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ABSTRACT 
 

Robots operating in cluttered environments must compute collision-free motions 

under nonholonomic dynamics while maintaining fast, reliable planning. This article 

presents a language-guided motion-planning framework built on a visibility-aware 

superfacet decomposition, which partitions free space into navigable regions 

connected by a region graph. A large language model (LLM) converts natural-

language preferences into a constrained domain-specific language (DSL) containing 

route, waypoint, constraint, and parameter hints. Each hint is validated by an 

affordance/feasibility gate that enforces connectivity and visibility, rejects 

unreachable suggestions, accounts for recent failures, and bounds updates. Validated 

hints softly bias inter-region costs and sampling priorities, while kinodynamic rollouts 

and collision checking determine final feasibility. Experiments with car-like and 

snake-like robots in cluttered 2D scenes show an approximately 18% reduction in 

mean planning time and fewer dead-end explorations relative to the superfacet 

baseline. The framework maintains comparable success rates and path quality, 

demonstrating that natural-language guidance can be integrated without increasing 

computational overhead. This makes the framework practical for non-expert operators 

to direct robot navigation without knowledge of the underlying planning mechanics. 
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1. INTRODUCTION 

Robot motion planning computes collision-free trajectories from a start 

state to a goal state while respecting a robot’s dynamics and actuator limits 

(LaValle, 2006). This differs from the narrower problem of path planning, 

which ignores dynamics; kinodynamic planning specifically requires that 

the computed trajectory be physically executable under the robot's 

equations of motion. In many practical settings—such as ground robots, 

mobile manipulators, and articulated robots—these constraints are 

nonholonomic, and the environment often contains narrow passages that 

trap naïve exploration (Donald et al. 1993). Sampling-based kinodynamic 

planners address these challenges by exploring the state space through 

forward simulation. However, they may spend significant time expanding 

motions in regions that do not lead to a solution (Choset et al. 2005). 

To reduce search effort, an intermediate geometric abstraction of free 

space is often used (Choset et al. 2005). In a visibility-aware superfacet 

decomposition, free space is triangulated and merged into larger regions 

(superfacets) based on visibility. This produces a compact region graph 

capturing which parts of the environment connect through collision-free, 

mutually visible transitions. Shortest-path search on this graph provides a 

high-level route-to-goal estimate, guiding sampling and region expansion 

while underlying kinodynamic rollouts verify feasibility (Plaku et al. 

2016). Building on this prior work, this paper extends the framework with 

a language guidance layer that allows natural-language preferences to 

safely influence search over the region graph. 

At the same time, many navigation tasks are naturally described at a 

higher level than geometry or controls. Humans often express preferences 

such as “go through the wide corridor,” “avoid tight turns,” or “pass near 

a landmark before entering the goal area.” Large language models (LLMs) 

are attractive for converting such natural-language preferences into 

planning guidance; however, they may produce suggestions that are not 

grounded in the actual geometry or that conflict with the robot’s dynamics 

(Wang et al. 2024). Recent work has explored several strategies for 

integrating LLMs into robot planning. Navigation agents such as NavGPT 

(Zhou et al. 2024) use LLMs to generate sequential action decisions for 

vision-and-language navigation, demonstrating strong high-level 

reasoning but lacking kinodynamic feasibility enforcement. Structured 

prompting approaches, such as ProgPrompt (Singh et al. 2023), constrain 

LLM output to program-like formats that are easier to validate and execute, 



 Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026                9 
 
 

thereby reducing free-form hallucinations. Additionally, LLM-augmented 

search methods like LLM-A* (Meng et al. 2024) use language priors to 

guide heuristic search over discrete grids, showing that language-based 

guidance can accelerate search when properly bounded. A consistent 

finding across these directions is that language must be grounded in the 

robot's physical and environmental affordances: unvalidated suggestions 

reliably degrade performance. For motion planning, this is a critical issue; 

an ungrounded hint can bias search toward infeasible transitions, increase 

collision-driven backtracking, and reduce overall reliability (Liang et al. 

2023). Consequently, language guidance must be constrained, checked, 

and limited to improve efficiency without compromising safety or 

correctness (Ichter et al. 2022). 
 

Fig. 1: System architecture. Natural-language task and scene pass through an LLM 

(constrained DSL) with affordance/feasibility gating; accepted hints softly bias 

superfacet costs and sampling, while shortest-path over superfacets guides sampling 

and kinodynamic rollouts with collision checks. 

 

 

This work proposes a structured integration framework that extends our 

superfacet kinodynamic planner with language guidance, treated as a soft 

prior rather than a replacement for classical planning. The key premise is 

that the LLM does not generate trajectories or determine feasibility; 

instead, it outputs guidance in a constrained, interpretable domain-specific 

language (DSL). The DSL supports a discrete set of hint types: route hints 

(preferring specific region-to-region corridors), waypoint hints 

(suggesting intermediate targets), constraint hints (discouraging narrow 

gaps or high-curvature turns), and parameter hints (adjusting 

decomposition and sampling settings). 

These hints are filtered by an affordance-feasibility gate that verifies 

graph connectivity and visibility, enforces waypoint reachability, 

incorporates recent collision/failure statistics, and clips bias magnitudes to 

predefined bounds (Meng et al. 2024). Only validated hints are applied to 

adjust high-level quantities, such as inter-region costs and sampling 
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priorities on the superfacet graph. Crucially, the underlying kinodynamic 

rollout and collision checking remain unchanged and authoritative. 

This article makes these three contributions: 

1. A gated DSL interface: An extension of the visibility-aware 

superfacet framework that provides an auditable, limited channel 

for language guidance grounded in the planner’s region graph and 

failure feedback. 

2. Structured region-level hints: The definition of specific hint types 

that operate directly on the superfacet abstraction, enabling 

language to bias search in a verifiable way. Unlike pure LLM-

based planners, this approach delegates kinodynamic feasibility 

entirely to the classical planning core. 

3. Empirical validation: An evaluation using car-like and snake-like 

robots in cluttered 2D scenes, demonstrating that language-guided 

extensions reduce planning time and dead-end exploration while 

maintaining the success rates and path quality of the superfacet-

only baseline and classical sampling-based planners. 
 

 
 

2. BACKGROUND AND RELATED WORK 

 
 

Motion planning addresses the problem of finding a collision-free 

motion that moves a robot from a start state to a goal state while respecting 

geometric obstacles and, in many systems, dynamic and control 

constraints. A standard formulation models the robot state as 𝑥 ∈ 𝒳 (e.g., 

position, orientation, velocities), controls as 𝑢 ∈ 𝒰, and evolution through 

dynamics 𝑥̇ = 𝑓(𝑥, 𝑢) (or a discrete-time variant). The goal is to find a 

trajectory 𝑥(𝑡) and control 𝑢(𝑡) that avoid obstacles (remain in the free 

space 𝒳free), satisfy bounds on controls and states, and optimize a cost 

such as time, path length, energy, or clearance. In cluttered environments 

with narrow passages, the difficulty is not only to ensure feasibility but 

also to guide search efficiently toward regions that can connect start and 

goal. 
 

 

2.1. Motion Planning Foundations 

 
 

Classical approaches can be broadly grouped into combinatorial 

methods and sampling-based methods. Combinatorial methods discretize 
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the space (exactly or approximately) and then solve a graph search problem 

(e.g., grid-based search and incremental replanning algorithms such as D* 

Lite (Koenig and Likhachev, 2002)), which can be effective in low-

dimensional settings but can become expensive as the dimension grows. 

Sampling-based planners instead build an implicit representation of 

connectivity by sampling states and extending motions, which scales better 

to higher-dimensional systems and complex constraints (Latombe, 1991; 

LaValle, 2006). 

Two widely used families are probabilistic roadmaps (PRMs) and 

rapidly-exploring random trees (RRTs) (Kavraki et al. 1996; LaValle and 

Kuffner, 2001). PRM-style methods sample many collision-free 

configurations, connect nearby samples with local planners, and then query 

a path on the resulting graph; they are especially effective for multi-query 

settings (Kavraki et al. 1996). RRT-style methods grow a tree from the 

start (or from start and goal) by repeatedly sampling targets and extending 

toward them; they are often used in single-query problems and can quickly 

explore large spaces (LaValle and Kuffner 2001; Karaman & Frazzoli, 

2011; Webb 2013). Many planners also incorporate heuristics (e.g., goal 

biasing) and informed sampling to focus exploration as soon as a partial 

solution becomes available (Gammell et al. 2014, Siciliano & 

Khatib, 2016). 

When dynamics and nonholonomic constraints matter, planners must 

reason about motions, not only configurations. Kinodynamic planning 

addresses this case by using forward simulation to propagate states under 

sampled controls for a duration, followed by collision checking of the 

resulting motion segment (LaValle, 2006). This approach is general but 

can be computationally demanding: many rollouts may be rejected due to 

collision, and narrow passages can cause repeated failures. Practical 

kinodynamic planners therefore rely on guidance mechanisms, such as 

heuristics, cost-to-go approximations, or intermediate abstractions, to 

reduce time spent in unproductive regions (LaValle, 2006). 

 
 

2.2. Abstractions, Guidance, And Language Grounding 

 
 

A recurring idea in motion planning is to use an intermediate 

representation that captures the global structure of free space while 

keeping the underlying planner responsible for feasibility (Choset et al. 

2005; LaValle, 2006). Cell decompositions partition the environment into 
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regions and convert navigation into graph search over region adjacency, 

while roadmaps capture connectivity through sampled nodes and edges 

(Kavraki et al. 1996). These abstractions can drastically reduce planning 

complexity by turning a continuous search into a discrete search at a higher 

level, then refining to continuous motions locally (Choset et al. 2005).  

Visibility-based decompositions are particularly natural in cluttered 

2D or 2.5D navigation settings. The intuition is that regions of free space 

with good mutual visibility often allow robust local manoeuvring and are 

less likely to create dead-ends, while transitions across occlusions or tight 

gaps are riskier (Brock and Kavraki, 2001; Choset et al. 2005). In 

visibility-aware approaches, the environment is first discretized into small 

primitives (often triangles in 2D) and then merged into larger navigable 

regions according to visibility criteria, producing a compact region graph 

(Plaku et al. 2016). Shortest-path computations on this graph provide a 

global “route-to-goal” signal that can guide sampling and expansion 

decisions. This type of representation is especially useful for sampling-

based kinodynamic planners: it does not replace motion-level simulation 

and collision checking, but it provides a global structure that makes search 

more directed (Plaku et al. 2016). 

Guidance mechanisms in sampling-based planning aim to change the 

order in which the planner explores the space without changing the 

definition of feasibility (LaValle, 2006). Common strategies include: i) 

changing the sampling distribution (biasing samples toward the goal, 

toward low-cost regions, or toward a corridor), ii) changing which 

nodes/regions are expanded first (priority queues, multi-heuristic search 

ideas), and iii) adapting costs when repeated failures occur (penalizing 

transitions that often collide) (LaValle, 2006; Gammell et al. 2014). A key 

design principle is to ensure that guidance remains “soft”: it can prioritize 

promising regions, but it must not bypass collision checking or dynamics 

constraints. This principle is important when guidance is imperfect or 

noisy, because the planner should be able to recover and explore 

alternatives. In practice, many systems combine soft biasing with 

feedback: when an attempted motion fails, costs are increased or priorities 

are reduced so the search shifts away from that transition. 

Natural language provides an intuitive way for humans to specify 

preferences, constraints, or task context that may not be captured by 

geometric cost functions alone. Recent work in robotics has explored the 

use of large language models as interfaces that translate language into 

structured actions, plans, or policy parameters (Wang et al. 2024). Two 
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recurring lessons from this literature are: i) language must be grounded in 

the robot’s actual capabilities and environment; and ii) the output should 

be constrained to a verifiable format, rather than unconstrained free text, 

to support safety and auditability (Ichter et al. 2022; Liang et al. 2023). 

Several representative directions are relevant to this article. First, 

“language grounded in affordances” emphasizes that a system should only 

propose actions that are feasible given what the robot can do in the current 

world state. Second, “language as programs/policies” shows that LLM 

outputs can be structured as code-like representations (or DSLs) that are 

easier to validate, debug, and integrate with classical pipelines (Liang et 

al. 2023; Singh et al. 2023; Izquierdo-Badiola et al. 2024; Wolber et al. 

2025). Third, LLM-augmented search approaches demonstrate that 

language models can provide priors for exploration (e.g., which route is 

likely better) while retaining a classical planner/search algorithm for 

correctness and fallback behavior (Ichter et al. 2022; Liang et al. 2023; 

Meng et al. 2024). These directions motivate using language not as a 

trajectory generator, but as a source of hints that shape the planner’s 

priorities. 

Existing approaches in these three categories each address a part of 

the integration problem but leave gaps that are relevant to kinodynamic 

planning. LLM-as-planner systems such as SayCan (Ichter et al. 2022) and 

ProgPrompt (Singh et al. 2023) generate action or task-level sequences 

grounded in affordances, but they operate at a symbolic level and do not 

enforce geometric connectivity or kinodynamic feasibility: a suggested 

action sequence may be logically coherent yet physically unexecutable 

under nonholonomic dynamics. Navigation agents such as NavGPT (Zhou 

et al. 2024) demonstrate that LLMs can reason about routes and landmarks 

effectively, but they rely on visual observations and discrete action sets 

rather than a continuous kinodynamic planner with collision-checked 

rollouts. Code-as-policies approaches (Liang et al. 2023) constrain LLM 

output to executable programs, which improves structure and 

debuggability, but the generated code is typically not gated against a 

planner's internal state, there is no mechanism that rejects a suggestion 

because the corresponding region transition has a high recent failure rate 

or is geometrically disconnected. LLM-augmented heuristic search 

methods such as LLM-A* (Meng et al. 2024) are perhaps closest in spirit: 

they use language priors to bias search costs, preserving a classical 

algorithm for correctness. However, LLM-A* operates over discrete grid 

graphs, without kinodynamic rollouts or failure-driven cost inflation. The 
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approach presented in this article addresses precisely this gap: gated, 

bounded DSL hints that are explicitly validated against a visibility-aware 

region graph and recent collision feedback, while a kinodynamic planning 

core retains sole authority over trajectory feasibility. 

This article builds on these foundations by combining i) an intermediate 

free-space abstraction (a visibility-aware region graph), ii) a sampling-

based kinodynamic planner that remains responsible for feasibility through 

rollout simulation and collision checking, and iii) language guidance 

expressed in a constrained DSL and filtered through explicit feasibility 

checks. The goal is to obtain the practical benefits of language, such as 

capturing high-level route preferences and avoiding likely dead-ends, 

while maintaining the robustness of classical motion planning. Unlike 

approaches that attempt to directly generate trajectories from language, the 

emphasis here is on safe integration: language is allowed to bias costs and 

sampling within fixed bounds, and any suggestion that cannot be grounded 

in the region graph or recent planning feedback is rejected or clipped. 

 

 

3. PROPOSED METHOD 

 
 

The framework operates under the following assumptions. The 

workspace 𝑊 is a bounded 2𝐷 environment with a known, static obstacle 

map; obstacle geometry is available before planning begins and does not 

change during execution. Dynamic obstacles are outside the scope of this 

work. The robot's state space 𝑆, control space 𝑈, and equations of motion 

𝑓 are known and fixed. These assumptions are standard for offline 

kinodynamic planning and are shared by the baselines used in the 

evaluation. 

We propose a language-guided motion planning framework that 

combines a visibility-aware superfacet abstraction with a kinodynamic, 

collision-checked planning core. The central design choice is to treat 

language as a soft prior: the large language model (LLM) never generates 

trajectories and never decides feasibility. Instead, it outputs structured 

hints that can only bias high-level search over a region graph, while 

kinodynamic rollout and collision checking remain the sole authority for 

validity. Figure 1 summarizes the overall pipeline and the separation of 

responsibilities between language guidance and motion-level feasibility. 
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3.1.  Visibility-Aware Superfacet Representation 

 
 

Given an obstacle map, the planner first builds a decomposition of 

free space into compact, navigable regions called superfacets. As shown 

in Figure 2, in 2D environments, free space is triangulated into small 

triangles and adjacent triangles are merged based on visibility tests, 

producing a set of regions that are large enough for navigation while still 

capturing connectivity through narrow passages. Two triangles are 

considered mutually visible if the line segment joining their centers does 

not intersect any obstacle boundary. Visibility polygons are computed 

from each region center using the VisiLibity library (Obermeyer and 

Contributors 2008) and cached so that subsequent checks require only a 

point-in-polygon test rather than a full recomputation. The decomposition 

induces a weighted region graph 𝐷 =  (𝑉𝐷, 𝐸𝐷, 𝐶𝐷), where 𝑉𝐷 is the set of 

superfacets, 𝐸𝐷 connects adjacent regions that pass visibility/connectivity 

checks, and 𝐶𝐷(Γ, Γ′) is the edge cost defined as the shortest-path distance 

in the triangulation 𝛬 from 𝐶𝐸𝑁𝑇𝐸𝑅(𝛤) to 𝐶𝐸𝑁𝑇𝐸𝑅(𝛤′), approximating 

the geometric effort to navigate between neighboring regions. 

Refinement proceeds iteratively until convergence. At each iteration, 

the centre of each group is recomputed as the triangle closest to the group's 

centroid. Triangles are then reassigned to the nearest visible centre using a 

modified Dijkstra expansion that only relaxes edges to triangles visible 

from the current centre, ensuring that every triangle in a group has an 

unobstructed line of sight to its centre. Because the visibility criterion can 

cause a group to be split by another group during reassignment, a breadth-

first search is run from each centre to identify the connected component 

that contains it; triangles outside this component are detached. Any 

detached or unassigned triangle seeds a new group and triggers a local 

Dijkstra expansion from that triangle, which continues until all triangles 

have been assigned. This cycle of centre adjustment, visibility-guided 

reassignment, split repair, and new-group seeding repeats until no triangle 

changes its group assignment between consecutive iterations. A shortest-

path computation on 𝐷 provides a coarse route-to-goal signal that guides 

search at the region level, reducing exploration in parts of the environment 

that are unlikely to lead to the goal. 
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Fig. 2: Triangulation (left), superfacet initialization (centre-left), refinement (centre-

right), and convergence (right). Regions are color-coded by shortest-path distance to 

the goal (red = close, blue = far); the goal region is marked with a square (□). The 

start position is indicated by the initial robot placement visible in the overlaid 

solution path. Note that refinement can introduce new superfacets as the visibility 

criterion resolves group splits. 

