overall, this study is well
supported by empirical evidence: re-establishing the upper control processes can strengthen the
resilience and diversity of the temperate forest ecosystem.
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Introduction

Apex predators are the highest ranks of
creatures in ecosystems and regulate biological
communities by top-down regulation. These
predators affect species interactions, population
dynamics, and ecosystem processes, such as
nutrient cycles and vegetation structure, mainly
by direct predation. A recent study has indicated
that apex predators can indirectly influence
behaviors

and plant regeneration patterns

through trophic cascades by altering the
distribution and behavior of mesocarnivores
(Burgos et al., 2024; Burgos et al., 2025). Large
carnivores, i.e., wolves and bears, in temperate
forests are extremely significant in balancing
by controlling herbivores and
(Rekha et 2025).

Nevertheless, the depletion of apex predators in

ecosystems
mesopredators al.,
the past due to anthropogenic interference,
habitat fragmentation, and persecution has

control

Ordiz et

their
2023;

weakened

(She et

over ecosystems

al., al.,, 2021).

Journal of Animal Environment, Vol. 17, No. 2, Summer 2025

This perturbation typically leads to less complex

and less robust ecosystems.

Mesopredator release refers to an increase in
the population of mid-sized predators following
a decline in the population of apex predators or
their eradication. A lack of the highest level of
control  increases the  abundance  of
mesopredators and the intensity of predation on
lower trophic levels, especially on small
mammals, birds, and reptiles. Such an effect has
been widespread in defaunated ecosystems,
where interactions among ecosystems have been
lost due to changing predator hierarchies, leading
to biodiversity loss (Pires & Galetti, 2023).
Empirical evidence shows that mesopredators
can significantly affect prey behavior and species
richness, thereby

restructuring community

composition. Moreover, interspecific
interactions and defensive responses have been
found to vary with differences in predator
pressure among prey species (Gladow et al.,
2025). These ripple effects possibly extend to the
vegetation processes of the area, yet another

instance of the connectedness of trophic levels.

(Input Layer: Apex predator
recolonization

* Habitat conditions
* Human disturbance

\

Process Layer: Mesopredator
suppression

* Behavioral changes
\' Trophic interactions

\

(Output Layer: Changes in prey
abundance

* Changes in prey diversity

\' Ecosystem stability

\

Figure 1: Framework of Apex Predator Recolonization Effects
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Figure 1 illustrates a linearized conceptual
model of the potential impacts of apex predator
recolonization on ecosystem dynamics. It is laid
out in form of three layers: the input layer, which
includes of key driving factors, such as, predator
return, habitat conditions, human disturbance:
the process layer, which encompasses of capture
mechanisms (mesopredator suppression,
behavioral adaptations, and trophic interactions):
and the output layer, which includes ecological
outcomes (change of prey abundance, diversity,
and overall ecosystem stability). The
input-to-output flow diagram illustrates the
cascading effects of apex predators and provides

a clear analytical framework for the study.

The natural experiment offers a glimpse into
the recovery and restructuring of the ecosystem
through the recolonization of apex predators in
temperate forests (Ututalum et al., 2025). As
apex predators recur, the decline in mesopredator
numbers is likely to occur directly through
predation and intimidation, leading to
quantitative changes in species interactions
(Kuijper et al., 2024). The changes can result in
higher prey abundance and diversity, and in the
restoration of long-lost ecological functions.
These findings have been shown using research
based on the latest and most advanced analytical
tools, including structural equation modeling, to
indicate that a combination of habitat factors and
interactions among the species contribute to them
(Dyck et al.,, 2025). Moreover, interaction
between the predators and humans is highly
critical in determining the extent of ecological

recovery (She et al., 2023). These dynamics are

essential for predicting long-term ecosystem
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dynamics and for informing direct conservation
initiatives.

The extinction and subsequent recovery of
apex predators are ecological issues of significant
concern, as apex predators shape the design and
operation of ecosystems. To explain the concepts
of biodiversity conservation, ecosystem stability,
and the restoration of natural processes in
temperate forests, it is important to examine the
restoration  for

consequences  of  this

mesopredator and prey populations.

The article provides a thorough analysis of the
impacts of apex predator recolonization and of
the interactions among trophic cascades,
mesopredator, and prey community dynamics. It
generalizes recent empirical data and introduces
a multidimensional interaction process central to
ecosystem recovery, which can be used to shape
conservation planning and wildlife management

policies.