 

 

3.2. Superfacet-Guided Kinodynamic Planning Core 

The baseline planner combines region-level guidance with motion-

level simulation. First, it uses the superfacet region graph to choose where 

to focus exploration next. At each iteration, the planner selects a promising 

superfacet Γ based on the current shortest-path information on D, which 

estimates which regions are most likely to lead toward the goal. Region 

selection is governed by a weight 

 

𝑤(𝛤)  =  ℎ(𝛤)𝛼  ·  (𝑆𝐸𝐿(𝛤))
𝛽

 

 

where ℎ(𝛤)  ∈  [𝜀, 1] is the normalized inverse path cost, approaching 1 as 

the shortest-path cost to the goal approaches zero; 𝛼 ≥  1 controls the 

strength of the shortest-path heuristic, 𝑆𝐸𝐿(𝛤) is the number of times 𝛤 

has previously been selected for expansion, and 𝛽 ∈  (0,1) is a penalty 

exponent that progressively down-weights regions that have been 

expanded many times, preventing the search from becoming permanently 

stuck in any single region. Among all regions currently reached by the 

motion tree, the region with the highest weight is selected. After selecting 

Γ, the planner generates candidate motions by sampling one or more target 

points inside that region. Each kinodynamic rollout applies a PID 

controller to steer the robot from a frontier state toward the sampled target, 

integrating the robot's equations of motion using fourth-order Runge-Kutta 

for up to 20 steps of duration 𝑑𝑡 =  0.5 𝑠 each, and halting immediately if 

any intermediate state is found to be in collision. Each rollout is then 
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checked for collisions along the entire simulated motion segment, so only 

dynamically valid and collision-free motions are accepted and added to the 

planner’s search structure.  
A key feature of the baseline is its failure-driven feedback. If rollouts 

repeatedly fail when attempting to move through a particular region-to-

region transition (often because the boundary between regions lies near 

obstacles or a narrow passage) the planner treats that transition as less 

promising. Specifically, when a rollout attempting to cross the transition 

from 𝛤 to 𝛤′ results in collision, the edge cost 𝐶𝐷(𝛤, 𝛤′) is multiplied by 

an inflation factor 𝛾 =  1.1 and shortest paths over 𝐷 are immediately 

recomputed. As a result, the high-level route-to-goal preference shifts 

away from the repeatedly failing transition and toward alternative corridors 

that are more likely to be traversable. This mechanism keeps the planner 

robust: the region graph provides global direction, but motion-level 

simulation and collision checking decide feasibility, and repeated failures 

automatically reshape the high-level guidance without changing the 

underlying dynamics model. 
 

 

3.3. Language Guidance with Gated, Constrained Hints 
 
 

We employ a Large Language Model (LLM) as a source of high-level 

priors capable of interpreting semantic user preferences, such as "use wider 

corridors" or "avoid sharp turns." However, free-form linguistic input is 

inherently difficult to validate and introduces critical safety risks if 

permitted to directly manipulate low-level planning execution. To address 

this issue, the LLM does not generate arbitrary text; instead, it outputs a 

compact Domain-Specific Language (DSL) that encodes heuristic hints 

within a fixed schema. This constraint ensures that every language-derived 

output can be systematically verified, logged, and safely integrated into the 

pipeline. 

The proposed DSL supports four specialized hint types, each designed 

to modify only abstract, high-level structural quantities. Table 1 defines 

the formal schema. Each hint is structured as a typed record containing an 

invariant set of fields; the LLM is prompted to generate outputs strictly 

conforming to this architecture, and any malformed string that fails parsing 

is rejected before reaching the affordance and feasibility gate. 
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Table 1. DSL Hint Schema for the Language Guidance Layer 

 
Hint Type Fields Field Types Constraints 

Route from, to, 

preference, 

weight 

RegionID, RegionID, 

{prefer|avoid}, float 
from, to ∈ 

𝑉𝐷; 

(from,to) ∈ 

𝐸𝐷; weight 

∈ [0,1] 

Waypoint region, priority RegionID, float region ∈ 𝑉𝐷; 

priority ∈ 

[0,1] 

Constrain

t 

transition_type

, penalty 

{narrow|sharp_turn|low_clearance}

, float 
penalty ∈ 

[0,1] 

Parameter param_name, 

value 

string, float param_nam

e ∈ allowed 

set; value 

within safe 

range 

 

Each hint is a typed record with fixed fields; any LLM output that does 

not conform to this schema is rejected prior to gate evaluation. RegionID 

denotes an identifier drawn from the superfacet graph 𝑉𝐷; the Constraints 

column defines the validity conditions enforced by the affordance/feasibility 

gate. 

These categories correspond to: (i) Route hint: expresses a mandate to 

prefer (or avoid) specific region-to-region corridors within 𝐷; (ii) 

Waypoint hint: proposes an intermediate region or target area that should 

be reached next; (iii) Constraint hint: penalizes undesirable transitions 

such as narrow gaps or sharp turns; (iv) Parameter hint: bounded 

adjustments to global planner parameters governing decomposition or 

sampling resolutions. Importantly, these hints generate strictly bounded 

updates applied exclusively to: (a) edge costs 𝐶𝐷(Γ, Γ′), (b) region-

selection weights 𝑤(Γ), and (c) target sampling within the next expansion 

region, without modifying dynamics, controllers, or collision checks 

Because the LLM output functions strictly as a heuristic 

recommendation, every parsed hint passes through an explicit feasibility 

gate that enforces spatial grounding. This design adheres to the core 

principle that language-based commands must be bounded by what is 

physically executable in the current environmental state. The validation 

gate executes checks sequentially via the following protocol: 
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Hard rejection (hint is discarded entirely): 

a) Any referenced region ID is not in 𝑉𝐷 , or any referenced edge is not 

in 𝐸𝐷. 

b) A proposed transition (𝛤, 𝛤′) fails the connectivity or visibility checks 

used to construct the superfacet graph. 

c) A proposed waypoint region is not reachable from the currently 

selected expansion context, i.e., it does not appear in the next-region 

set along any shortest path from the current frontier. 
 

Soft clipping (hint is retained but its magnitude is reduced): 

d) The transition (𝛤, 𝛤′) has a recent collision history above a threshold. 

The proposed update is scaled by a collision-history factor 𝛼(𝛤, 𝛤′) 
before any bounds are applied: 
 

𝛼(𝛤, 𝛤′)  =  𝑚𝑎𝑥(0, 1 −  𝑘 ·  𝑓(𝛤, 𝛤′)) 
 

where 𝑓(𝛤, 𝛤′) = failures / attempts is the recent failure rate for the 

transition and 𝑘 is a constant (set to 2.0 in the experiments). A 

transition with a 50% recent failure rate therefore receives at most half 

the proposed update magnitude. 

e) After scaling by 𝛼, the update magnitude is clipped to the predefined 

bounds 𝜀𝐶  and 𝜀𝑤 (see below). 

Logging: the raw hint, the outcome of each check in order, the value 

of α(Γ, Γ'), and the final applied update are recorded for every planning 

episode, making the influence of language fully auditable. 

Bounded update rule. Let Δ 𝐶𝐷 and Δ 𝑤 be the changes proposed by 

the validated hint(s). The gate enforces bounds such as  

 

𝛥𝐶𝐷(𝛤, 𝛤′)  =  𝑐𝑙𝑖𝑝( 𝛥̃𝐶𝐷(𝛤, 𝛤′), −𝜀𝐶 , +𝜀𝐶) and 𝛥𝑤(𝛤)  =
 𝑐𝑙𝑖𝑝( 𝛥 𝑤(𝛤), −𝜀𝑤, +𝜀𝑤) 

 

Updates are applied as 𝐶𝐷  ←  𝐶𝐷  +  𝛥𝐶𝐷 and 𝑤 ←  𝑤 +  𝛥𝑤, after 

which 𝐶𝐷 is clipped to a predefined range [𝐶𝐷, 𝑚𝑖𝑛, 𝐶𝐷, 𝑚𝑎𝑥] to prevent 

edge costs from growing unboundedly or collapsing to zero. These are soft 

priors: the collision-driven inflation and all kinodynamic feasibility checks 

remain entirely unchanged. The LLM is queried with a structured prompt 

consisting of a fixed system message and a per-episode user message. The 

system message provides the full DSL schema and output constraints; the 

user message is generated per episode and supplies i) a text description of 

the scene including obstacle layout and goal location, ii) current region 
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graph statistics including the number of regions and shortest-path cost, and 

iii) any recent failure transitions. The complete prompt template is shown 

in Figure 3. 

Fig. 3: LLM prompt template used in experiments. The system message (left) is 

fixed across all planning episodes and specifies the DSL schema and output 

constraints. The user message (right) is generated per episode from the current scene 

state, including obstacle layout, region graph statistics, and recent failure transitions. 

 

Algorithm 1: Language-guided superfacet motion planning (gated DSL) 

Input: Obstacle map, robot dynamics, start state xs, goal xg, time budget Tmax, 

bias bounds εC, εw 

Output: Collision-free dynamically-feasible trajectory (if found) 

Build/refine superfacet decomposition and region graph D = (VD, ED, CD) 

Initialize region weights w(Γ) and compute shortest-path route-to-goal on D 

Initialize motion-planner structure; start timer 

while elapsed time < Tmax and goal not reached do 

Select expansion region Γ using shortest-path signal and w(·) 

if language guidance enabled then 

Query LLM and obtain DSL hints H 

Validate H with the feasibility gate (reject infeasible hints, clip updates 

using εC, εw) 

Convert validated hints into bounded updates (ΔCD, Δw) 

Update guidance: CD ← CD + ΔCD; w ← clip(w + Δw) 
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Sample target points inside Γ according to the current sampling distribution 

Simulate kinodynamic rollouts toward sampled targets and collision-check 

each segment 

if a feasible rollout is found then 

Add the new state and motion segment to the planner structure 

if goal reached then 

return reconstructed trajectory 

if repeated failures for transition (Γ, Γ’) then 

Inflate edge cost CD(Γ, Γ’) 

Recompute shortest paths on D 

return failure 

 

Algorithm 1 outlines the complete runtime planning loop. The planner 

initially constructs or dynamically refines the superfacet decomposition 

and its associated region graph 𝐷 = (𝑉𝐷, 𝐸𝐷, 𝐶𝐷). It computes shortest 

paths on 𝐷 to obtain a route-to-goal signal and region priorities. When the 

language guidance module is activated, the planner queries the LLM for 

structured DSL hints that reflect semantic user preferences adapted to the 

current task and workspace topography. The affordance and feasibility 

gate subsequently processes these suggestions, executing validation 

checks and clipping updates to conservative, pre-defined boundaries. The 

planner applies the resulting bounded updates to the region-graph costs 𝐶𝐷, 

the region-selection weights 𝑤(Γ), and the sampling distribution used to 

generate targets in the next selected region. Utilizing these modulated 

priorities, the planning core isolates a target region for expansion, executes 

continuous kinodynamic rollouts toward the sampled target coordinates, 

and subjects each trajectory segment to localized collision-checking 

routines. If rollouts repeatedly fail for a transition, the planner inflates the 

corresponding edge cost, recomputes shortest paths, and continues 

exploration with updated guidance. Crucially, if no generated hint passes 

the grounding checks, the system seamlessly falls back to the baseline 

superfacet planner without language biasing. This fail-safe architecture 

ensures that linguistic feedback cannot degrade safety margins or bypass 

physical feasibility protocols; its influence is restricted exclusively to 

optimizing the order in which topological regions are explored. 
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4. EXPERIMENTAL EVALUATION 

4.1. Experimental Setup 

All experiments were conducted on a standard laptop computing 

platform (Intel Core i7, 16 GB RAM) utilizing a native C++ 

implementation for the motion planning core and GPT-4o-mini for Large 

Language Model inference. We evaluated the framework across two 

distinct robot morphologies: i) a car-like differential-drive robot operating 

in a 3D state space (2D position coordinates accompanied by a single 

heading angle with bounded translational and angular velocity constraints, 

and ii) an articulated snake robot consisting of multiple linked segments 

governed by local nonholonomic constraints. 

The evaluation was performed within four distinct navigation scenes 

obtained from established motion planning benchmarks. Each scene was 

validated across 60 randomized start-and-goal configuration pairs to 

ensure statistical reliability over diverse initial geometric distributions. 

Table 2 summarizes the key geometric and topological properties of 

the four evaluation environments. 

Scene 1 (Concentric Rings): Consists of nested, concentric obstacle 

rings featuring narrow radial gaps. This environment requires the robot to 

systematically thread through successive bottlenecks, where a single sub-

optimal region-selection choice traps the search tree within a dead-end 

ring. 

Scene 2 (Cluttered Field): Formed by an open, cluttered field 

containing high-density, randomly distributed convex obstacles. The 

dominant challenge in this environment is managing the expansive number 

of near-equal-cost path alternatives and the total absence of clear 

topological corridors. 

Scene 3 (Mixed Structure): Combines a highly structured lower 

workspace section with a cluttered upper section, segregated by a sparse 

row of bottlenecks. This layout evaluates whether the planner can 

effectively exploit the low-complexity lower section while accurately 

identifying the single viable crossing point. 

Scene 4 (Maze Corridors): Presents a maze-like configuration 

composed of orthogonal rectangular corridors with multiple deep dead-

ends and forced backtracking profiles. This environment serves as a 

rigorous stress-test for the failure-driven cost-inflation feedback 

mechanism. 
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Table 2. Properties of the four navigation scenes used in the evaluation.  

 

Scene Obstacles Density 

(%) 

Dominant Challenge 

Rings 6 (concentric) 22 Sequential bottlenecks 

Cluttered  47 31 High obstacle density, 

many near-equal paths 

Mixed 35 25 Mixed 

structured/cluttered, 

single crossing 

Maze 24 28 Dead-ends, forced 

backtracking 
 

    

 

All scenes share an 80 × 80 m workspace. Obstacle density is measured 

as the percentage of workspace area occupied by obstacles. 

The planning pipeline operates via the following execution sequence: 

given a cluttered environmental map, the planner first constructs a 

visibility-aware superfacet decomposition to generate the primary region 

graph 𝐷 =  (𝑉𝐷, 𝐸𝐷, 𝐶𝐷). For each individual start-to-goal query, the 

planner is allocated a strict, fixed computational time budget of 30 seconds 

per run. 

At the initiation of each planning episode, the Large Language Model 

(LLM) is queried exactly once with a structured textual description of the 

task and workspace layout (detailing obstacle topologies and goal 

coordinates). The model returns a sequence of specialized DSL hints—

categorized into route, waypoint, constraint, and parameter adjustments—

conforming to the architecture detailed in Section 2.3. These hints are 

dynamically passed through the validation gate, which filters out invalid 

references and clips acceptable values within conservative bounds. 

Approved hints are applied as soft adjustments to the edge costs 𝐶𝐷 and 

region weights 𝑤(𝛤), and the planner then executes the integrated planning 

loop (superfacet graph search, kinodynamic rollouts, collision checking, 

and cost inflation on failure). 

Key planner parameters held constant across all baseline and guided 

evaluations include: 

 Triangulation resolution: 0.2m fine grid spacing. 

 Superfacet refinement threshold: 0.5m2 minimum region area. 
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 Kinodynamic rollout horizon: 0.5s duration with 20 control 

inputs sampled per expansion. 

 Collision checking resolution: 0.01m localized interpolation 

intervals along each simulated trajectory segment. 

For language guidance, the bias bounds were set to 𝜀𝐶  = 0.2 (edge cost 

adjustment) and 𝜀𝑤  =  0.15 (region weight adjustment), chosen 

conservatively to ensure soft influence and recovery via collision-driven 

inflation. The LLM temperature was set to 0.7 to balance creativity and 

consistency in hint generation. 

 

4.2. Baselines and Metrics 
 

To ensure a rigorous and unbiased evaluation, we compare four 

distinct planning methodologies under identical operational conditions, 

utilizing the same robot dynamics models, low-level kinodynamic tracking 

controllers, collision-checking routines, and scene geometries under a 

uniform 30-second runtime budget. The evaluated methods are categorized 

as follows: i) rapidly-exploring random tree (RRT): A  foundational 

sampling-based planner that incrementally constructs a search tree by 

sampling state-space configurations—augmented with standard goal 

biasing—and extending tree branches toward them, ii) kinodynamic 

planning by interior-exterior boundary expansion (KPIECE): A 

widely deployed kinodynamic sampling-based planner from the open 

motion planning library (OMPL), implemented here using its default 

parameter configurations, iv) superfacets (Baseline): The visibility-aware 

abstraction framework without linguistic input, which relies exclusively on 

the topological region graph combined with failure-driven cost-inflation 

feedback to guide state-space exploration, and v) superfacets + LLM 

(Proposed): Our complete framework, which augments the core 

superfacet backbone with gated, DSL-based linguistic hints to softly bias 

edge costs and region-selection weights, leaving absolute feasibility 

verification to the underlying kinodynamic core.  

The first baseline is Rapidly-exploring Random Tree (RRT), a 

classical sampling-based planner that grows a tree by repeatedly sampling 

targets (often with some goal bias) and extending toward them. The second 

baseline is Kinodynamic Planning by Interior-Exterior Boundary 

Expansion (KPIECE), a widely used kinodynamic sampling-based planner 

available in the Open Motion Planning Library (OMPL), used here with 

default settings. The third method is the visibility-aware Superfacets 



 Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026                25 
 
 

planner without language guidance, which relies only on the superfacet 

region graph together with collision-driven cost inflation feedback to guide 

exploration. The fourth method is our proposed Superfacets + LLM 

system, which augments the same superfacet backbone with gated, DSL-

based language hints that softly bias costs and sampling while leaving 

feasibility checks to the underlying kinodynamic planner.  

Performance is quantified across several primary evaluation metrics: 

i) Planning time (seconds): Measures the absolute elapsed time from the 

initiation of a start-to-goal query to the discovery of the first feasible 

solution (defined as a continuous, collision-free trajectory that respects all 

dynamic constraints), ii) Success rate (percentage): Defined as the 

fraction of the 60 randomized start-to-goal queries per scene successfully 

solved within the allocated 30-second budget, iii) Edge-cost inflations 

(count): Tracks the frequency with which the planner increments inter-

region edge costs in response to localized rollout failures; a lower count 

indicates minimized entrapment within dead-ends and reduced 

computational redundancy, iv) Normalized path length: Computed as the 

cumulative executed trajectory length divided by the straight-line 

Euclidean distance between the start and goal states, assessing whether 

search acceleration degrades downstream path quality, and v) LLM 

inference time (milliseconds): Quantifies the precise computational 

overhead required to generate and parse the structured DSL hints, 

capturing the latency introduced by the language guidance layer. 

To determine whether the performance discrepancies between the 

Superfacets baseline and the Superfacets + LLM framework are 

statistically significant, we apply the Wilcoxon signed-rank test to paired 

per-run observations across all 60 configurations per scene, utilizing a 

significance threshold of α = 0.05. This non-parametric test is appropriate 

for this domain because planning-time distributions typically exhibit heavy 

right-skewness, violating standard normality assumptions.  

The pronounced performance disparity between the classical 

sampling planners (RRT and KPIECE) and the superfacet-based variants 

is directly attributable to the structural abstraction layer; the visibility-

aware region graph provides explicit global directionality that neither 

RRT's Voronoi bias nor KPIECE's boundary-cell expansion can replicate. 

Consequently, the incremental performance gain demonstrated by 

Superfacets + LLM over the Superfacets baseline successfully isolates the 

specific algorithmic contribution of natural language guidance, 

independent of the underlying environmental decomposition. The 
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comprehensive ablation results presented later in Table 4 further validate 

this attribution, demonstrating that these performance benefits collapse 

when semantic hints bypass the feasibility validation gate. 

 

4.3. Results and Analysis 

Table 3 reports aggregated experimental results across all four 

benchmark environments and both robot models. The values represent 

sample means ± standard deviation calculated over a total of 480 runs (4 

scenes × 2 robots × 60 runs). The p-value column reports the Wilcoxon 

signed-rank test result for each method compared against Superfacets + 

LLM framework. The proposed language-guided variant (Superfacets + 

LLM) achieves the lowest mean planning time at 1.4 ± 0.3 s, a modest but 

consistent reduction of approximately 18% (1.7 ± 0.3 s). This reduction 

does not come at the expense of reliability: success rate is slightly higher 

with language guidance (99.6% vs. 99.1%), and the number of edge-cost 

inflations is lower (3.1 ± 0.4 vs. 3.4 ± 0.5), indicating fewer dead-end 

explorations and fewer collision-driven recoveries. Path quality remains 

essentially unchanged, as the normalized path length is nearly identical for 

the two superfacet variants (1.24 ± 0.08 with LLM guidance versus 1.23 ± 

0.07 without LLM guidance), suggesting that language primarily reduces 

unproductive exploration rather than encouraging shorter but riskier 

routes. 

Table 3. Aggregated planning results across all evaluation environments 

 
Method Time 

(s) ↓ 

Success 

(%) ↑ 

Inflations 

↓ 

Path 

Length 

(norm.) ↓ 

LLM 

Inference 

(ms) 

p-

value 

RRT 41.8 

± 5.1 

58.1 ± 

3.8 

9.8 ± 1.3 1.52 ± 

0.18 

N/A < 

0.001 

KPIECE 33.7 

± 4.2 

83.6 ± 

3.2 

6.5 ± 1.0 1.38 ± 

0.12 

N/A < 

0.001 

Superfacets 

(no LLM) 

1.7 ± 

0.3 

99.1 ± 

0.4 

3.4 ± 0.5 1.23 ± 

0.07 

N/A 0.031 

Superfacets 

+ LLM 

1.4 ± 

0.3 

99.6 ± 

0.2 

3.1 ± 0.4 1.24 ± 

0.08 

210 ± 35 — 

 

Aggregated planning results across all four scenes and both robot 

morphologies (480 runs per method). Planning time and inflations are mean ± 
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standard deviation. Path length is normalized by straight-line start-to-goal 

distance. The p-value column reports the Wilcoxon signed-rank test 

comparing each method to Superfacets + LLM on planning time (α = 0.05). 

LLM inference time is reported only for Superfacets + LLM. N/A indicates 

the metric does not apply to that method. 

From a practical perspective, achieving planning performance that 

meets or exceeds a highly optimized geometric baseline while seamlessly 

incorporating natural-language input is a significant milestone for human-

robot interaction. It demonstrates that non-expert operators can 

successfully steer complex robotic assets using intuitive linguistic 

commands without incurring structural computational penalties. This is a 

critical prerequisite for tactical deployments where operators lack deep 

technical insight into the underlying nonholonomic kinodynamic 

mechanics. The minimal computational overhead introduced by the 

language layer (210 ± 35 ms LLM inference against a mean planning time 

of 1.4 s further confirms the viability of this methodology for real-time 

field deployments. 

Figure 4 provides an intuitive visualization of how semantic guidance 

alters the exploration profile of the search trees. Within each scene, the 

decomposed superfacet regions are color-coded based on their distance-to-

goal metrics, while the white overlapping traces illustrate the actual motion 

tree expansions. This visualization clearly illustrates the structural 

transition from a broad, unconstrained search to focused exploration within 

a viable corridor. With language guidance enabled, the motion tree 

branches cluster early along broader, structurally sound corridors instead 

of repeatedly probing narrow, high-risk apertures. This behavior is 

quantitatively detailed in Figure 5, which plots individual planning times 

and edge-cost inflation counts across each specific benchmark scene. The 

per-environment metrics verify that the ~18% performance benefit is 

robust across all tested configurations. While the benefits of language 

guidance remain constant across environments, its exact magnitude 

depends directly on the topological constraints of the workspace: the most 

significant reductions in search time are achieved within the most tightly 

constrained, complex layouts. 
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Fig. 4: Qualitative results in four scenes. Scenes 1 and 4 show the snake robot; 

Scenes 2 and 3 show the car robot. Superfacets are color-coded by shortest-path 

distance to the goal (red = close, blue = far). White traces indicate motion-tree 

expansions; the final feasible path is overlaid in magenta. The goal region is marked 

with a square (□) and the start position is indicated by the initial robot placement. 

 

Compared to classical sampling baselines (RRT and KPIECE), the 

superfacet methods are dramatically faster and more reliable in these 

cluttered testing environments. While RRT solves only 58% of the 

configuration queries within the allocated time budget and KPIECE 

reaches an 84% success rate, both superfacet variants exceed a 99% 

success rate. This stark contrast reflects the clear advantage of utilizing a 

compact, region-level topological abstraction combined with shortest-path 

guidance in environments dominated by complex narrow passages. 

The Wilcoxon signed-rank test confirms that the performance profiles 

of both RRT and KPIECE differ significantly from Superfacets + LLM (p 

< 0.001). Furthermore, the discrepancy between the baseline Superfacets 

(no LLM) and the guided Superfacets + LLM framework is also 

statistically significant (p = 0.031). This statistical validation supports the 

conclusion that semantic language guidance provides a consistent, 

mathematically meaningful benefit beyond that of the superfacet structural 

abstraction alone. In scenes characterized by wider free spaces and fewer 

tight transitions, the observed search time reduction is smaller but still 
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noticeable. This pattern suggests that language guidance remains useful 

even when the underlying geometric superfacet heuristic already provides 

strong directionality. The inflation plots referenced in Figure 5 follow the 

same qualitative distribution: the Superfacets + LLM method produces 

fewer cost-inflation events in each scene, indicating a lower frequency of 

collision-driven recoveries and minimized backtracking. Collectively, 

these results support the interpretation that gated language guidance 

improves runtime efficiency primarily by reducing unproductive or 

redundant state-space exploration, while absolute feasibility and safety 

margins remain rigidly enforced by the unchanged kinodynamic rollout 

and collision-checking core. 

 
Fig. 5: Per-scene time and inflations. Mean planning time (A) and edge-cost 

inflations (B) per scene for Superfacets (no LLM) vs. Superfacets + LLM; error bars 

show ± s.e.m. over 60 start/goal pairs per scene. 

 

 

4.4. Ablation Studies 

Table 4 evaluates the individual and combined impacts of each DSL 

hint type across all four benchmark environments and both robot 

morphologies, compiled over 480 runs per configuration. The Maze and 

Rings environments, representing the most spatially constrained layouts, 

exhibit the largest absolute performance gains. Conversely, the Cluttered 

Field and Mixed scenes show smaller but highly consistent improvements, 

confirming that the algorithmic benefits generalize well beyond heavily 



   30          Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026 

 
 

bottlenecked topologies.  Analyzing the hint types individually reveals 

distinct contributions to the system's efficiency: Route-Only Guidance: 

Effectively reduces planning times by biasing early state-space exploration 

toward structurally viable corridors. Waypoint-Only Guidance: Decreases 

search times by approximately 10% by tightly focusing target selection 

variables within the next scheduled expansion region. Constraint-Only 

Hints: Consistently minimize search latency by discouraging exploration 

near narrow apertures or failure-prone transitions. Parameter-Only Hints: 

Yield the most modest efficiency gains in this specific experimental 

configuration, indicating that the default triangulation resolution and 

sampling densities are already operating near a localized optimum. The 

highest performance optimization is achieved when all four hint modalities 

are enabled concurrently. This full configuration yields a combined 

reduction of approximately 19% in planning time and a 14% decrease in 

cost-inflation counts relative to the baseline Superfacets (no LLM) 

framework. These findings demonstrate that the distinct semantic 

components of the DSL are complementary rather than redundant, each 

targeting a separate layer of the hierarchical motion-planning problem. 

 

Table 4. Hint-type ablation across all four scenes and both robot 

morphologies (mean ± s.e.m., 480 runs per configuration). Lower is better 

for Time and Inflations; higher is better for Success. 
 

Hint Configuration Time (s) ↓ Inflations ↓ Success (%) ↑ 

Baseline (no LLM) 1.71 ± 0.30 3.6 ± 0.5 99.0 ± 0.5 

Route hints only 1.60 ± 0.20 3.4 ± 0.4 99.2 ± 0.4 

Waypoint hints only 1.54 ± 0.25 3.2 ± 0.5 99.4 ± 0.3 

Constraint hints only 1.61 ± 0.22 3.3 ± 0.4 99.1 ± 0.4 

Parameter hints only 1.67 ± 0.28 3.5 ± 0.5 99.0 ± 0.6 

All hint types (full system) 1.39 ± 0.28 3.1 ± 0.4 99.4 ± 0.3 

LLM without gate (ungated) 4.2 ± 1.1 8.3 ± 1.7 87.0 ± 2.1 

 

To assess whether explicit semantic grounding and bounding are 

structurally necessary, we evaluated an ungated variant ("LLM without 

gate") in which hint validation was completely bypassed and saturation 

bounds were not enforced. Table 4 includes the aggregate results for this 
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configuration across all four benchmark environments, revealing a 

consistent and severe performance degradation: the mean planning time 

escalates to 4.2 pm 1.1s, edge-cost inflation events rise to 8.3 ± 1.7, and 

the overall success rate drops to 87.0%. This profile is significantly worse 

than even the baseline Superfacets (no LLM) framework, demonstrating 

that invalidated linguistic guidance acts as an active impediment rather 

than a neutral fallback. In contrast, the complete gated framework 

maintains a high success rate (99.4%) and low planning latency (1.4 ± 0.3 

s) across all environments, proving that bounding and verifying language 

is a core architectural necessity even when prompt heuristics are well-

intentioned. Qualitatively, ungated system failures occurred when the 

language model proposed region-to-region corridors that were 

unsupported by the underlying workspace geometry. This caused the 

planning core to execute repeated, colliding rollouts before the tree 

expansion could eventually abandon the heavily biased path. Conversely, 

with the validation gate enabled, such anomalous hints were systematically 

rejected or clipped, allowing the planner to instantly fall back to the 

baseline superfacet heuristic without compromising physical feasibility. 

Taken together, these ablation studies establish three definitive 

conclusions: each hint modality contributes independently, the distinct hint 

types are complementary when executed concurrently, and the validation 

gate functions as an indispensable safety barrier required to preserve 

system reliability. 

 

5. CONCLUSIONS 

This article presented a language-guided motion planning framework 

that seamlessly integrates Large Language Model guidance with a 

visibility-aware superfacet decomposition layer and a kinodynamic, 

collision-checked planning core. The foundational architecture treats 

linguistic input strictly as a soft, bounded prior: the LLM produces 

structured recommendations using a constrained Domain-Specific 

Language, and an explicit feasibility gate validates these suggestions 

against a topological region graph and real-time failure feedback before 

they are permitted to influence the search space. Consequently, language 

can safely bias abstract edge costs, region-selection weights, and local 

target sampling distributions, while continuous kinodynamic rollouts and 
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explicit collision-checking routines retain ultimate veto authority over 

trajectory feasibility. 

Experimental evaluations utilizing car-like and articulated snake-like 

robot morphologies within cluttered benchmark environments demonstrate 

that the proposed method achieves a consistent reduction in both planning 

time and redundant space exploration (manifested as a reduction in cost-

inflation cycles). Crucially, these efficiency gains are realized while 

preserving exceptionally high success rates and maintaining comparable 

downstream path quality relative to the unguided baseline. These findings 

support the broader conclusion that structured, grounded language can 

provide an interpretable and auditable guidance channel, provided it 

functions as a constrained search heuristic rather than a direct trajectory 

generator. Furthermore, this framework allows non-expert operators to 

articulate navigational preferences using natural language without 

imposing additional planning penalties, offering a practical interface for 

real-world human-robot interaction in field deployments. 

While the proposed framework demonstrates clear advantages, several 

open limitations suggest directions for future research: 

Adaptive Gating and Semantics: The validation gate can be made more 

adaptive by incorporating learned affordance models and structural 

uncertainty estimates. This modification would enable aggressive 

language-driven guidance when semantic confidence is high, and 

conservative geometric fallback behaviour when confidence is low. 

Additionally, expanding the DSL to incorporate richer task semantics—

such as clearance preferences, risk-sensitivity metrics, or explicit "must-

pass/must-avoid" constraints—will improve expressiveness while 

preserving formal verifiability. 

Dynamic Environments and Scale: Extending the framework to high-

dimensional 3D environments, multi-agent cooperative settings, and long-

horizon tasks represents a vital direction for future validation. A 

particularly promising avenue involves adapting the pipeline to dynamic 

environments where obstacles move, requiring online region-graph 

updates, analogous to incremental replanning methods such as D* Lite 

(Koenig and Likhachev, 2002) that efficiently repair shortest paths when 

edge costs change. Language guidance could prioritize re-planning efforts 

within newly altered spaces. For example, maintaining a dynamic version 

of the superfacet graph that automatically flags regions with recently 

detected obstacle variations as high-priority zones for LLM re-querying 
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would focus computational replanning effort strictly on affected corridors 

while leaving undisturbed spaces intact. 

Prompt and Language Robustness: The current evaluation queries the 

LLM exactly once per planning episode under a fixed temperature 

parameter. System robustness against prompt variations, adversarial 

inputs, or ambiguous spatial language remains unassessed. Future 

empirical studies should involve systematic evaluations over a broader 

spectrum of bias bounds, prompt structural styles, and adversarial 

instructions to precisely map the practical speed–safety–interpretability 

trade-offs. 

 

Ethical Statement. This study involves computational simulation only. 

No human subjects, live animals, or personal data were involved in any 

part of this research. No formal ethical approval was required. 

Data Accessibility. The data, source code, and simulation materials 

that support the findings of this study are available from the corresponding 

author upon reasonable request, subject to applicable institutional and 

intellectual property considerations. 

Conflict of Interest. The authors declare that they have no conflicts of 

interest. 

Originality and Authorship. This work is based on original data and 

conceptual ideas developed entirely by the authors. No artificial 

intelligence (AI) technologies or automated tools were employed in the 

generation of the data, analysis, or manuscript preparation. 
The authors have read and approved the final version of this manuscript 

for publication. 

Authors’ Contributions. E.P.: conceptualization, methodology, 

engineered the software implementation, designed and performed the 

simulation experiments, analysed the aggregate results, and wrote the 

manuscript text. N.C.: institutional supervision, scientific guidance, 

reviewing, editing the manuscript draft, supported the contextual 

interpretation of the planning results. 

Funding. This research received no external funding or financial 

support. 

 

 

 

 



   34          Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026 

 
 

REFERENCES 

 

Brock O, Kavraki LE. 2001. Decomposition-based motion planning: A 

framework for real-time motion planning in high-dimensional 

configuration spaces. In Proceedings of the 2001 IEEE 

International Conference on Robotics and Automation (ICRA) (pp. 

1469–1475). IEEE. https://doi.org/10.1109/ROBOT.2001.932817. 

Choset H, Lynch KM, Hutchinson S, Kantor G, Burgard W, Kavraki 

LE, Thrun S. 2005. Principles of Robot Motion: Theory, 
Algorithms, and Implementations. Cambridge, MA: MIT Press.  

Donald B, Xavier P, Canny J, Reif J. 1993. Kinodynamic motion 

planning. Journal of the Association for Computing Machinery 

(ACM), 40(5):1048–1066. https://doi.org/10.1145/174147.174150.  

Gammell JD, Srinivasa SS, Barfoot TD. 2014. Informed RRT*: 

Optimal sampling-based path planning focused via direct sampling 

of an admissible ellipsoidal heuristic. In 2014 IEEE/RSJ 

International Conference on Intelligent Robots and Systems (IROS) 

(pp. 2997–3004). IEEE. 

https://doi.org/10.1109/IROS.2014.6942976.  

Ichter B, Brohan A, Chebotar Y, Finn C, Hausman K, Herzog A, Ho 

D, Ibarz J, Irpan A, Jang E, Julian R, Kalashnikov D, Levine S, 

Lu Y, Parada C, Rao K, Sermanet P, Toshev AT, Vanhoucke V, 

Xia F, Xiao T, Xu P, Yan M, Brown N, Ahn M, Cortes O, Sievers 

N, Tan C, Xu S, Reyes D, Rettinghouse J, Quiambao J, Pastor 

P, Luu L, Lee K-H, Kuang Y, Jesmonth S, Joshi NJ, Jeffrey K, 

Ruano RJ, Hsu J, Gopalakrishnan K, David B, Zeng A, Fu CK. 

2023. Do as I can, not as I say: Grounding language in robotic 

affordances. In Proceedings of the 6th Conference on Robot 

Learning (pp. 287-318). PMLR. 

https://proceedings.mlr.press/v205/ichter23a.html.  

Izquierdo-Badiola S, Canal G, Rizzo C, Alenyà G. 2024. 

PlanCollabNL: Leveraging large language models for adaptive plan 

generation in human-robot collaboration. IEEE Robotics and 

Automation Letters. 

Karaman S, Frazzoli E. 2011. Sampling-based algorithms for optimal 

motion planning. The International Journal of Robotics Research, 

30(7):846–894. SAGE Publications. 

https://doi.org/10.1177/0278364911406761.  

https://doi.org/10.1109/ROBOT.2001.932817
https://doi.org/10.1145/174147.174150
https://doi.org/10.1109/IROS.2014.6942976
https://proceedings.mlr.press/v205/ichter23a.html


 Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026                35 
 
 

Kavraki LE, Švestka P, Latombe J-C, Overmars MH. 1996. 

Probabilistic roadmaps for path planning in high-dimensional 

configuration spaces. IEEE Transactions on Robotics and 

Automation, 12(4):566–580. https://doi.org/10.1109/70.508439. 

Koenig S, Likhachev M. 2002. D* Lite. In Proceedings of the 18th 

National Conference on Artificial Intelligence (AAAI) (pp. 476–

483). AAAI Press. 

Latombe J-C. 1991. Robot Motion Planning. Boston: Kluwer Academic 

Publishers. 

LaValle SM. 2006. Planning Algorithms. Cambridge: Cambridge 

University Press.  

LaValle SM, Kuffner JJ. 2001. Rapidly-exploring random trees: 

Progress and prospects. In algorithmic and computational robotics: 

New Directions (pp. 293–308). A K Peters.  

Liang J, Huang W, Xia F, Xu P, Hausman K, Ichter B, Florence P, 

Zeng A. 2023. Code as policies: Language model programs for 

embodied control. In 2023 IEEE International Conference on 
Robotics and Automation (ICRA) (pp. 9493–9500). IEEE. 

https://doi.org/10.1109/ICRA48891.2023.10160591.  