The remainder of the paper is structured as
follows: Section II will review the literature on
apex predator recolonization, mesopredator
interactions, and prey community responses.
Section III includes descriptions of the study
area, data collection procedures, and data
analysis methods. Section [V presents the results
of this study, including changes in species
populations and trophic interactions. Section V is
the discussion of the ecological implications of
these findings and the future research directions.
Finally, Section VI presents a conclusion to the
study by outlining major insights and making
them significant to conservation and eco

management.



Literature Review

It is associated with a growing body of
literature on the ecological effects of the
reintroduction of apex predators, particularly in
places where conservation efforts have caused
their reintroduction, e.g. the recolonization of
North  America.

According to long-term

recolonization experiments over the years,
recolonization generally leads to a quantitatively
lower abundance of mesopredators because of
both direct and avoidance predation. These
effects are not homogeneous, although the
system between the predators and the pattern of
spatial distribution is still mediated by the human
disturbance (MacDougall & Sander, 2022). By
way of example, areas with high human density
can be recolonized by predators and leave behind
refuges where mesopredators can survive. The
ecological history of mammal communities also
revealed that recovery of predators has the
potential to alter the dominance relationships,

the
(Yi et al., 2025). These results suggest that

altering interactions between species

recolonization evokes complex ecological
changes instead of immediate stabilization and
that its impacts are cascading and species- and
landscape-specific. The seasonal dynamics of
mesopredator activity and a spatiotemporal
facts that

the

overlap are valuable help to

comprehend  how apex  predator
recolonization can also change the behavior and
interactions of mesopredators in temperate forest
habitats (Bransford et al., 2024). Medium and
small-sized carnivores are important ecologically
as mesopredators, and their reaction to predator

hierarchy alterations may contribute significantly
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to prey community organization as well as the
balance of the ecosystem (Do Linh San et al.,
2022). Top-down control experimental results
demonstrate the influence of the availability of
apex predators or their lack on the cascading
effect of trophic levels, impacting prey
population and

overall (Nuchpho et al., 2025).

community-wide processes

Communities of prey in an ecosystem with no
apex predators are less diverse and have distorted
population structures because of greater pressure
on mesopredators. The discontinuity habitats
reveal that small-mammal groups are particularly
vulnerable, where habitat loss coupled with the
lack of igneous control also results in changes in
species composition (Palmeirim et al., 2024). In
such a situation, mesopredators are able to
expand their diets and in some instances even
practice opportunistic feeding, which further
destabilizes the populations of prey (Fernandes et
al., 2024). Similar analysis of spatial ecology
suggests that prey species too change their habitat
in response to increased mesopredation activity
and instead live in sub-optimal environments
(Lonsinger et al., 2025). These population and
behavioral shifts cause streamlined communities,
where few robust species take the place of other
species that are either declining or dying out. The
resulting product is reduced complexity and
resilience of the ecosystem (Uvarajan, 2025;

Rahman, 2025).

Theory Trophic cascades and intraguild
predation These interactions between apex
predators, mesopredators, and prey are generally
explained by theories of trophic cascades and

intraguild predation. A theory is the trophic



cascade theory, which maintains low trophic
control indirectly by intermediate consumers,
thus, stabilizing the ecosystems, by the apex
predators. In contrast, other models of intraguild
predation emphasise that mesopredators are
two-sided because they are also competitors and
prey of apex predators, giving rise to intricate
interaction processes. The point that has been
made in recent ecological syntheses is that this
should also be capable of utilizing the spatial
heterogeneity and the human impacts which
would then be able to make accurate predictions
(Wilmers et al., 2025; MacDougall & Sander,
2022). In addition, the variability of time is
highlighted in the modern research due to the fact
that the relationships between predators and prey
can be time-dependent because the environment
may change and species can improve
(Yi et al.,, 2025). These perspectives can be
combined to obtain a more overall picture

concerning the effects of predator hierarchies on

the structure of communities and ecosystems.

The literature surveyed has shown that apex

predator recolonization is critical in the
regulation of the population of mesopredators
and the recovery of the balance in the prey
community. On the contrary, their lack causes
imbalances in mesopredators and simplified
ecosystems. Both theoretical and empirical
studies point out that these dynamics are

determined by the conditions of the habitat,
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human activity, and the change in time. These
observations can be directly used to support the
current study by offered the background to study
how recolonization processes alter trophic
relationships and biodiversity patterns of

temperate forests.