Meng S, Wang Y, Yang C-F, Peng N, Chang K-W. 2024. LLM-A*: 

Large language model enhanced incremental heuristic search on 

path planning. In Findings of the Association for Computational 

Linguistics: EMNLP 2024 (pp. 1087-1102). Association for 

computational linguistics. 

https://doi.org/10.18653/v1/2024.findings-emnlp.60.  

Obermeyer KJ, Contributors. 2008. The VisiLibity library [Software]. 

Retrieved from http://www.VisiLibity.org.  

Plaku E, Plaku E, Simari P. 2016. Direct path superfacets: An 

intermediate representation for motion planning. IEEE Robotics 

and Automation Letters, 2:350-357. 

https://doi.org/10.1109/LRA.2016.2619381.  

Siciliano B, Khatib O (eds.). 2016. Springer Handbook of Robotics. 2nd 

ed. Cham: Springer. 

Singh I, Blukis V, Mousavian A, Goyal A, Xu D, Tremblay J, Fox D, 

Thomason J, Garg A. 2023. ProgPrompt: Generating situated 

robot task plans using large language models. In 2023 IEEE 

International Conference on Robotics and Automation (ICRA) (pp. 

11523–11530). IEEE. 

https://doi.org/10.1109/ICRA48891.2023.10161317.  

https://doi.org/10.1109/70.508439
https://doi.org/10.1109/ICRA48891.2023.10160591
https://doi.org/10.18653/v1/2024.findings-emnlp.60
http://www.visilibity.org/
https://doi.org/10.1109/LRA.2016.2619381
https://doi.org/10.1109/ICRA48891.2023.10161317


   36          Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026 

 
 

Wang J, Shi E, Hu H, Chong M, Liu Y, Wang X, Yao Y, Liu X, Ge B, 

Zhang S. 2024. Large language models for robotics: Opportunities, 

challenges, and perspectives. Journal of Automation and 

Intelligence, 4. https://doi.org/10.1016/j.jai.2024.12.003.  

Webb D, van den Berg J. 2013. Kinodynamic RRT*: Asymptotically 

optimal motion planning for robots with linear dynamics. In 2013 

IEEE International Conference on Robotics and Automation 
(ICRA). IEEE. https://doi.org/10.1109/ICRA.2013.6631022. 

Wolber J, Lv M, Koch D, Bretz L, Lanza G, Baer F. 2025. Large 

language models for robotics: A systematic literature review on 

prompt engineering. In Mining Science, (pp. 201–213). Springer. 

https://doi.org/10.1007/978-3-031-84744-8_17. 

Zhou G, Hong Y, Wu, Q. 2024. NavGPT: Explicit reasoning in vision-

and-language navigation with large language models. In 

Proceedings of the Thirty-Eighth AAAI Conference on Artificial 

Intelligence (AAAI'24/IAAI'24/EAAI'24), 38: 849 (pp. 7641–7649). 

AAAI Press. https://doi.org/10.1609/aaai.v38i7.28597. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.jai.2024.12.003
https://doi.org/10.1109/ICRA.2013.6631022
https://doi.org/10.1007/978-3-031-84744-8_17
https://doi.org/10.1609/aaai.v38i7.28597


 Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026                37 
 
 

 

GEOLOGICAL AND TECTONIC CHARACTERISTICS AND 

SEISMICITY OF THE KURBNESH–KUKËS–PRIZREN FAULT 
 

Naser PECI1, Rrapo ORMENI2, Behxhet SHALA3, Petraq NAQO4, 

Dionald MUÇAJ5 
1,2,3University, Isa Boletini, Mitrovica, Kosovo, 

2,4,5Temporary Research Unit for Geosciences and Geoengineering, 

Academy of Sciences of Albania 
 

Author for correspondence: naser.peci@umib.net 

 NP, 0009-0006-3887-7192; RrO, 0000-0002-5514-2204; BSh, 0000-0002-

7242-3526 

 

ABSTRACT 

Albania and Kosovo are situated within the seismically active Alpine–

Mediterranean belt, where significant crustal deformation results from the ongoing 

convergence between the Adria microplate and the Eurasian plate. Within this 

geodynamic framework, the Kurbnesh–Kukës–Prizren fault zone constitutes a 

geotectonic structure of paramount importance for understanding regional tectonics 

and seismicity in northern Albania and southwestern Kosovo. This SW–NE-trending 

fault segment represents one of the principal active tectonic zones in the Western 

Balkans and plays a fundamental role in both landscape evolution and the spatial 

distribution of regional seismicity. The area has undergone a complex, prolonged 

tectonic evolution characterized by multiple deformation phases associated with 

successive Alpine orogenic events. Contemporary tectonic activity, driven by 

neotectonic stress regimes, has reactivated these inherited fault systems, thereby 

exerting a direct control over the present-day seismic hazard. Seismological records 

from local and regional monitoring networks indicate that the Kurbnesh–Kukës–

Prizren fault zone experiences moderate-to-high levels of seismic activity. This study 

aims to characterize the geological and tectonic framework of this fault as an active 

transboundary structure between Albania and Kosovo, while analyzing its seismic 

behavior to enhance understanding of the region’s geodynamic evolution. To quantify 

the seismic characteristics of the fault zone, we employed standard statistical 

seismological parameters, including temporal histograms of earthquake occurrence, 

spatiotemporal variations in the seismotectonic b-value, annual probabilities of 

occurrence, and earthquake recurrence intervals. The results underscore the necessity 

for a more detailed assessment of geological and seismic risk, particularly regarding 

urban expansion, critical infrastructure planning, and natural hazard risk management.  
 

Keywords: active faults; neotectonics; seismicity; seismotectonic b-value; 

transboundary tectonics 
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1.INTRODUCTION 

The convergence between the African and Eurasian plates in the 

Mediterranean region is accommodated by several intervening 

microplates, among which the Adriatic plate plays a central role. This plate 

is characterized by arcuate and, in many areas, diffuse boundaries, where 

subduction processes and convergence rates exhibit significant spatial 

variability (Faccenna et al. 2003; Handy et al. 2019). 

The Albanides constitute the principal geological units forming the 

structural framework of Albania. Owing to their complex 

tectonostratigraphic architecture, these units were collectively termed the 

“Albanides” by Peza (1967) and were subsequently further refined and 

described by Aliaj (2010). 

The geological framework of the Kurbnesh–Kukës–Prizren fault 

zone, spanning northern Albania and southern Kosovo, belongs to the 

folded Alpine–Mediterranean belt of the Dinaride–Albanide–Hellenide 

orogenic system, which forms part of the western sector of the Eastern 

Mediterranean orogenic domain. 

Neotectonic deformation in Albania is predominantly expressed by 

thrust faulting, reflecting the overall compressional tectonic regime of the 

region. However, normal faults, mainly oriented NE–SW, are also widely 

developed, particularly in central and eastern Albania, indicating the 

superposition of extensional deformation on the prevailing compressional 

stress field (Sulstarova, 1986; Muço 2007; Kiratzi, 2011; Ormeni et al. 

2013). Within this framework, the Kurbnesh–Kukës–Prizren (KKP) fault 

extends for approximately 90 km in a SW–NE direction and dips toward 

the northwest. 

https://openaccess.mpg.de/Berlin-Declaration
https://creativecommons.org/licenses/by/4.0/deed.en
https://journals-akad.gov.al/magazines/1
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The historical earthquake of 1456, with an epicentral intensity of MMI 

VI (Elezaj, 2002), represents one of the strongest seismic events affecting 

northern Albania, although its epicentre was located just across the 

present-day border in Kosovo. This event is estimated to have had a 

magnitude of approximately Mw 6.3, based on historical macroseismic 

data. 

Extensive international research has demonstrated that seismic 

activity varies systematically across different tectonic environments, 

reflecting the underlying geodynamic processes that control stress 

accumulation and release. In this context, the present study examines the 

geological setting and structural framework of the Kurbnesh–Kukës–

Prizren fault as an active transboundary tectonic structure between Albania 

and Kosovo, with the aim of providing an integrated interpretation of the 

region’s tectonic evolution and seismicity. 

 

2. MATERIALS AND METHODS 

The study area encompasses the Kurbnesh–Kukës–Prizren (KKP) 

fault zone and its adjacent geological units in northeastern Albania and 

western Kosovo. To characterize the structural and seismotectonic 

framework of the region, an integrated methodological approach was 

adopted, combining geological, geophysical, and seismological analyses. 

Quantitative statistical methods, including earthquake magnitude–

frequency distributions and b-value calculations, were applied to evaluate 

spatial and temporal variations in seismicity along individual fault 

segments. In addition, earthquake focal mechanism solutions compiled 

from multiple sources and research groups (Muço, 1994; Ormeni et al. 

2013; 2022) were analyzed to constrain the stress regime and fault 

kinematics. Collectively, these multidisciplinary datasets provide a robust 

framework for interpreting fault segmentation, segment-specific seismic 

behaviour, and the role of transverse structures in controlling the regional 

seismotectonic architecture. 

 

2.1 GEOLOGICAL–TECTONIC CHARACTERISTICS OF 

ALBANIA–KOSOVO AND THE KURBNESH–KUKËS–PRIZREN 

ZONE 

From a geological standpoint, Albania and Kosovo form part of the 

Dinaric–Albanide–Hellenide orogenic arc (Fig. 1). The fundamental 
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geological characteristics of the broader region are primarily controlled by 

the tectonic position of the Albanides within the Alpine–Mediterranean 

belt, as well as by the evolutionary history of adjacent orogenic domains. 

Accordingly, the Albanides and the surrounding geological framework are 

conventionally subdivided into two principal tectonostratigraphic 

domains: The External Albanides, comprising the Krasta–Cukali Zone and 

the Albanian Alps, and the Internal Albanides, including the Gashi, 

Mirdita, and Korabi zones (Fig. 2). These units consist of a wide range of 

metamorphic, magmatic, and sedimentary lithologies, spanning an age 

interval from the Ordovician to the Quaternary, and reflecting the long and 

complex geodynamic evolution of the region. 

 

Fig.1. Geotectonic units of the Balkan Peninsula (Beak, 2005; modified after 

Schönenberg and Neugebauer 1997; Dimitrijević, 1999; Meço and Aliaj, 2000.) 



 Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026                41 
 
 

 
 

Fig. 2. Fragment from the tectonic map of the Albanides (Xhomo et al. 2002). 

 
From a geological perspective, Kosovo is characterized by a highly 

diverse assemblage of lithological units, ranging from Proterozoic 

crystalline basement complexes to Quaternary sedimentary deposits. 

These include sedimentary, magmatic, and metamorphic rocks, reflecting 

a complex tectonostratigraphic evolution. Tectonically, Kosovo comprises 

structural elements of both the Dinaride and Albanide–Hellenide orogenic 

systems. The principal tectonic zones that define the regional geological 

framework and extend from northern Albania into Kosovo include the 

Korabi zone (referred to in Kosovo as the Sharr–Korabi zone), the Mirdita 

zone (known in Kosovo as the Gjakova zone), and the Prizren basin (Fig. 

3) (Legler et al. 2003; Elezaj and Kodra, 2008). 
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Fig. 3. Geological units within the geotectonic regionalization of Kosovo (Legler et al. 

 2003) .  

 

2.2 TECTONICS 

 

The broader Kurbnesh–Kukës–Prizren (KKP) fault zone is situated 

within the Internal Albanides, which, south of the Shkodër–Pejë transverse 

structure, are represented by the Mirdita and Korabi zones and extend into 

Kosovo. Each of these zones exhibits a complex internal structure and 

comprises several distinct subzones (Fig. 4). The Internal Albanides, 

together with their associated ophiolitic sequences, form part of an 

orogenic system characterized by an intricate tectonic history. This 

evolution is recorded through a series of major tectonic phases spanning 

from the Jurassic and Cretaceous to the Paleogene and Neogene. As a 

result, the region has undergone multiphase deformation, with each 

successive tectonic event superimposed on the structural framework 

established by earlier phases. 
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The KKP fault zone exhibits a combination of strike-slip and reverse 

(transpressional) motion, whereas the Shkodër–Pejë zone accommodates 

both lateral and compressional stresses, functioning as a major transverse 

shear corridor. The interaction between these structures localizes 

deformation and plays a significant role in the elevated seismicity observed 

in northeastern Albania and western Kosovo. 

 

 

3. RESULTS AND DISCUSSIONS 

 

The Kurbnesh–Kukës–Prizren (KKP) fault system exhibits distinct 

structural and kinematic characteristics along its three principal segments 

(Kiratzi and Dimakis, 2013; Ormeni and Hoxha, 2019). Interaction with 

the Shkodër–Pejë transverse structure further influences fault kinematics, 

localizing deformation and generating a structural knot associated with 

enhanced earthquake clustering (Gürbüz et al. 2024). Overall, the observed 

variations in fault geometry, focal mechanisms, and seismicity across these 

segments indicate a heterogeneous kinematic regime. Strike-slip, reverse, 

and locally developed normal faulting coexist within the system, reflecting 

the combined effects of regional plate convergence and structural 

intersections on the spatial distribution of seismic hazard (Kiratzi and 

Dimakis, 2013; Ormeni et al. 2024). 
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Fig. 4. Tectonic map of the Dinarid–Albanid–Hellenid orogen and Neogene faults 

(Schmid et al. 2008; 2011; Brun and Soukoutis, 2010; Georgiev et al. 2012; Van 

Hinsbergen and Schmid, 2012; Handy et al. 2019). 
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3.1 THE KURBNESH–KUKËS–PRIZREN ZONE 
  

The Kurbnesh–Kukës–Prizren (KKP) fault zone forms part of the 

Albanides and extends into Kosovo. This transverse fault system is 

considered a primary source of seismic activity in the region. The average 

focal depth of the 2,355 recorded earthquakes is approximately 11 km. A 

total of 20 moderate-magnitude earthquakes (M = 4.0–5.2) have been 

identified, with an average focal depth of about 13 km. Within the broader 

seismic framework of eastern Albania, earthquake depths in this area are 

comparable to the typical depth distribution observed across the region. 

The fault zone exhibits a NE–SW orientation and has an overall length 

of approximately 90 km (Fig. 5). It is subdivided into three main segments: 

(1) Kurbnesh–Skavicë, (2) Skavicë–Kukës, and (3) Kukës–Prizren 

(Ormeni et al. 2019). The southwestern continuation of the KKP fault 

system remains uncertain, as its morphological expression becomes 

increasingly diffuse toward the Burrel basin. 

Analysis of the available data indicates that the transverse KKP fault 

system, specifically along the segment between Arrë-Mollë and Skavicë, 

intersects a longitudinal fault that extends from Tërnova (near Bulqizë) 

through Qafë Murrë and Lurë, terminating in Kukës. This configuration 

represents a structural fault junction where two fault systems with distinct 

kinematic characteristics interact. 

The interpretation of an intersection between the proposed transverse 

KKP zone and the longitudinal structure originating near Tërnova is based 

primarily on seismological data rather than on direct surface-mapped 

geological evidence (Fig. 6). 

Focal mechanism solutions indicate that, along most of its length, the 

Kurbnesh–Kukës–Prizren (KKP) transverse fault system predominantly 

exhibits normal faulting, which is consistent with a local extensional 

tectonic regime (Kiratzi and Dimakis, 2013; Ormeni et al. 2024). 

However, in the vicinity of the structural fault junction—where the 

Kurbnesh–Skavicë segment intersects the longitudinal fault bounding the 

western margin of the Lurë–Gjallica–Koritnik carbonate massif—focal 

mechanisms shift predominantly to thrust faulting, which is frequently 

accompanied by a minor strike-slip component (Ormeni and Hoxha, 2019). 

This structural configuration suggests that under specific tectonic 

stress conditions, extension along the transverse KKP fault system may 

induce compressional stress responses in adjacent longitudinal fault 

systems near the junction. The spatial juxtaposition of normal and thrust 
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faulting indicates that this tectonic intersection functions as a strain 

transfer zone, where deformation is partitioned differently compared to 

other segments of the system (Ormeni et al. 2024). 
 

 
 

Fig. 5. Schematic tectonic map and epicenters of earthquakes (ML ≥ 4.5) in the 

Kurbnesh–Kukës–Prizren fault zone during the period 1954–2023.Legend: Three 

main segments of Kurbnesh–Kukës–Prizren fault: (1) Kurbnesh–Skavicë; (2) 

Skavicë–Kukës, and (3) Kukës–Prizren. 

 

Field observations along the KKP fault zone reveal surficial structural 

expressions of thrusting, providing clear evidence of earlier contractional 

phases. This indicates that the initial stages of regional deformation were 

closely associated with thrust tectonics, which drove the formation of local 

fold-and-thrust structures. At present, however, seismological data and 

focal mechanism analyses demonstrate that the region is characterized by 

a contemporary extensional regime, reflecting the cumulative effects of its 

complex geodynamic evolution (Kiratzi and Dimakis, 2013; Ormeni et al. 

2024). 
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Fig.6. a) Seismicity of the Kurbnesh–Kukës–Prizren fault; b) Seismicity of the 

Kurbnesh–Kukës–Prizren fault shown on Geologic Map of Albania (1978). 

 

The coexistence of normal and thrust faulting at structural junctions is 

a phenomenon well-documented in other orogenic belts. In the Albanides, 

the deformation regime is characterized by a combination of extensional 

and contractional structures, where rheological and geological contrasts 

between carbonate mountain massifs and adjacent basins play a key role 

in the spatial partitioning of tectonic stress (Copley et al. 2009). Focal 

mechanism solutions along major fault segments, particularly at 

intersections with longitudinal systems in northeastern Albania, indicate a 

dominance of thrust or reverse faulting, whereas adjacent segments exhibit 

normal faulting consistent with regional extension (Muço, 1994; Ormeni 

et al. 2022). The most recent focal mechanism catalogue for Albania 

confirms this complexity, showing that although normal faulting 

dominates contemporary deformation, oblique-slip and strike-slip 

mechanisms occur frequently, clustered primarily at structural 

intersections and zones of high topographic or lithological contrast 

(Ormeni, 2022). 
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3.2 SEISMIC ACTIVITY ANALYSIS IN THE ALBANIA–

KOSOVO REGION ALONG THE TRANSVERSAL K–K–P ZONE 

The seismic activity of the region was analyzed through a 

comprehensive spatiotemporal assessment of earthquake catalogs along 

the Kurbnesh–Kukës–Prizren (KKP) fault zone. The earthquake database 

compiled for this study spans the period 1968–2023 and comprises 2,355 

events along the KKP fault system. Epicentral locations of earthquakes 

with magnitudes in the range1.0 ≤ ML ≤ 5.2, as well as significant events 

with ML > 4.0, are illustrated in Figures 7a and 7b. To characterize seismic 

behavior along the KKP fault zone, key statistical parameters were 

calculated, including temporal histograms of earthquake occurrence, 

spatiotemporal variations in the seismotectonic b-value, annual 

probabilities of occurrence, and recurrence intervals (Ormeni et al. 2024). 