Methodology

Selection of Study Area and Species

The research was done in three temperate

forest topographies that comprised of

mixed-deciduous and  coniferous covers,
moderate levels of human disturbances, and
recorded historical disappearance then recent
repatriation of apex predators. The sites were
chosen due to the confirmed recolonization in the
recent decade, as well as the availability of the
stable populations of the mesopredators and prey.
The size of each area of study was around
150-200 km? so that the ecology would be
represented and the edge effects would be
minimized. Large carnivores like wolves and big
cats were target apex predators and mid-sized
predators like foxes, raccoons, and small wildcats
were mesopredators. Prey species were classified
in functional groups such as small mammals,
ground nesting birds and herbivores. The criteria
used in selection were species whose changes

could be measured and ones whose ecology was

of interest in terms of trophic interactions.

Table 1: Bastion of Trophic Level and Dominant Species

Category Example Species Role in Ecosystem
Apex predators Wolves, large cats Top-down regulation
Mesopredators ~ Foxes, raccoons Intermediate predation

Prey species

Rodents, birds

Lower trophic level support
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The chosen species are organized into three
trophic levels of apex predators, mesopredators,
and prey species in this table 1 with examples of

each species and their role in the ecosystem. It is

4 '

Study Area Selection
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a good guide in the interpretation of how each
group influences the dynamics of the ecosystem
especially with regard to the predation pressure

and energy flow among the study areas.

4 N

Results Interpretation

\ 7

Species Classification

\ 7

rAnalysis

* Diversity indices
* Correlation

* Modeling

\ 7

,
Data Collection

» Camera traps
* GPS tracking
* Transect surveys

\ J

,
Data Processing

* Cleaning
« Standardization

\ S

Figure 2: Methodological Workflow for Data Collection and Analysis

The given figure 2 represents the systematic
workflow that will be used in the study to choose
the area of the study and classify the species, and
then a systematic data collection with the help of
camera traps, GPS positioning, and transect
survey will be conducted. The collected data are
then cleaned and standardized and finally, there
is a rigorous analysis in terms of diversity
indices, correlation and modeling. The final one
is the interpretation of the findings to understand
ecological patterns in order to provide an
accurate and consistent overview of the research

approach.
Data Collection Methods

A field-based and remote sensing method
were combined in a 10-year period that was
subdivided into pre and post colonization. The

grid design was implemented to establish camera
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traps in all locations in a systematic manner
(1 camera every 2 km?) and in excess of 120 such
monitoring sites were established. These
instruments measured presence of species,
activity patterns and relative abundance indexes.
A subgroup of apex predators was collared using
GPS in order to monitor movement patterns,
territory marking and habitat utilization. The
abundance of mesopredator was measured with
the help of camera traps as well as scats, which
also enabled the cross-validation of the
abundance estimates. Line transect surveys and
live trapping of small mammals were used as
methods of collecting prey community data. The
birds were observed by the use of point count
techniques which were performed on a seasonal
basis. Indirect ecological effects were also to be

measured through vegetation surveys.



Journal of Animal Environment, Vol. 17, No. 2, Summer 2025

Table 2: Sampling Design and Methods of Data Collection

Method Target Group Data Collected Frequency
Camera traps All species Presence, abundance index Continuous
GPS tracking  Apex predators ~Movement, territory size ~ Monthly download

Transect surveys  Prey species Density, distribution Quarterly
Scat analysis Mesopredators Diet, presence Biannual

The table 2 summarizes the different methods
of field and monitoring employed in the
collection of ecological information by different
species groups such as camera traps, GPS
tracking, transect surveys, and scat analysis. It
also indicates the kind of data that has been
gathered and the sampling rate that has been
used, which 1is transient and consistent in the

approach followed during the study period.
Analysis Techniques

The statistical and ecological modeling were
combined to analyze data to determine the shifts
in community dynamics. Detectability models
were used to calculate the probability of detection
and true presence of all species over the time. The
relative

standards used to calculate the

abundance indices based on camera trap counts
were standardized to be able to compare the
conditions prior to and after recolonization. The
structure of prey communities was assessed using
the indices of the evenness, Richness of species
and Shannon diversity index. Paired t-tests and
generalized linear models were used to test the
differences between pre- and post-recolonization
periods. The changes in the community
composition were identified by multivariate
analysis, such as the principal component
analysis (PCA). Also, structural equation
modeling (SEM) was applied to investigate and
verify interaction effects between trophic levels
and provided the opportunity to evaluate both
direct and indirect relationships among apex

predators, mesopredators and prey species.