The structural interpretation is based on an integrated analysis of multiple 

seismotectonic parameters, including the spatial distribution of epicenters, 

their linear alignment, the distribution of aftershock sequences of 

moderate-magnitude earthquakes along the structural trend, spatial 

variations in the b-value, and the kinematic orientations of focal 

mechanisms. 
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Fig.7. (a) Epicentral distribution of all events with ML > 4.0, (b) epicentral 

distribution of all events with ML > 0.5 in the K–K–P fault zone, 1968–2023 

(Ormeni et al. 2024). 
 

Magnitude histograms for the Kurbnesh–Kukës–Prizren (KKP) fault 

zone indicate a magnitude range of 0.4 to 5.2, with earthquake frequency 

exhibiting an exponential decay. The majority of events fall within the 

magnitude range of 1.6 to 2.7 (Fig. 8), whereas the highest frequency 

occurs within the ML = 2.1–2.4 interval (Ormeni, 2024). 
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. Earthquake magnitude histograms in and around the K–K–P fault zone 

(Ormeni et al. 2024). 
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Temporal variations in the completeness magnitude (Mc) are a means 

to address an accurate estimation of the seismotectonic b-value the annual 

probabilities of occurrence and recurrence intervals (Öztürk and Ormeni, 

2021). In the study area, Mc ranged between 2.1 and 2.5 until 2012, 

decreased to approximately 1.2 at the beginning of 2022, and subsequently 

fluctuated between 1.2 and 2.4 after 2023. It is well established that 

temporal variations in Mc are often unstable; therefore, its evaluation 

represents a fundamental first step in seismic analysis, as it is a key 

parameter for reliable b-value estimation (Ormeni et al. 2023). 

The frequency–magnitude distribution of earthquakes is effectively 

described by the Gutenberg–Richter (G–R) relationship. For the 

Kurbnesh–Kukës–Prizren (KKP) fault, the b-value was determined to be 

0.87 ± 0.08 with Mc = 2.3 (Ormeni et al. 2023). Globally, b-values range 

between 0.3 and 2.0 across various tectonic settings. The mean b-value is 

typically close to 1.0 (Frohlich and Davis, 1993), with tectonic earthquakes 

generally exhibiting values between 0.5 and 1.5. Lower b-values are 

commonly associated with low crustal heterogeneity and higher stress 

concentrations in the region (Ormeni et al. 2025; Frohlich and Davis, 

1993). 

Spatial variations in the b-value along the KKP fault zone were 

estimated to range between 0.83 and 1.04 (Fig. 9). Higher b-values (>0.96) 

occur in the northeastern Kishaj–Nashec segment and along the Kukës–

Vërmic–Prizren belt, whereas lower values (less than 1.0) are observed in 

the southwestern Kurbnesh–Skavicë segment. The lowest values, ranging 

from 0.80 to 0.86, are identified in the Fushë-Lurë–Lajthizë–Rreps area 

and the Skavicë–Harren–Domgjon belt. In other segments, b-values range 

from 0.90 to 0.95. 

Fault segments characterized by lower b-values indicate zones where 

larger-magnitude earthquakes are more likely to occur, potentially 

reflecting low structural heterogeneity combined with elevated tectonic 

stress accumulation along the KKP fault zone. Monitoring regions with 

anomalously low b-values can therefore provide critical insights into 

seismic potential along the fault system. Accordingly, particular attention 

should be given to these segments in regional seismic hazard assessments 

(Ormeni et al. 2023; 2025) (Fig. 9). 
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Fig. 9. Map of the b value in the K–K–P fault zone, estimated using the maximum 

likelihood method (Ormeni, 2024). 

 

 

4. CONCLUSIONS 

The following conclusions could be drawn:  

 Geodynamic and Structural Framework: The geologic–tectonic 

framework of Albania and Kosovo is governed by the complex evolution 

of the Dinaric–Albanide–Hellenide arc. Within this framework, the 

Albanides are subdivided into External and Internal units characterized by 

diverse lithological compositions and multiphase tectonic histories. The 

Kurbnesh–Kukës–Prizren (KKP) fault zone occupies a central position 

within the Internal Albanides, linking the Mirdita and Korabi zones across 

the transboundary region into Kosovo. This fault zone has experienced 

successive orogenic phases spanning from the Jurassic to the Cenozoic 

(Paleogene–Neogene), resulting in highly overprinted structural 

architectures. 

Kinematic Heterogeneity and Strain Partitioning: The KKP fault 

system constitutes a major active tectonic structure in northeastern Albania 
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and western Kosovo, where geological, structural, and seismological 

datasets collectively define its role within the regional deformation 

framework. The fault system is segmented into distinct sections with 

varying orientations and kinematic behaviours, reflecting a complex 

interplay of strike-slip, reverse, and locally developed normal faulting. 

Stress Intersection Mechanics: Along most of its length, the KKP 

transverse fault system predominantly exhibits normal faulting, which is 

indicative of the contemporary extensional stress regime in the region. 

However, at its structural junction with the Tërnovë–Qafë Murrë–Lurë–

Kukës longitudinal fault system, local strain transfer results in localized 

contractional thrust and strike-slip mechanisms that act as localized stress 

adjustments to the regional extension. This demonstrates that the 

intersection functions as a critical strain transfer zone. 

Tectonic Inversion: Historically, the region evolved from an 

ancestral contractional regime—responsible for the development of major 

fold-and-thrust structures—to the contemporary extensional regime, 

reflecting a clear tectonic inversion and the changing geodynamics of the 

Western Balkans. 

Seismotectonic Parameters: Statistical seismological analysis yields 

a Gutenberg–Richter b-value of 0.87±0.08 with a completeness magnitude 

(Mc) of 2.3. Spatial variations reveal pockets of anomalously low b-values 

(down to 0.80), suggesting elevated crustal stress accumulation along 

locked segments of the KKP fault zone. Contemporary assessments 

indicate that the KKP fault system is capable of generating earthquakes of 

higher magnitude than those accommodated in existing seismic hazard 

maps. 

Geodetic Constraints: Geodynamic models and contemporary 

GNSS/GPS velocity vectors confirm slow but continuous relative plate 

motion across the region, directly driving the crustal stress accumulation 

responsible for modern earthquake generation. 

Hazard Mitigation Implications: A detailed, high-resolution re-

evaluation of localized geological and seismic hazards along the KKP fault 

system is strongly recommended. These updated hazard parameters are 

critical for directing safe urban expansion, evaluating critical infrastructure 

planning, and updating natural hazard risk management models across 

both nations. 
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ABSTRACT 

The Albanides form a segment of the southern Alpine orogenic belt, connecting 

the northern Dinarides to the southern Hellenides. These NW–SE-trending, 

predominantly west-verging chains border the eastern Adriatic Basin, where thrust 

and strike-slip structures influence coastal and offshore sectors, necessitating accurate 

seismic potential estimates. While historical and instrumental data confirm intense 

seismicity in western Albania and its offshore areas, gaps remain in current seismic 

hazard models. To better characterize potential seismogenic sources, we analyzed the 

region's principal tectonic features, emphasizing surface evidence and potential 

surface-faulting effects. The study focuses on the highly exposed sector between the 

Kruja thrust front, the Tirana Plain, and the Adriatic coast—an area marked by 

significant urban, commercial, and touristic development. This seismic landscape is 

shaped by Quaternary-to-recent activity along the Shijak thrust and Vora backthrust, 

which have disrupted and reorganized the fluvial network, as evidenced by multiple 

river diversions and wind gaps. Although previous studies consider the Kruja thrust 

front sealed by Upper Miocene molasse and Pliocene sequences, we identified 

evidence of potential Quaternary activity along its front, likely associated with 

secondary gravity-driven processes. Additional Quaternary-to-recent compressional 

deformation and localized uplift are documented along the Makaresh anticline and 

Fushë-Kruja hills, indicated by an endorheic basin and both local- and basin-scale 
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fluvial diversions. Our data suggest that historical and instrumental seismicity may 

not capture the maximum seismic and surface-faulting potential of the area. This 

underscores the necessity of integrating surface geological evidence into seismic 

hazard models to improve risk assessment and mitigation strategies for communities 

exposed to earthquake and potential tsunami hazards. 
 

Keywords: seismic landscape; tectonic uplift; drainage control; fluvial diversion; 

wind gap; uplift-driven relief 
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1. INTRODUCTION 

Western Albania represents a highly seismically active region within 

the broader Dinarides–Albanides–Hellenides orogenic belt, shaped by 

ongoing convergence between the Adriatic microplate and the Eurasian 

plate. This convergence, active since the Jurassic, has driven the formation 

of the south-eastern branch of the Alpine orogen, expressed as a NW–SE-

trending, southwest-verging thrust-and-fold belt system, and continues to 

control present-day tectonic activity. This geodynamic framework has 

resulted in a complex geological and tectonic setting, which is clearly 

reflected in recent morphotectonic features observable at the surface. 

These structures provide critical insights for seismic hazard assessment 

and the identification of active tectonic processes. 

Despite the increasing attention given to active tectonics in the region, 

significant gaps remain in the systematic identification and 

characterization of active fault systems and associated surface 

deformations—data that are essential for improving seismic hazard 

assessment. 

In this study, we focus on the western sector of Albania, while 

complementary contributions within the same volume address the southern 
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and eastern seismic provinces (Piccardi et al. 2025). In addition, a new 

comprehensive seismic catalogue covering Albania and the surrounding 

regions is presented by Vittori et al. (2025). 

The objective of this study is to investigate the morphotectonic 

signatures of active tectonics in western Albania, with particular emphasis 

on identifying active faults and folds capable of generating near-surface 

deformation or surface ruptures. The recognition of such features is crucial 

for improving the understanding of seismotectonic behaviour and for 

refining regional seismic hazard models. 

Major urban centres within the study area—including Tirana, Kruja, 

and Durrës—characterized by historical cores and densely populated 

districts, have undergone rapid industrial, commercial, and tourism-driven 

development in recent decades, substantially increasing their exposure to 

seismic hazards. However, much of this expansion has occurred without 

adequate risk mitigation strategies. In particular, tourism has driven 

extensive construction along coastal zones, further increasing exposure to 

natural hazards, including tsunamis. This additional risk must be 

incorporated into a comprehensive disaster mitigation framework. Raising 

awareness among residents and tourists, alongside the implementation of 

effective early warning systems and evacuation plans, is essential to ensure 

timely response and to minimize potential human and material losses. 

To investigate active tectonic structures, we adopt an integrated 

approach that combines geological and tectonic data, seismicity analysis, 

remote sensing techniques, geomorphological interpretation, and field 

verification. Particular emphasis is placed on morphotectonic analysis, 

which highlights the strong tectonic control on landscape evolution 

associated with active faulting. This approach involves the identification 

of key geomorphic indicators, including fault scarps, uplifted sectors, 

structurally controlled drainage patterns, and deflected channels along 

active faults. It also documents features such as closed basins, abandoned 

stream channels, river capture and diversion processes, and drainage 

damming, all of which are used to evaluate the influence of tectonics on 

drainage organization and landscape development. 

This integrated methodology enables the identification of long-term 

evidence of tectonic activity, supports the recognition and characterization 

of major active faults—including a preliminary assessment of their seismic 

potential—and facilitates the delineation of zones of ongoing deformation. 

The results suggest that historical and recent seismic events may not fully 

represent the maximum seismic hazard potential of the area. 
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Morphotectonic evidence points to the presence of additional seismic 

sources whose capacity may be underestimated. Further refinement of this 

assessment requires detailed field investigations and paleoseismological 

studies. 

 

1.2 Geological and tectonic framework  

The study area extends from the relief bordering the eastern margin of 

the Tirana–Kruja plain to Durrës and the Adriatic coast (Fig. 1). The region 

lies within the external Albanides and is affected by long-term 

convergence between the Adriatic (Adria) microplate and Eurasia. This 

convergence is generally interpreted as part of the closure of the Neotethys 

(Western Vardar–Meliata ocean), which began during the Mesozoic (Late 

Jurassic; Bortolotti et al. 2005; Schmid et al. 2008; Richter et al. 2025), 

marking the onset of oceanic subduction. However, the external 

Albanides—including the Tirana–Kruja–Durrës sector—were involved 

only in the later stages of this convergence, particularly during the 

Miocene, when continental collision led to the development of the fold-

and-thrust belt (Velaj et al. 1999; Nieuwland et al. 2001; Roure et al. 2004; 

Mazzoli et al. 2008; 2022; Aliaj et al. 2010; Velaj, 2012; Handy et al. 

2019). Continental subduction has driven NE–SW shortening since the 

Late Cretaceous, resulting in the decoupling of Meso–Cenozoic 

sedimentary sequences along Triassic evaporites and the development of 

thin-skinned thrusting and frontal accretion. In addition, deeper 

involvement of continental lithospheric slices within the orogenic wedge 

occurred through crustal underplating (thick-skinned tectonics), 

particularly during slab rollback, with crustal-scale ramps mainly 

developing over the last 6–5 Ma (Rossetti et al. 2024). 

Sedimentary and compressional processes have led to the definition 

of three main tectonic units, bounded by regional thrust systems: the 

Krasta–Cukali, Kruja, and Ionian zones (Fig. 1). In the coastal sector, the 

Peri-Adriatic Depression developed as a foredeep in front of the external 

Albanides thrust belt (Fig. 1). 

The active NE–SW compressional regime, possibly related to slab 

break-off processes (Handy et al., 2019 and references therein), is 

expressed by a NW–SE-trending fold-and-thrust belt characterized by 

predominantly SW-verging thrusts and subordinate backthrusts (Caporali 

et al. 2009; Jouanne et al. 2012; Vittori et al. 2021). Along the 

contractional front of the southern Dinarides fold-and-thrust belt in 
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Montenegro, active normal faults with well-preserved bedrock scarps have 

also been documented (Biermanns et al. 2022), indicating that extensional 

structures may coexist with a dominantly compressional regime. 

The continuity of the Albanides along strike is disrupted by three major 

transverse, roughly NE–SW-trending lineaments whose tectonic 

significance remains debated: the Shkodër–Peja, Lezha, and Vlora–

Elbasan fault zones. Seismological, GPS, and field data suggest that 

normal faulting along the Shkodër–Peja zone since the Neogene was 

preceded by earlier right-lateral strike-slip kinematics (Frashëri et al. 2012; 

Jouanne et al. 2012). Schmitz et al. (2025) further document post-Eocene 

brittle normal faulting along this zone, identifying two main phases of 

activity: one in the Early Oligocene and another in the Late Miocene. It 

has been proposed that the Shkodër–Peja transverse zone is controlled by 

slab geometry and tearing of the subducting Adriatic lithosphere (Handy 

et al. 2019), whereas D’Agostino et al. (2020) interpret it as a long-lived 

strike-slip transfer zone marking the northern limit of Aegean rotation, 

acting as a stable hinge between the rigid Adriatic–Dinaride lithosphere 

and the deforming Hellenic back-arc system since the Miocene. The Lezha 

fault zone (Aliaj et al. 2000) separates Plio–Quaternary thrust-and-fold 

belts with different structural orientations: NW–SE in the north (Dinaride 

trend) and NNW–SSE in the south. It also coincides with a sharp gradient 

in the GPS velocity field (Jouanne et al. 2012). Farther south, the SW–NE-

trending Vlora–Elbasan lineament (VEL) (e.g., Roure et al. 2004) 

approximately marks the boundary between the Ionian domain and the 

Peri-Adriatic Basin of the external Albanides. The tectonic framework is 

locally influenced by evaporite diapirism, which acts both as an 

autonomous geodynamic process and as a factor interacting with major 

tectonic structures at the local scale (Velaj et al. 1999; Velaj, 2001; Prifti 

et al. 2018). 

Deformation is mainly accommodated by blind reverse faults affecting 

Pliocene–Quaternary sediments, consistent with a thin-skinned tectonic 

style (Velaj, 2001; 2011; Roure et al. 2004; Mazzoli et al. 2008, 2022; 

Rossetti et al. 2024). Seismological and geodetic evidence, particularly 

from the 2019 Durrës earthquake (Mw 6.4), indicates that this 

compressional regime remains active, with strain accumulating and being 

episodically released along buried thrust systems at low but persistent 

convergence rates of a few mm/yr (D’Agostino et al. 2008; Jouanne et al. 

2012; Govorčin et al. 2020; Teloni et al. 2021; Vittori et al. 2021; 

Theodoulidis et al. 2022; Matraku et al. 2023). Accordingly, the present-
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day tectonic framework of the western Albanian margin is dominated by 

southwest-directed crustal shortening, which controls ongoing seismicity 

concentrated mainly within the external compressional structures of the 

Ionian and Adriatic domains. 

 

1.3. Historical and instrumental seismicity  

The intense seismicity characterizing Albania is well documented by 

historical catalogues (Aliaj et al. 2010; Guidoboni et al. 2019; Vittori et al. 

2025) and instrumental records (e.g., Ormeni et al. 2022). Within the study 

area, twelve earthquakes with magnitude M > 6 have been identified since 

Roman times, seven of which occurred during the last two centuries. The 

1270 earthquake represents the earliest sufficiently documented event of 

this magnitude, causing severe damage and numerous casualties in 

Dyrrachium (modern Durrës), with an intensity of IX–X on the MCS scale. 

For this event, Guidoboni et al. (2019) estimated an equivalent magnitude 

(Me) of 6.2, derived from macroseismic observations (Fig. 1). 

Contemporary accounts describing “violent vertical movements” suggest 

that the causative fault was located very close to the city. A less well-

documented earthquake (Me 6.2) struck Kruja in 1617, reaching intensity 

VIII (MCS; Sulstarova and Kociu, 1975). Subsequently, several 

earthquakes with Mw > 6 affected the Durrës–Tirana region during the 

nineteenth century, the strongest occurring in 1870 (Mw 6.7; Papazachos 

and Papazachou, 2003). The most recent major seismic events occurred 

near Durrës in 1926 (IX MSK, Mw 6.1) and 2019 (VIII–IX EMS, Mw 6.4) 

(IGEWE, 2019; Ganas et al. 2020; Vittori et al. 2021; 2025). 

During the 2019 earthquake, the relatively deep hypocenter (≥ 20 km) 

prevented the development of coseismic surface faulting; instead, tectonic 

uplift/subsidence and westward displacement were the primary effects 

(Vittori et al. 2021). Field investigations (Lekkas et al. 2019; 

Papadopoulos et al. 2020; Mavroulis et al. 2021; Vittori et al. 2021) 

documented widespread secondary phenomena, including ground 

fissuring, liquefaction, and lateral spreading. Focal mechanism solutions 

consistently indicate a predominance of compressional tectonics (Ormeni 

et al. 2022, and references therein). 

According to the EMTC tsunami catalogue (version 2; Maramai et al. 

2019), no tsunami events have been recorded in northwestern Albania. In 

contrast, six events are documented in southern Albania, associated with 

onshore earthquakes in 1833, 1851, January 1866, March 1866, 1893, and 
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1920. These events are primarily linked to ruptures along the Vlorë–

Elbasan line and to thrusting within the Ionian Zone over the Sazani Zone 

(Maramai et al. 2019; Piccardi et al. 2025). Notably, the 1920 event is 

described as very strong and “heavily damaging,” reaching intensity VIII 

on the Papadopoulos–Imamura tsunami intensity scale, and causing 

significant coastal damage, including inundation of the Gulf of Vlorë and 

Sazani Island (Morelli, 1942). 