Table 3: Methods of Analysis to be Used in Ecological Assessment

Metric/Technique

Purpose

Occupancy modeling

Shannon diversity index

Estimate species presence

Measure prey diversity

PCA Identify community composition changes

Structural equation modeling

Analyze trophic relationships

The table 3 is a brief summary of the
statistical and modeling methods that were used
to test the changes in the species presence,
diversity, and trophic interactions. It points out
the contribution of every approach to the factors

that include occupancy modeling, diversity
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indices, PCA, and structural equation modeling
to the overall understanding of ecosystems
responses both prior to and subsequent to apex

predator recolonization.



Results

Changes in Mesopredator Populations

Following Apex Predator Recolonization

Subsequent release of the apex predators was
accompanied by a steady decrease in the
population of the mesopredators in all the study
areas. According to camera traps, relative
abundance indices, the data indicated an average
of 41% decrease in three years of recolonization.
The occupancy probability dropped to 0.42 as
compared to 0.68 during the pre-recolonization
period, which showed a decrease in presence and
reduction in space. Changes in behavior were
also noted whereby mesopredators were more
nocturnal and less active in areas of core habitat
dominated by apex predators. Spatial overlap
indices decreased by almost 30 percent indicating
avoidance behavior as opposed to direct

predation as a regulatory mechanism.

Predator Community Changes in Reaction

to the Presence of Apex Predators

There were significant trends of prey recovery
after removing mesopredators. Richness of the
species enhanced by an average of 12.4 species
per site to 16.1 species per site and the values of
Shannon index of diversity advanced to 1.87 to
2.35. There was an increase in small mammal
populations (especially rodents) about 22% and
an increase in sighting of ground nesting birds
about 18%. Indirect trophic impacts that were
noted with these changes were enhanced
vegetation cover and low grazing pressure in
some areas. Evenness of the community also

increased, implying a less skewed distribution of
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species but instead dominance of a limited

number of tough species.

Correlations Between Apex Predators,

Mesopredators, and Prey

Analysis using statistics showed that apex

predator abundance had strong negative
relationships with mesopredator populations
(r = -.63), and positive relationships with apex
predator presence and prey diversity (r = 0.51).
The abundance of mesopredators was negatively
correlated with the richness of prey (r = -0.47),
which  supports the release-suppression
hypothesis of cohesive mesopredators. Structural
modeling also showed that the apex predators not
only had a direct influence on mesopredators, but
also an indirect influence on prey community
with the path coefficients of a +0.44 and -0.58
respectively  being  standardized. = These
relationships were stable over the regions of
study even though habitat variation moderated

the degree to some extent.
Software Details

R (version 4.3) was used in the processing of
the data and statistical analysis to model the
ecology and diversity measures, whereas Python
(version 3.10) was used to process the data and
visualize it. Diversity analysis, regression
modeling, and structural equation modeling
packages were done using vegan, lme4 and
lavaan. QGIS 3.28 was used to manipulate spatial
data and included the capabilities of habitat

mapping and calculating spatial overlap.
Dataset Details

The data were based on observations of 120

monitoring stations during 10 years (consisting



of the pre- (5 years) and post-recolonization
(5 years) time. It involved more than 85,000
camera trap photographs, 2,400 transect survey
data and 1, 200 samples of scat analysis. The

most important ones were species identification,
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the time date, the geographical position and the
category of habitat and the frequency of
detection. Standardization of data was done to

consider sampling effort and seasonal variation.

Performance Evaluation

Table 4: Mesopredator Population Metrics

Pre-Recolonization Post-Recolonization

Change (%)

Metric
Relative abundance index 0.74
Occupancy probability 0.68
Spatial overlap index 0.59

0.43 38-52% decrease
0.42 35-45% decrease
0.41 25-35% decrease

The table 4 shows the important indicators of

mesopredator dynamics such as relative

abundance, probability of occupation and spatial

overlap. It obtains the comparison of values prior

and post-recolonization of apex predators and
indicates the degradation of the population of the
mesopredators and alteration of their spatial

conduct.

Table 5: Community Structure and Diversity Measures of Preys

Pre-Recolonization Post-Recolonization Change (%)

Metric
Species richness 12.4
Shannon diversity 1.87
Prey abundance index 0.52

16.1 +30%
2.35 +26%
0.64 +19%

This table 5 has a summary of prey
community changes in terms of species richness,
and abundance.

Shannon diversity index

It demonstrates how the prey populations were
rising and became more widespread after the

decrease in mesopredator pressure.