 

 
Fig. 1. (a) Simplified geological map of northwestern Albania showing major 

historical earthquakes, modified from Vittori et al. (2021). (b) Tectonic cross-section 

of northwestern Albania illustrating the complex structural framework dominated by 

the interaction of the Krasta–Cukali, Kruja, and Ionian zones within a compressional 

regime associated with southwest-directed crustal shortening. PQ – Pliocene–

Quaternary; MC – Miocene terrigenous deposits; OG – Oligocene terrigenous 

deposits; JEb – Jurassic–Eocene carbonates (Albanian Basin); JEp – Jurassic–

Eocene carbonates (platform); TRe – Triassic evaporites; ITb – Infra-Triassic 

basement; KZ – Krasta Zone (ultramafic rocks). KT – Kruja Thrust; VT – Vorë 

Thrust; ST – Shijak Thrust; DT – Durrës Thrust; DOT – Durrës Offshore Thrust; 

MA – Makaresh Anticline; FK – Fushë-Kruja Anticline. The bold red line represents 

the inferred rupture zone of the 2019 Mw 6.4 Durrës earthquake. 
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2. METHODOLOGY 

Seismic hazard assessment is primarily based on the analysis of both 

historical and instrumental seismicity. Although recent earthquakes often 

attract greater attention and shape the perception of regional hazard, a 

comprehensive evaluation requires consideration of the complete seismic 

record of the area. However, the limited temporal coverage and 

incompleteness of historical datasets represent significant constraints for 

robust hazard assessment and risk mitigation planning. In this context, 

geological, morphotectonic, and paleoseismological investigations—

capable of identifying and characterizing past earthquake evidence 

preserved in the geological record—provide essential constraints for 

extending seismic histories beyond instrumental and historical 

observations. In western Albania, several major active structures, 

predominantly thrust and transfer faults, have been identified; 

nevertheless, their seismogenic potential remains insufficiently 

constrained. 

To address this gap, we first conducted a critical review of available 

geological and tectonic data and analyzed the spatial distribution and 

characteristics of both historical and instrumental seismicity derived from 

national and international seismic catalogues. This analysis enabled the 

identification of spatial patterns and the recognition of potential 

seismogenic sources, including the main active fault systems documented 

in the literature. 

To improve the identification and characterization of active faults and 

folds capable of generating earthquakes and associated surface or near-

surface deformation, we adopted an integrated, multi-disciplinary 

approach combining geological and tectonic data, geospatial analysis, 

remote sensing, morphotectonic investigation, and field observations. 

Particular attention was devoted to the identification of neotectonic 

features within the landscape and to the mapping and characterization of 

active structures in the western sector of Albania. 

The initial phase consisted of a tectonic–geomorphological analysis 

based on remote sensing techniques, including the detailed interpretation 

of satellite and aerial imagery, supported by the processing of Digital 

Elevation Models (DEMs). This phase also involved the review and 

comparative analysis of existing topographic maps, historical aerial 

photographs, and geological maps. The preliminary interpretations derived 

from remote sensing were subsequently validated through targeted 
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morphostructural field surveys aimed at refining and verifying the 

identified features. Multiple DEM datasets of varying spatial resolution 

were collected and processed, including the ALOS 3D World DEM (30 m 

resolution), the SRTM DEM (30 m resolution; NASA JPL, 2013), and the 

Copernicus EU-DEM (10 m and 30 m resolution). In selected areas—

particularly low-relief sectors such as the Erzen and Ishëm river plains—

high-resolution LiDAR data were obtained from the ASIG (Albanian State 

Authority for Geospatial Information) geoportal. These high-resolution 

datasets enabled detailed mapping of subtle geomorphological features, 

such as fault scarps, displaced fluvial terraces, and drainage anomalies. 

Topographic maps and aerial photographs from different periods and 

scales were analyzed to detect recent landscape changes and geomorphic 

indicators of tectonic activity. All datasets were processed within a GIS 

environment to derive morphometric parameters, including slope, aspect, 

curvature, and drainage network configurations, which are indicative of 

active tectonics. These analyses contributed to reconstructing the 

morphotectonic evolution of the study area and to validating observed 

deformation features. 

Finally, geological and morphostructural field investigations conducted 

in selected key areas confirmed the presence of active faults and provided 

critical constraints on their geometry, kinematics, and seismic potential. A 

specific morphometric analysis was performed along the exposed Kruja 

thrust front and across the main river valleys intersecting it, following the 

methodology proposed by Bull (2007). This analysis included the 

calculation of the mountain-front sinuosity index (J) and the valley floor 

width-to-height ratio (Vf), which are widely used proxies for assessing the 

relative tectonic activity of mountain fronts. 

 

3. RESULTS  

The results presented in this section illustrate representative examples 

of the major tectonic lineaments affecting the area between the Kruja thrust 

front, the Tirana Basin, and the Adriatic coast. The landscape extending 

from the Kruja thrust front to the coastline is characterized by NW–SE-

trending active folding, expressed as narrow anticlines and broad 

synclines. This structural configuration gives rise to a series of alternating, 

sub-parallel ridges and lowlands that exert a strong control on the 

hydrographic network (Fig. 2a). Thrust-related ridges are commonly 

bounded by active thrust faults along their western flanks and/or by 
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backthrusts on their eastern sides, reflecting the overall compressional 

tectonic regime. The Tirana–Thumanë synform, infilled by Late Miocene–

Pliocene molasse deposits and overlain by Quaternary fluvial sediments, 

forms a wide depression structurally controlled by the interaction between 

the frontal structures of the Kruja thrust system to the east and the Vorë 

backthrust to the west. Further west of the Vorë ridge, the course of the 

Erzen River is locally deflected and structurally guided by the shallow 

(sub-cropping) trace of the Shijak thrust, highlighting the ongoing 

influence of active tectonics on fluvial dynamics. 

 

 
Fig. 2: (a) Morphological evidence of active tectonics in W Albania. Red lines: 

thrusts (empty teeth: backthrusts). Geological Units from 

https://geoportal.asig.gov.al/en/data: 1-Holocene. Alluvial sediments: silts, sands, 

gravels; 2 - Lower Pliocene. Clays, siltstones, sandstones; 3 - Tortonian- Messinian. 

Sandstones, clays, conglomerates, limestones, and evaporites; 4- Lower Oligocene. 

Clay-siltstone-sandstone flysch with slumping layers and limestone olistoliths; 5 - 

Eocene. Biomicritic and turbidite limestones in the Ionian and Kruja zones; 6 - 
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Upper Cretaceous. Limestones with rudists and dolomitized limestones in the 

Sazani, Kruja, Mirdita zones; 7 - Upper Triassic-Lower Jurassic. Limestones with 

megalodontes. (b) Copernicus 10 m DTM detailing the morphotectonic features of 

the anticlines in front of Kruja thrust.  The white box locates the area of Fig 9.  (c) 

Topographic profile across the Tirana Basin (trace A-B in (a)). Vertical 

exaggeration 4:1. 

 

3.1.  Kruja Zone thrust front 

The Kruja Zone is mainly composed of Cretaceous platform carbonates 

and Paleocene–Eocene shallow-water deposits, detached along weak 

horizons (Aptian shales or anhydrites levels) and organized into a stack of 

duplexes (Roure et al. 2004; Velaj, 2012). These structures are constrained 

by drilling and seismic data and are also expressed at the surface in the 

Makaresh and Dajti anticlines (Roure et al. 2004; Aliaj, 2006; Silo et al. 

2010; Velaj, 2011; Bega, 2013). Oligocene flysch deposits record the 

flexure of the Adriatic foreland and the incorporation of the Kruja domain 

into the Albanides foredeep. The Kruja carbonate units were transported 

southwestward and emplaced over the Oligocene flysch and the Ionian unit 

during the Burdigallian (Nieuwland et al. 2001; Roure et al. 2004; Jardin 

et al. 2011).  

Tortonian to Pliocene transgressive unconformity sediments, deposited 

in piggyback basins, indicate thrust emplacement in the Outer Albanides 

continuing during the Neogene. The main activity of the Kruja thrust 

system is considered sealed by the Tortonian–Messinian unconformity 

(Nieuwland et al. 2001; Roure et al. 2004), followed by an out-of-sequence 

phase of activity along the internal Kruja thrust (Jardin et al. 2011). Aliaj 

(2006), Silo et al. (2010), and Meçaj et al. (2018) report significant 

deformation and displacement of the Miocene molasse deposits associated 

with the activity of the buried Makaresh and Fushe-Kruja thrusts, as well 

as more subtle deformation and offset affecting the base of the Pliocene 

transgressive sequence in the Tirana piggyback basin succession. This 

confirms the activity of the Kruja thrust system at least up to the early 

Pliocene, while also suggesting a progressive decrease in tectonic activity 

and a transition toward a more stable or less intense deformation regime 

during post-Miocene times. Quaternary activity along the Kruja thrust 

front is inferred to be limited to deep seismicity, as no clear surface 

evidence has been identified by now. This study aims to evaluate the 

presence of evidence for such recent activity. 
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In detail, the Kruja thrust front consists of four main imbricate thrusts, 

including an outcropping internal thrust and a basal thrust, which enclose 

a stack of thrusts buried beneath the Tirana wedge-top basin deposits (Fig. 

1B). These deposits are deformed at the surface by the NW–SE-oriented 

Makaresh anticline, and at depth by the Fushë-Kruja and Ishëm thrusts 

(Silo et al. 2010). The main outcropping thrust (Dajti-Kruja) bounds with 

a NW-trending rectilinear front the Dajti mountain ridge for ca. 50 km (Fig. 

2, 3a). The very steep and rectilinear fault scarp, located just above the 

tectonic contact between the Mesozoic limestones and the underlying 

Oligocene flysch deposits, suggests that neotectonic activity plays a 

significant role in shaping the present-day morphology, slope evolution, 

and geomorphic expression of the fault zone. 

Morphometric analysis carried out on the thrust front and the major 

river valleys crossing it appears to confirm this role, as indicated by the 

low value of the mountain-front sinuosity index (J = 1.1) and the mean 

valley floor width-to-valley height ratio (Vf = 0.25), both estimated 

according to Bull (2007).  The mean Vf index was calculated from Vf 

values derived for 10 river valleys crossing the Kruja thrust (Fig. 3). The 

most representative valleys are those associated with major rivers (Lanes, 

Tiranes, Terkuzes, Drojes), where erosional processes are expected to be 

more active (Sectors 1- 6 in Fig. 3). However, to ensure a more objective 

assessment, minor river valleys were also included as additional indicators 

of tectonic activity (Sectors 7-10 in Fig. 3). A series of topographic profiles 

was analyzed across selected major valleys intersecting the Kruja thrust. 

The analysis was conducted from SE to NW. In each sector, valleys were 

examined over a 1 km stretch upstream of the thrust, ensuring lithological 

consistency, with cross-sectional profiles spaced at 50 m intervals. 

Topographic profiles were traced over lengths of approximately 4 km in 

sectors 1 to 6 and 2 km in sectors 8 to 10, ensuring that both the right and 

left drainage divides were crossed. Profiles were spaced at 50 m intervals, 

yielding a total of 210 profiles (Fig. 3 and 4).  For each topographic profile, 

the parameters required to calculate the Vf index were extracted, as 

reported in Table 01. In addition, the J index was calculated as the ratio 

between the length of the Kruja thrust trace and the total linear length of 

the thrust front between the same reference points (Kruja thrust line), 

yielding a value indicative of a highly linear fault scarp associated with the 

Kruja thrust (Fig. 4). 
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Fig. 3 - Location of the ten investigated river valleys crossing the Kruja thrust front, 

indicated as sectors 1 to 10. Each close-up panel shows the trace of the topographic 

profiles used for extracting the parameters defining the Vf index. A series of profiles 

were traced across the main valleys intersecting the Kruja thrust, starting from the 

thrust trace and extending 1 km upstream, ensuring consistent lithology along each 

profile. The profiles were traced over lengths of approximately 4 km in sectors 1 to 

6 and 2 km in sectors 7 to 10, ensuring that both the right and left drainage divides 

were crossed. Profiles were spaced at 50 m intervals. The number shown on each 

profile line represents the profile ID and corresponds to the list in Table 01. 

Parameter extraction was performed using the Copernicus 10 m resolution DTM; a 

dedicated QGIS tool, developed as a Python script, was used to analyse the DTM 

along the profile lines. 
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Fig. 4 - a) Comparison between the length of the Kruja thrust trace (red line, about 

58 km in length) and the total linear length of the thrust front (Kruja thrust line; 

purple dashed line, about 54 km in length), measured between the same reference 

points. b) Example of two topographic profiles identified as Id39 and Id53 (the full 

list of profiles and related parameters is provided in Table 01), with an indication of 

the measured parameters used for the calculation of the Vf index. Id – identifier of 

the profile line; AVF – altitude of the valley floor;  ALD – altitude on the left 

watershed divide; ARD – altitude on the right watershed divide; VFW– valley-floor 

width, defined as the distance between the two valley flanks; measured based on 

slope breaks identified from variations in the tangent of the slope angle; VFR – Vf 

index—valley-floor width-to-mean height ratio, defined as the ratio between valley-

floor width and the mean relief between the valley floor and the watershed divides. 
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Table 01 - List of profile lines with the corresponding extracted parameters for the 

calculation of the Vf index. The locations of the profile lines are shown in Fig. 3. 

Distance and altitude values are in meters. 
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Field survey observations confirm the rectilinear morphology of the 

Dajti Mountain slope, particularly in the sector southeast of the town of 

Kruja, where a pronounced morphological scarp is evident (Fig. 5a). This 

scarp is locally accentuated by extensional fault planes associated with the 

gravitational evolution of the Kruja thrust front. The contact with the 

underlying flysch deposits in the footwall is mantled by breccia deposits 

containing large carbonate boulders, generated by rockfall, toppling, and 

rock avalanche processes. These slope deposits are characteristic of the 

geomorphic evolution of an active thrust front. However, no direct 

evidence was observed indicating that these deposits are currently involved 

in thrust activity. A possible exception occurs at the outlet of the Tirana 

River, where it intersects the thrust front and forms a prominent gorge (Fig. 

5b). At this location, the structural relationship between the thrust surface 

and the overlying Quaternary deposits, which rest upon folded and steeply 

inclined Oligocene flysch, remains insufficiently constrained based on the 

available data and field observations. 
 

 
 

Fig. 5: (a) Landscape view of the Dajti Mountain slope, southeast of the town of 

Kruja. The view is from NW. (b) The Kruja-Dajti thrust front at the outlet of the 

Tirana River, showing the contact between the Upper Cretaceous carbonate rocks in 

the hanging wall and the Oligocene flysch deposits in the footwall. Red arrows mark 

the sector where potential involvement of slope deposits in the thrusting process 
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needs to be verified through further investigation. (c) Quaternary normal fault 

observed along the road “Rruga e Malit”, from Kruja to Mount Flamurit 

(culmination of the ridge back to Kruja town;(Lat 41.517145°N, Lon.19.794541°E). 

(d) Line drawing of the photo in the panel (c) showing the trace of the normal fault 

and the triangular geometry of the Quaternary deposits against the fault suggesting 

the occurrence of a “Colluvial wedge”. The bedrock consists of Upper Cretaceous 

limestones. 

 

In the frontal zone northwest of Kruja, along “Rruga e Malit” (the road 

connecting Kruja to Mount Flamurit, marking the culmination of the ridge 

behind the town), just outside the historical center, a southwest-dipping 

Quaternary normal fault has been identified (Figs. 5c and d). This structure 

is interpreted as a secondary feature within the thrust system, likely related 

to gravitational collapse processes affecting the thrust front. The fault 

offsets both the Upper Cretaceous limestone bedrock and the overlying 

Quaternary breccia deposits, indicating activity during the Quaternary. The 

wedge-shaped geometry of the Quaternary deposits adjacent to the fault is 

consistent with the presence of a colluvial wedge, interpreted as material 

derived from the progressive degradation of a fault scarp generated by 

coseismic surface faulting (Fig. 5d). However, no evidence of fault 

displacement is observed within the most recent slope deposits, and no 

clear surface scarp is currently preserved, suggesting a lack of recent 

reactivation. In the surrounding area, localized warping or gentle folding 

of slope breccia deposits points to possible structural complexity. Further 

detailed investigations are required to better constrain their geometry and 

to assess any potential relationship with recent or ongoing activity along 

the thrust system 

Conversely, the morphological connection between the emergence of 

the thrust and the top surface of old Quaternary breccias outcropping under 

the old castle, now largely eroded, may suggest sealing and an overall 

uplift (Fig. 6). Overall, the available data appear to support limited 

Quaternary activity of the thrust, possibly expressed through secondary 

structures associated with frontal collapse processes; however, data are 

insufficient to either rule out or confirm ongoing activity, which may 

instead be associated with younger structures to the west.  At the foot of 

the Dajti-Kruja main thrust, an Early Oligocene-Late Miocene succession 

of mainly clay and sandstone deposits crops out, with a prominent bedding 

steeply dipping SW. The tectonic uplift has generated well-developed 

flatirons at the base of the ridge just NE of Tirana (Fig. 2).  
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Fig.6. Ancient breccia paleosurface connected to the present slope, showing no 

significant evidence of tectonic displacement. The morphological relationship 

between the emergence of the thrust and the upper surface of the older Quaternary 

breccias—exposed beneath the Kruja castle and now largely eroded—may indicate 

progressive sealing of the structure and overall uplift, rather than ongoing thrust 

activity. The viewpoint is located southeast of the Kruja historical center, along a 

track at the base of the thrust front escarpment. View direction: SE–NW. 

Coordinates: 41.502468° N, 19.804391° E. 

 
 

3.2. Makaresh anticline 
 

West of Kruja, crustal shortening associated with a more internal, 

buried thrust has generated the NW–SE-trending Makaresh anticline. Its 

growth is evidenced by significant disruption of the hydrographic network, 

including the development of small endorheic basins along its eastern 

flank, locally dammed drainage systems, and abandoned stream channels 

(Figs. 7 and 8). To the west, a smaller anticline likely represents the surface 

expression of a minor splay of the Makaresh thrust (Fig. 1b). In this sector, 

a hummocky topography may reflect a relative decrease in folding rates, 

while still indicating ongoing uplift (Figs. 2b and 2c). The hypothesis of 

continued uplift is further supported by local drainage anomalies. In 

particular, the drainage pattern shows a clockwise curvature and a 

northwestward diversion, as highlighted in Fig. 2b (white box) and detailed 

in Fig. 9. The river (orange arrows in Fig. 9), which originally flows 

southwestward from Makaresh Hill, is abruptly deflected by 

approximately 90° toward the north-northwest. This deflection is 

interpreted as a response to uplift of a topographic ridge located farther 

west. Additional support for this interpretation is provided by the presence 

of a wind gap (brown arrows in Fig. 9), marking a former (abandoned) 

fluvial pathway, indicative of drainage reorganization driven by tectonic 

processes. 
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Fig. 7: Left: Influence on drainage by growth of the Makaresh anticline. The 

drainage pattern in the sector between the Kruja thrust front and the culmination of 

the ridge of Mount Tolit, associated with the Makaresh anticline, is characterized by 

a large area with disorganized and endorheic drainage. This area is enclosed within 

the dotted red line. The black box indicates the area covered by the DEM shown in 

the figure on the right. Right: Close-up view of the endorheic area, showing two 

major abandoned stream beds (black arrows) and clear evidence of drainage 

damming (red arrow). 