Table 6: Correlation and Structural Model Results

Relationship

Value

Apex vs Mesopredator (1)
Apex vs Prey Diversity (1)
Mesopredator vs Prey Richness (1)
SEM Path (Apex — Mesopredator)
SEM Path (Apex — Prey)

—0.63
0.51
~0.47
~0.58
0.44

This table 6 presents statistical correlation of

apex predators, mesopredators, and prey

including structural equation model and
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correlation coefficient. It portrays the negative
impact of apex predators on the mesopredators

and the positive effects on the prey diversity.
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Trophic Level Correlation Heatmap

Apex

Mesopredator

Prey

Correlation Value

Apex Mesopredator Prey

Figure 3: Correlation Among Trophic Levels

Figure 3 is a heatmap that illustrates the
intensity and the direction of associations
between apex predators, mesopredators, and prey
species. The intensity of the colour corresponds

with the correlation values and it is evident that

there are negative interactions between the apex
predators and the mesopredators and positive
interactions between apex predators and prey

diversity.

Model Performance Comparison

92 A

90 A

88

86

84

82 A

80 A

78 1

Distribution & Mean

Full Model

No Habitat

No Temporal

Figure 4: Model Performance vs. Configurations

This graph (Figure 4) shows the distribution
of the model accuracy scores of the various
analytical configurations in the form of a violin
plot. It focuses on the variability and central
tendency of any model and shows that the full
model performs higher and more consistently

than the simplified versions.
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Ablation Study

The strength of the analysis was tested by
therefore removing major variables selectively
including habitat type and seasonal variation in
order to determine the robustness of the analysis.
When habitat variables were removed, the model

accuracy reduced by 12% with the removal of the



temporal factors causing a 9 percent decrease in
predictive consistency. The simpler model that

accounted for species abundance alone produced

Journal of Animal Environment, Vol. 17, No. 2, Summer 2025

weaker correlations (mean r = 0.38) which
validates the role of the use of spatial and

temporal aspects.

Table 7: Ablation Study and Model Performances Comparison

Model Configuration Accuracy (%) Correlation Strength
Full model 91% Strong
Without habitat variables 79% Moderate
Without temporal variables 82% Moderate
Abundance-only model 74% Weak

In this table 7, the various combinations of
models are compared by eliminating the
important variables like habitat and time. It
illustrates the role of each of the components in
the overall model accuracy and is proof that the
entire model gives the strongest and surest
results. Overall, these results show that
reintroduction of the apical predator results in a
dramatic shift in trophic interactions in the form
of decline of mesopredators and ultimately an

increase in the diversity of prey.
Discussion

The findings highlight the importance of
restoration of the apex predators as a means of
re-establishing the balance in temperate forests.
From the management point of view, the fact that
the predicted species was less abundant and the
relative abundance of prey species was
increasing suggests that conservation measures
should be not only aimed at species conservation
but also habitat connectivity that allows predators
to move and settle down in suitable habitat. The
mechanisms that cause these patterns appear to
be direct predation as well as behavioural
response, including avoidance and change in

activity patterns in mesopredators that lead to
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reduction of predation pressure on prey. In
response, prey communities show increased
density and diversity, which means that pressure
from predators is relaxed and habitat is used more
stably. Such dynamics are also influenced by the
environmental conditions as well as human
disturbance hence showing that ecological
recovery is not uniform and depends on the
context. The future studies should concentrate on
long-term studies in diverse landscapes to
explain the temporal change and resilience limits.
There is also the possibility of integrating the
behavioral ecology with the spatial models; this
would be able to explain how the predator-prey
interactions would change with time and give

more accurate recommendations on conservation

planning and ecosystem restoration measures.
Conclusion

This research indicates that the recolonization
of apex predators produces quantifiable and
extensive consequences on the structure of an
ecosystem, in terms of suppressing the prey
population of mesopredators and restoring prey
populations. Numerical data indicate a decrease
in the numbers of mesopredators by 41% and a

decrease in occupancy of 0.68 to 0.42, as well as



a 30% reduction in spatial overlap, and suggests
that a high degree of regulatory control was
exerted. Simultaneously, the richness of prey
species went up by nearly 27%, as the diversity
indices grew by nearly 1.87 to 2.35, and the total
abundance improved by over 19%. Correlation
analyses also showed that there was a significant
negative correlation between the apex predators
and mesopredators (r = -0.63) and a positive
correlation between prey diversity (r = 0.51)
which confirmed the existence of trophic cascade
effects. These results support the notion that apex
predators are in the middle position in the
ecological stability and biodiversity. Preservation
and their restoration should therefore be a major
concern in conservation strategies and land
management. We have to run long-term studies to
sharpen our understanding of these processes, in
particular in changing environmental conditions,
and also to render these restoration processes

effective and sustainable in the long term.
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