 

 
 

Fig. 8: Panoramic view toward the west showing the endorheic basin, the two major 

abandoned stream beds, and the dammed drainage. The main river, the Droja River, 

is deeply incised into the sedimentary deposits, however due to tectonic control, the 

drainage flows in the opposite direction, toward the endorheic area. The endorheic 

basin exhibits a SE–NW elongated morphology, extending approximately 4 km in 

length and 1.7 km in width, with an estimated total area of 7.5 km². 

 

 



   76          Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026 

 
 

 
 

Fig. 9: Topographic profile across the Fushë-Kruja hills showing the effects of 

tectonic uplift on the local drainage network. The black line represents the trace of 

topographic profile A–B. The red arrow indicates tectonic uplift, the orange arrow 

marks fluvial diversion, and the brown arrow highlights a wind gap. Vertical 

exaggeration of the topographic profile is 4:1. 

 

The course of the Ishëm River, which constitutes the main drainage 

system of the Tirana–Thumanë synform, is strongly influenced by the 

Holocene activity of the principal tectonic structures (Fig. 2). In particular, 

its right-bank tributaries exhibit a marked deflection from an 

approximately E–W to a SE–NW orientation. This change in direction is 

interpreted as the result of a barrier effect produced by the uplift of the 

Vorë Ridge, coupled with subsidence in its footwall within the Tirana 

syncline. The western margin of the Ishëm River plain is bounded by the 

NW–SE-trending Vorë Ridge, whose uplift is associated with the activity 

of the NE-vergent Vorë backthrust. This structure is, in turn, linked to the 

deeper tectonic framework and is driven by the propagation of the buried 

thrust system of the Kruja thrust front (Fig. 1). 
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3.3. Vora backthrust  

The Vorë backthrust extends for approximately 25–30 km and is 

expressed by a remarkably continuous, rectilinear, and steep escarpment, 

despite being developed within relatively soft clastic lithologies (Fig. 2). 

The ridge crest corresponds to an uplifted and tilted paleosurface of the 

hanging wall, separating the Tirana–Thumanë syncline from the coastal 

Shijak syncline. Quaternary and ongoing uplift of the ridge is evidenced 

by a series of abandoned valleys. One of the most prominent is the valley 

currently occupied by the SH2 highway between Tirana and Durrës. This 

valley was initially incised during the Pleistocene by the Tërkuza River 

and later by the Tirana River, which once joined the Erzen River near 

Sukth (Fig. 2a). Subsequently, the valley was largely abandoned following 

drainage diversion toward the Ishëm River. A second major abandoned 

valley (wind gap), extending from Yzberisht to southwest of Vokël across 

the Yzberisht ridge, was formerly used by the Tirana and Lana rivers to 

flow southwestward into what is now the lower course of the Erzen River. 

These features indicate that both the Vorë–Sukth and Yzberisht–Vokël 

corridors once provided direct drainage pathways from the Dajti ridge to 

the Adriatic Sea. 

Additional evidence of backthrust activity is observed farther west, 

where the north–south flowing Peza River (location C in Fig. 2) is diverted 

westward as it becomes incised into the uplifting thrust front. Along the 

Erzen River, in the sector where it crosses the Vorë backthrust, a long-term 

incision rate of up to ~0.5 mm yr⁻¹ has been estimated, whereas the vertical 

offset of a paleoriver profile across the structure indicates a deformation 

rate of approximately 0.4 mm yr⁻¹ (Mugnier et al. 2024). Moreover, a 

major deviation of the Erzen River southwest of Tirana (the Tirana wind 

gap) has been attributed to drainage reorganization during the Holocene 

Climatic Optimum (Guzmán et al. 2023). 

The interaction between the Vorë backthrust and adjacent structures is 

further highlighted by the activity of the Shijak thrust. Uplift along this 

structure forces the Erzen River to flow along the eastern flank of the 

Shijak syncline, producing a sharp deviation near Pezë (location C in Fig. 

2). In the same area, a narrow, dry incision cuts across a small anticline 

developed on the hanging wall of the Shijak thrust. The progressive growth 

of this anticline has contributed to local damming effects, diverting the 

Erzen River from an original NE–SW course to a NW–SE orientation 

downstream of its confluence with the Peza River. The long-term eastward 



   78          Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026 

 
 

migration of the Erzen River is further evidenced by the systematic 

bypassing of its meanders, particularly near the villages of Shijak and 

Dushk. In this sector, a splay of the Shijak thrust likely uplifts a series of 

aligned hills that control the river’s northeastward shift, preventing its 

probable capture by the nearby Juba River (Fig. 2). Further downstream, 

minor compressional folds deform Early Pliocene silty–clay deposits at the 

mesoscale within the Erzen alluvial plain near its mouth (Fig. 10; location 

D in Fig. 2). The axial planes of these structures generally strike N40W, 

consistent with the regional structural trend. These observations indicate 

that, despite high sedimentation rates typical of alluvial environments, 

active compressional tectonics associated with the Shijak thrust continues 

to deform the surface and significantly influence landscape evolution. 

Notably, this area coincides with a zone of measurable uplift (up to ~11 

cm) detected by InSAR following the 2019 Durrës earthquake (Fig. 10; 

Vittori et al. 2021). This evidence suggests recent reactivation of the Shijak 

thrust and, together with the geometry and extent of the uplifted area, 

indicates that this structure may have acted as a secondary fault during the 

2019 event, whose main seismic source is inferred at a depth of 

approximately 25 km (Fig. 1). 
 

 
Fig. 10: (a) Surface deformation produced by 2019 Mw 6.4 Durres earthquake 

calculated from InSAR data (Vittori et al., 2021). Red colour indicates uplift, blue 

indicates lowering; white dashed lines represent deformation isolines (in cm); 
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yellow stars mark the epicentres of major events; the yellow box outlines the 

hypothesized source; the white star marks the outcrop of the folded deposits shown 

in panels (b) and (c). (b) Meso-scale folds deform Early Pliocene silty-clay deposits 

in the alluvial plain of the Erzen River, near its mouth (E in Fig. 2; white star in Fig 

10a). The axial planes generally strike N40W, consistent with the regional structural 

trend. (c) A close-up view of the fold. 

 

 

4. DISCUSSION 

Our analysis highlights evidence of active tectonics in the sector 

between the Kruja thrust front, the Tirana Plain, and the Adriatic Sea, 

based on the identification of several major, well-documented structures 

and their associated surface expressions of tectonic activity. We attempt to 

summarize, albeit somewhat speculatively, the possible significance of this 

evidence in terms of its contribution to seismic hazard assessment. 

Stratigraphic and structural constraints indicate that the Kruja thrust 

system was predominantly active during the Neogene (Roure et al. 2004), 

with deformation continuing into the early Pliocene (Aliaj, 2006; Silo et 

al. 2010). Regional seismic profiles suggest that major thrust activity was 

largely sealed by the Tortonian–Messinian unconformity, whereas out-of-

sequence deformation and post-Miocene reactivation are mainly confined 

to more internal structures (e.g., the Kruja–Dajti and Makaresh thrusts). 

Despite this, the pronounced morphological expression—

characterized by an approximately 50 km-long, abrupt scarp along the 

exposed Kruja thrust front—together with morphometric indices (J = 1.1; 

Vf = 0.25; Bull, 2007), indicates a well-preserved, linear structure 

consistent with sustained tectonic control on landscape evolution. 

Although such indices are not diagnostic on their own and may reflect 

lithological or erosional influences, their consistency across multiple 

catchments (ten river valleys crossing the thrust front), combined with the 

homogeneous lithology of Upper Cretaceous limestones, supports a 

dominant tectonic control on present-day morphology. 

Nevertheless, evidence for Quaternary activity along this tectonic 

element is very sparse and largely indirect. The absence of clear offsets in 

Quaternary slope deposits and the lack of related reverse fault scarps argue 

against sustained surface-breaking activity in the recent past. However, the 

occurrence of a SW-dipping normal fault affecting Quaternary breccias in 

the frontal zone is consistent with secondary deformation processes, 
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potentially related to frontal collapse and gravitational readjustment of the 

thrust front. 

Nevertheless, direct evidence for Quaternary activity along this 

structure remains sparse and largely indirect. The absence of clear offsets 

in Quaternary slope deposits and the lack of well-defined reverse-fault 

scarps argue against persistent surface-breaking activity in recent times. 

However, the presence of a SW-dipping normal fault affecting Quaternary 

breccias in the frontal zone is consistent with secondary deformation 

processes, possibly related to gravitational readjustment and frontal 

collapse of the thrust front. Alternatively, these structures may represent 

extensional faulting that postdates the growth of fault-related anticlines, as 

documented in Montenegro (Biermanns et al. 2022). This hypothesis 

warrants further investigation along the frontal scarp and may help explain 

the observed morphological features. At the same site, localized warping 

and folding of slope breccias suggest near-surface structural complexity; 

however, their origin remains uncertain and may reflect either tectonic 

deformation or gravitational processes. The lack of significant 

displacement affecting the Quaternary breccia paleosurface exposed 

beneath the old Kruja Castle, and extending along the present slope, 

suggests sealing and regional uplift rather than post-breccia fault activity. 

Overall, Quaternary deformation within the Kruja thrust system 

appears to be limited to secondary structures, although it is not negligible. 

While there is no clear evidence of an active, surface-breaking thrust, 

secondary processes related to thrust-front evolution and regional uplift 

appear to be ongoing. 

The Makaresh anticline exhibits geomorphic features consistent with 

active fold growth, including disrupted drainage, endorheic basins, and 

channel reorganization, indicating ongoing tectonic influence west of 

Kruja. A smaller adjacent structure (Fushë-Kruja Hill) likely reflects 

distributed shortening within the same thrust system, together with 

localized uplift affecting the drainage network. Strong structural control 

on drainage is further evidenced by abrupt (~90°) channel deflections from 

NE–SW to SE–NW orientations, as well as the presence of wind gaps, 

indicating tectonic forcing of fluvial systems at both local and basin scales 

(e.g., within the Ishëm River system). 

Farther west, the Ishëm River records the interaction between uplift at 

the Vora Ridge and relative subsidence within the Tirana–Thumanë 

synform. The ridge is interpreted as a backthrust-related structure linked 

to deeper deformation within both the Kruja and Ionian systems. Overall, 
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the geomorphic evidence supports Quaternary deformation and ongoing 

tectonic activity localized along fold-and-thrust structures, particularly the 

Makaresh thrust and the Vora backthrust. The Vora backthrust represents 

a major active structure in the study area, characterized by a pronounced 

geomorphic expression, including a rectilinear scarp extending up to 30 

km, an uplifted ridge, and a tilted crest interpreted as a hanging-wall 

paleosurface. Regional drainage reorganization—evidenced by abandoned 

valleys and wind gaps (e.g., Vora–Sukth and Yzberisht–Vogel)—indicates 

significant Quaternary uplift and progressive river capture, reflecting 

sustained tectonic forcing. Estimated incision and offset rates (up to ~0.4–

0.5 mm yr⁻¹; Mugnier et al. 2024) further support ongoing deformation. 

To the west, the Shijak thrust system exerts additional control on 

drainage evolution within the Erzen River basin. River diversions, incision 

patterns, and progressive meander abandonment reflect uplift-driven 

obstruction and lateral channel migration. The growth of associated 

anticlines and local thrust splays further contributes to drainage 

reorganization and potential capture processes. 

Deformation also affects smaller-scale geomorphic features, 

including the mouth of the Erzen River, where compressional disharmonic 

folding within Early Pliocene deposits indicates ongoing tectonic activity 

despite high sedimentation rates. The spatial correspondence between 

these structures and InSAR-derived coseismic uplift from the 2019 Durrës 

earthquake (~11 cm; Vittori et al. 2021) suggests possible involvement or 

triggered reactivation of the Shijak thrust system, although its precise 

seismogenic role remains uncertain given the inferred deeper earthquake 

source (~25 km). 

In summary, the Vora backthrust and Shijak thrust systems 

accommodate spatially distributed Quaternary deformation expressed 

through active uplift and localized folding, which strongly controls 

drainage evolution. These structures likely represent the shallow 

expression of deeper active thrusting, while also potentially contributing 

to the seismic behaviour of the region. They may act as secondary 

structures accommodating deformation from major deep-seated thrusts, 

although an independent seismogenic role cannot be excluded. 

Steep, rectilinear fault scarps are associated with major NW–SE-

striking thrusts and back-thrusts, extending 30 to 50 km along the Kruja 

Mountain front and the margins of the Durrës and Vora Hills. A 

comparable extent is observed for the shallowly outcropping Shijak thrust.  
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Fluvial diversions and wind gaps provide some of the most 

compelling evidence of the ongoing compressional regime, reflecting 

thrusting and folding processes that govern landscape evolution between 

the Kruja thrust front and the coastline. These surface features ultimately 

reflect the activity of deeper-seated structures identified through 

geophysical investigations, which drive shallow deformation and control 

regional uplift rates, thereby shaping large-scale morphology. 

Morphotectonic evidence, combined with empirical scaling relationships 

(e.g., Wells and Coppersmith, 1994; Pavlides and Caputo, 2004), suggests 

that historical earthquakes—including the November 2019 event—likely 

underestimate the maximum seismic and surface-faulting potential of the 

region. The studied fault systems may be capable of generating stronger 

and/or shallower earthquakes than those recorded in 2019, with 

magnitudes potentially reaching Mw ~7. This is consistent with the DISS 

3.3.1 estimate of Mw 6.8 for the Shijak source, based on Leonard’s (2014) 

scaling relations. Such large-magnitude earthquakes may generate both 

primary and secondary hazards, including surface faulting, landslides, and 

liquefaction, underscoring the need for a comprehensive multi-hazard 

approach to risk assessment and mitigation. 

 
5. CONCLUSIONS 

Our analysis highlights clear evidence of active tectonics in the sector 

between the Kruja thrust front, the Tirana Plain, and the Adriatic Sea, 

based on the identification of several major, well-documented structures 

and their associated surface expressions. We present a synthesis—while 

acknowledging some degree of uncertainty—of the implications of this 

evidence for seismic hazard assessment. 

These findings are also highly relevant for tsunami hazard assessment. 

Tsunamis occur less frequently than earthquakes, and coastal areas may 

have been sparsely populated in the past, resulting in a limited historical 

record. This lack of data underscores the need for further investigation and 

for improved characterization of seismic sources located near coastal 

zones. 

The Mw 6.4 earthquake of 26 November 2019, which struck 

northwestern Albania, renewed concerns regarding the level of seismic 

hazard in this region. This area hosts significant industrial and commercial 

development, a rich natural and cultural heritage, and rapidly expanding 
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tourism. Major urban centers—including Tirana, Kruja, and Durrës—

comprise historical cores as well as densely populated zones of recent 

urban expansion, increasing overall exposure to seismic risk. 

To contribute to a more comprehensive characterization of potential 

seismogenic sources in western Albania, we analysed the seismic 

landscape with the aim of identifying active structures capable of 

generating deformation and/or surface rupture. 

Morphotectonic analysis confirms ongoing tectonic deformation 

under a compressional regime, expressed by NW–SE-trending thrusts and 

backthrusts that exert strong control on landscape evolution and drainage 

patterns. Key evidence includes uplift- and subsidence-driven relief and 

basin formation, structurally aligned landforms, tectonically controlled 

sedimentation and erosion, and drainage disruption and reorganization 

(e.g., fluvial diversions and wind gaps), as well as the presence of 

endorheic basins. Overall, the region exhibits clear signatures of active 

tectonics shaping both geomorphology and the hydrological network. 

Comparison between morphotectonic evidence from the investigated 

active faults and the effects of the 2019 Durrës earthquake suggests that 

historical events do not fully represent the maximum seismic and surface-

faulting potential of the region. The studied structures may be capable of 

generating more energetic (Mw up to ~7) and/or shallower earthquakes 

than the 2019 event, potentially leading to more complex multi-hazard 

scenarios. 

These findings highlight the need for detailed investigations of active 

tectonics and paleoseismology to better characterize seismogenic sources 

and improve estimates of their seismic potential, ultimately supporting 

more robust risk mitigation strategies. Future studies should focus on 

reconstructing the complete seismic history of key tectonic structures, 

including the estimation of long-term slip rates, the number and magnitude 

of past seismic events, coseismic displacement, maximum expected slip, 

recurrence intervals, and overall seismic and surface-faulting potential. 
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ABSTRACT 

Over recent decades, condensation trails (contrails), have attracted special 

interest in the worldwide scientific community. Their impact on radiative balance, as 

one of the most significant anthropogenic non-CO2 emissions, has been extensively 

investigated using a wide range of observational and modelling approaches. The 

Laboratoire Atmosphères, Observations Spatiales (LATMOS), Observatoire de 

Physique du Globe de Clermont-Ferrand (OPGC), and Laboratoire de Météorologie 

Physique (LaMP) operate several ground-based remote sensing instruments dedicated 

to the monitoring of cirrus clouds and contrails, including Lidar  , radar, all-sky 

cameras, Automatic Dependent Surveillance–Broadcast ADS-B, and radiosondes. 

These facilities enable the reliable detection and detailed characterization of contrail 

properties and their temporal evolution. In this paper, we present a comprehensive 

overview of our group’s recent investigations on contrails, including results on cirrus 

cloud climatology, multivariate analyses of contrails, and case studies.  

Keywords: aviation contrails, cirrus clouds, Lidar   measurement, ERA5 dataset, 

southern France 
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1. INTRODUCTION 

Contrails are formed when the hot and humid exhaust of an aircraft is 

mixed with cold air at high altitudes. These aircraft products consist of 

water vapour, soot, and other components. For contrails to form, they must 

encounter favourable environmental conditions to freeze the exhaust water 

vapour into ice crystals. The principal thermodynamic condition for 

contrail formation is the Schmidt-Appleman criterion (SAC) (Schmidt, 

1941; Appleman, 1953).  

If the contrails evolve within ice-super saturation regions (ISSR: 

100% < RHice < 150%), they become persistent and, live more than 10 min 

(Schumann and Heymsfield, 2017). Otherwise, the short-lived contrails 

disperse and vanish within a few minutes (Wolf et al. 2023; 2024).  

The critical values of temperature (Tcrit) and relative humidity with 

respect to liquid water (RHcrit, liq) depend on the temperature, atmospheric 

pressure level, aircraft, and fuel type (Sonntag, 1994; Murphy and Koop, 

2005). Both SAC and ISSR criteria are summarized in Table 1.  
 

Table 1. Criteria for contrail formation and persistence: Schmidt–

Appleman contrail formation (SAC) and ice super saturation (ISSR) 

criteria (Mandija et al. 2025).   

Temp RHliq RHice SAC ISSR Characteristic 

T < Tcrit RHliq > RHcrit,liq RHice > 100%   Persistent 

T < Tcrit RHliq > RHcrit,liq RHice < 100%  x Non-persistent 

T < Tcrit RHliq < RHcrit,liq RHice > 100% x  Potential 

T > Tcrit RHliq <> RHcrit,liq RHice <> 100% x – No-contrail 
 

In particular, persistent contrails play an important role in radiative 

balance (Kärcher, 2018; Singh et al. 2024; Teoh et al.2024). When these 

https://openaccess.mpg.de/Berlin-Declaration
https://creativecommons.org/licenses/by/4.0/deed.en
https://journals-akad.gov.al/magazines/1
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contrails age, they lose their linear geometrical features and, develop into 

artificial cirrus clouds called contrail cirrus. Figure 1 presents examples of 

natural cirrus clouds, freshly formed contrails, aged contrails, and fully 

developed contrail cirrus, which illustrate the transformation process. 

 

 

 

 

Fig. 1. Examples of natural cirrus clouds, fresh and old contrails, and contrail cirrus. 

 

In addition, Figure 2 presents the effective radiative forcing (ERF) of 

various aviation-related components, indicating that contrail cirrus 

exhibits the highest ERF (57.440 W.m-2) and radiative forcing (RF) 

(111.478 W.m-2) among all components. The substantial uncertainty 

associated with these estimates highlights the need for further investigation 

into the respective roles of young and mature contrails in the climate 

budget.  

LATMOS has conducted continuous research on cirrus cloud and 

contrail characterisation, mainly using Lidar   measurements, but also 

meteorological reanalysis data (Keckhut et al. 2005; 2006; 2013; 

Alraddawi et al. 2025; Mandija et al. 2024-2026).  

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Climate forcing terms of historic global aviation emissions from 1940 to 

2018 (EASA, 2018). 
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Among the primary tasks undertaken by our working groups within 

Laboratoire Atmosphères, Observations Spatiales (LAMOS), 

Observatoire de Physique du Globe de Clermont-Ferrand (OPGC) and 

Laboratoire de Météorologie Physique (LaMP), part of the Centre National 

de la Recherche Scientifique (CNRS) are:  

 Development and optimization of detection algorithms for 

contrails to reduce false positives and false negatives; 

 Determination of contrail morphological, optical and 

microphysical properties, as well as their vertically resolved 

altitude profiles; 

 Investigation of contrail evolution, from line-shaped fresh contrails 

to their persistent phase and eventual transition into contrail cirrus 

clouds. 

The comprehensive dataset obtained provides a robust foundation for 

further investigation of the climate impact of both natural and 

anthropogenic thin cirrus clouds. This contributes to reducing existing 

knowledge gaps in understanding and quantifying the effects of non-CO₂ 

aviation-induced radiative forcing. 

Current knowledge gaps in contrail research are primarily related to the 

quantification and understanding of the conditions governing their 

formation, persistence, and radiative forcing. Limitations include 

insufficient high-resolution and potentially biased relative humidity 

measurements at flight altitudes, incomplete satellite observational 

coverage (with fresh contrails often undetected), and uncertainties in the 

processes by which persistent contrails evolve into contrail cirrus. These 

factors complicate the accurate modelling of their net radiative effect and 

hinder the development of effective mitigation strategies. 

Although contrail research has intensified over the past decade using a 

variety of observational and modelling tools, the synergistic integration of 

Lidar   measurements, satellite imagery, ground-based camera 

observations, meteorological reanalysis data, and radiosonde 

measurements provides a comprehensive and robust framework for such 

investigations, significantly improving detection capability and parameter 

retrieval accuracy. 
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2. METHODS AND INSTRUMENTS  
 

The Laboratoire Atmosphères, Observations Spatiales (LATMOS) is 

equipped with a comprehensive suite of atmospheric measurement 

instruments. These include ground-based systems, remote sensing 

techniques, Automatic Dependent Surveillance–Broadcast (ADS-B) data 

(Peyrin et al. 2023), visible and thermal infrared cameras, and numerical 

modelling tools, enabling detailed analysis of the geometrical and optical 

properties of contrails (Irbah et al. 2025).  

Among these, Lidar (Light Detectin and Ranging) systems provide 

vertically resolved profiles of atmospheric backscatter signals, allowing 

the detection and characterization of cirrus clouds and contrails. A 

Rayleigh–Mie–Raman Lidar   operated by LATMOS is located at the 

Haute-Provence Observatory (OHP) in southern France and is used to 

measure atmospheric temperature, ozone, aerosols, and water vapour. 

Among these, Lidar (Light Detection and Ranging) systems provide 

vertically resolved profiles of atmospheric backscatter signals, allowing 

the detection and characterization of cirrus clouds and contrails. A 

Rayleigh–Mie–Raman Lidar   operated by LATMOS is located at the 

Haute-Provence Observatory (OHP) in southern France and is used to 

measure atmospheric temperature, ozone, aerosols, and water vapour. 

Among these, Lidar (Light Detection and Ranging) systems provide 

vertically resolved profiles of atmospheric backscatter signals, allowing 

the detection and characterization of cirrus clouds and contrails. A 

Rayleigh–Mie–Raman Lidar   operated by LATMOS is located at the 

Haute-Provence Observatory (OHP) in southern France and is used to 

measure atmospheric temperature, ozone, aerosols, and water vapour. 

In addition, radar observations are used to investigate contrail 

microphysical properties. Satellite-based instruments, including those 

from MODIS, CALIPSO, and Sentinel missions, provide large-scale 

observations of contrail and contrail cirrus coverage, as well as their optical 

characteristics. 

At the OHP site, two hemispherical cameras (visible and infrared) have 

been installed to record contrail imagery for both daytime and night-time 

observations (Fig. 3). 

 

 

 

 



   96          Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026 

 
 

 

 

 

 

 

 

 

 
Fig. 3. upper-left: Sky Cam Vision™: Visible-range all-sky imager and visible 

contrails; upper-right: Sky InSight™: Thermal infrared all-sky imager and infrared 

view of contrails. The lower-left; view of the Lidar   system operated by LATMOS 

in Observatory of Haute-Provence, France. The lower-middle figure is a schematic 

presentation of combination of camera with Lidar. Lower-right figure represents the 

schema of ADS-B system. 

 

Lidar   systems play a crucial role in altitude-resolved profiles of 

optical and geometrical contrails and cirrus properties. The backscattering 

Lidar profiles analysed in this study have been provided by the Rayleigh–

Mie–Raman Lidar system (Sherlock et al. 1999; Keckhut et al. 2006; 

2013). The Lidar   system employed a frequency-doubled Nd: YAG laser 

emitting at 532 nm, operating at a repetition rate of 30 Hz with an average 

pulse energy of 300 mJ. Backscattered signals were collected by a 

telescope with an 800 mm diameter primary mirror and a field of view of 

1mrad (Khaykin et al. 2018 The cirrus detection channel includes a 

primary lens and an interference filter. The vertical resolution of the Lidar   

measurements is 15 m, while the temporal resolution is 60 s, enabling the 

detection of both fresh contrails and evolved contrail cirrus (Mandija et al. 

2024). 

The contrail optical depth (COD) at a certain altitude z is given by 

integrating the total volume scattering coefficient β(z): 

COD(λ, z) = ∫ β(λ, z)dz
zmax

zmin
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where the total volume scattering coefficient β(z) is given as the 

product of the total scattering cross-section per molecule σ(z) and the 

molecular number density nair(z) (σ = 5.4 × 10−31 m2).  

The Lidar   scattering ratio (SR) is calculated using the Mie and 

Rayleigh scattering coefficients and is defined as the ratio of the particulate 

backscattering to the total backscattering: 

 

SR =
βaerosol(λ, z) + βRayleigh(λ, z)

βRayleigh(λ, z)
 

 

The Automatic Dependent Surveillance–Broadcast (ADS-B) system 

deployed at COPLid near Clermont-Ferrand consists of a low-cost 

software-defined radio (SDR) receiver (RTL-SDR R820T2) coupled with 

a Discone SD3000 antenna and operated via a Raspberry Pi 3B running 

the DUMP1090 decoding software. Operating at 1090 MHz, the system 

decodes aircraft transponder signals and, when an aircraft is detected 

within a 2 km radius, transmits an alert via TCP/IP to the LabVIEW-based 

Lidar   supervisory system, triggering an automatic shutdown of laser 

emissions for safety purposes (Peyrin et al. 2023). 

In addition, radiosondes have been systematically deployed at 

different sites to validate different sensors and models, such the recent 

measurement campaign conducted in May and June 2025 (Alraddawi et al. 

2025).  

In addition, auxiliary datasets such as meteorological reanalysis data, 

were used to assess environmental conditions. The ERA5, which 

represents the 5th generation of the European Center for Medium-Range 

Weather Forecasts (ECMWF), is extensively used for these purposes 

(Hersbach et al. 2020). The ERA5 biases were treated using methods 

applied in (Teoh et al. 2022; 2024; Wolf et al. 2025). To address the issues 

regarding RHice biases, a correction of this parameter is proposed (Teoh et 

al. 2022). 

 

𝑅𝐻𝑖𝑐𝑒
∗ =

{
 
 

 
 𝑅𝐻𝑖𝑐𝑒

𝑎
 𝑓𝑜𝑟 (

𝑅𝐻𝑖𝑐𝑒
𝑎

) ≤ 1

𝑚𝑖𝑛 ((
𝑅𝐻𝑖𝑐𝑒
𝑎

)
𝑏

) , 𝑅𝐻𝑖𝑐𝑒
𝑚𝑎𝑥 , 𝑓𝑜𝑟 (

𝑅𝐻𝑖𝑐𝑒
𝑎

) > 1 
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The RH bias correction was performed using optimised coefficients:  

𝑎 = 0.9587 and 𝑏 = 1.796,meanwhile threshold value of RHice is given 

by 

 

𝑅𝐻𝑖𝑐𝑒
𝑚𝑎𝑥 =

{
 
 

 
 𝑒𝑙𝑖𝑞(𝑇)

𝑒𝑖𝑐𝑒(𝑇)
, 𝑇 > 235 𝐾

1.67 + (1.45 − 1.67) ×
(𝑇 − 190)

(235 − 190)
, 𝑇 ≤ 235 𝐾

 

 

where eilq and eice are the saturation vapour pressure over liquid and ice.  

The threshold temperature 𝑇(𝑝)𝑐𝑟𝑖𝑡 and relative humidity related to 

liquid 𝑅𝐻(𝑇)𝑐𝑟𝑖𝑡
𝑙𝑖𝑞

 for contrail formation are expressed as follows:  

 

𝑇(𝑝)𝑐𝑟𝑖𝑡 =

{
  
 

  
 226.69 + 9.43𝑙𝑛(𝐺 − 0.053) + 0.72(𝑙𝑛(𝐺 − 0.053))

2

𝑓𝑜𝑟 𝑇 < 233𝐾 𝑜𝑟 𝐺 ≤ 2𝑃𝑎𝐾−1

26.03 + 10.22𝑙𝑛𝐺 + 0.355(𝑙𝑛𝐺)2 + 0.0642(𝑙𝑛𝐺)3

𝑓𝑜𝑟 2.38𝑃𝑎𝐾−1 ≥ 𝐺 > 2𝑃𝑎𝐾−1

235.15
𝑓𝑜𝑟 𝐺 > 2.38𝑃𝑎𝐾−1

 

 

𝑅𝐻(𝑇)𝑐𝑟𝑖𝑡
𝑙𝑖𝑞

=
𝐺 ∙ (𝑇 − 𝑇𝑐𝑟𝑖𝑡) + 𝑒(𝑇𝑐𝑟𝑖𝑡)𝑠𝑎𝑡

𝑙𝑖𝑞

𝑒(𝑇)𝑠𝑎𝑡
𝑙𝑖𝑞

 

 

where 𝑒(𝑇𝑐𝑟𝑖𝑡)𝑠𝑎𝑡
𝑙𝑖𝑞

 is given in hPa and G is the slope of the isobaric 

mixing line:  

 

𝐺 =
𝐸𝐼𝐻2𝑂𝑐𝑝𝑝

𝜀𝑄(1 − 𝜂)
=

1.2232 ∙ 1004

0,622 ∙ 43.2 ∙ 106 ∙ 0.7
𝑝 = 65.6 ∙ 10−6𝑝 

 

and atmospheric pressure p, as given in (Pa).  

The uncertainty associated with the identification of ice-

supersaturated regions (ISSRs) primarily arises from the limited 

availability of high-resolution upper-tropospheric water vapour 

measurements, which affects the accuracy of modelled humidity fields 
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(Teoh et al. 2022; Alraddawi et al. 2025). In addition, the vertical 

discretisation of pressure levels in the ERA5 reanalysis may further 

contribute to representation errors. Figure 4 shows a schematic illustration 

of the contrail detection process. 

Fig. 4. Multisource contrail detection using Lidar  , ADS-B, and ERA5 data was 

performed to assess their morphological and optical properties and thermodynamic 

environment. 

 

Flights overpassing the site were tracked using ADS-B or any other 

flight provider. Collocated Lidar backscatter altitude profiles were checked 

for possible abrupt anomalies or “spots”. To form contrails, the Schmidt-

Appleman criteria were verified using a meteorological dataset provided 

by ERA5 reanalysis. Once such features were identified and their contrail 

origin confirmed, threshold-based aggregation methods were applied to 

group individual detections into coherent contrail signatures. The final step 

involves the retrieval of morphological and optical properties of the 

detected contrails, along with the characterization of the thermodynamic 

state of the surrounding atmosphere, which provides an indication of their 

persistence. 
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3. General results and discussions  

3.1. Cirrus clouds climatology   

Recent analyses include climatological investigations of cirrus clouds 

based on their geometrical and optical properties derived from Lidar   

measurements, multivariate analyses of potential contrail formation and 

persistence using the ERA5 dataset, and detailed case studies of contrail 

occurrences over the Haute-Provence Observatory (OHP). 

Four primary geometrical classes and three optical groups of cirrus 

clouds have been identified based on their morphological and optical 

characteristics over OHP. Table 2 presents the mean values of the principal 

cirrus cloud variables corresponding to these classifications. 
 

Table 2. Geometric properties of cirrus cloud classes and the optical 

properties of cirrus cloud groups: cloud base, middle, and top heights, 

optical depth, mid-cloud temperature, type, and position. 

Class 
CBH 

(km) 

CMH 

(km) 

CTH 

(km) 

CGT 

(km) 
COD 

T 

(°C) 
Type Position 

1 11.7 12.2 12.7 1.06 0.20 −61.3 Thin Tropopause 

2 9.0 10.7 12.5 3.49 1.39 −55.7 Thick Upper troposphere 

3 10.0 10.6 11.4 1.43 0.24 −54.7 Moderate Upper troposphere 

4 8.1 8.8 9.6 1.57 0.40 −44.2 Moderate Mid-troposphere 

1 11.4 11.7 11.9 0.5 0.02 −58.8 SVC Tropopause 

2 10.3 11.0 11.6 1.2 0.15 −54.9 Thin Upper troposphere 

3 9.3 10.5 11.6 2.3 0.81 −54.3 Opaque Upper troposphere 
 

In addition, Fig. 5 visualizes the altitude profiles of the four cirrus 

clouds, indicating also their thickness and their occurrences.  

 

 

 

 

 

 

 

 
 

Fig. 5. Schematic representation of the four cirrus classes: moderate/thick mid/upper 

tropospheric and thin tropopause cirrus clouds. 
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To investigate the relationships among cirrus cloud properties, a 

principal component analysis (PCA) was performed. The first two 

components capture most of the variance, providing a clear visualization 

of how individual observations group into clusters and how different 

variables contribute to their separation (Fig. 6). 

 

Fig. 6. Principal-component biplot of cirrus cloud properties showing individual 

observations (points) and variable loadings (arrows) projected on PC1 (Dim1 = 

54.3%) and PC2 (Dim2 = 28.8%), explaining 83.1% of the total variance. 

 

To investigate the relationships among cirrus cloud properties, a 

principal component analysis (PCA) was performed. The first two 

principal components account for the majority of the variance, enabling 

clear visualization of the clustering of individual observations and the 

contribution of each variable to their separation (Fig. 6). 

 

3.2. Contrail’s multivariate analyses   

Application of the Schmidt–Appleman criterion (SAC) and ice-

supersaturated region (ISSR) criteria to the ERA5 dataset for the period 

2021–2023 enabled comprehensive statistical analyses of contrail 

properties (Mandija et al. 2025). Environmental conditions were classified 

into four categories according to their potential for contrail formation and 

persistence: persistent contrails (PC), non-persistent contrails (NPC), no-

contrail conditions (NoC), and potential contrail cases (Pot). 
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Chart 1. Distribution of contrail group occurrences at various pressure 

levels: 200 hPa, 225, hPa, 250 hPa, and 300 hPa. 
 

Chart 1 shows that persistent contrail cases over this mid-latitude region 

occur predominantly at pressure levels between 250 and 300 hPa. At higher 

altitudes, non-persistent contrail cases become more prevalent. 

The four pressure levels are characterized by distinct distributions of 

the principal meteorological parameters governing contrail formation and 

persistence. Figure 7 presents the probability distributions of temperature 

(T), RHliq and RHice, also indicating their critical values.  
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Fig.7. Statistical distributions of the a) Temperature, b) Relative humidity over 

liquid (RHliq), c) Relative humidity over ice (RHice), at four pressure levels; 200, 

225, 250 and 300 hPa. 
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The distributions shown in Figure 7 indicate that contrail formation is 

constrained by the critical thresholds of temperature (Tcrit) and relative 

humidity with respect to liquid water (RHliq,crit). Persistent contrails are 

primarily concentrated within the low-temperature and high-RHliq regime, 

typically between 200 and 300 hPa. At higher altitudes (200–225 hPa), 

persistent contrails are associated with ice supersaturation (RHice > 100%) 

combined with elevated RHliq, while lower levels (250–300 hPa) near-

saturation conditions prevail. These lower levels coincide with major flight 

corridors over the observation site, further favoring contrail occurrence. 

 

3.3. Contrail special cases 

By combining aircraft trajectory data, Lidar   observations, and ERA5 

reanalysis fields, specific contrail events during nighttime conditions have 

been identified (Fig. 8). Here, we present a representative contrail case 

observed over the Haute-Provence Observatory (OHP) on 13 January 

2023. 

 

Fig. 8. Left part: Altitude-resolved profiles of the Lidar   scattering ratio during 13 

January 2023. Four contrail principal events have been identified. Right part shows, 

zoomed in, the first contrail during the time-interval 17:28-17:35. 

 

In addition to the ADS-B information about the aircraft passage, 

Planefinder (https://planefinder.net/) provides worth images and aircraft 

details, such as type, speed, altitude and direction over the site (Fig. 9).  
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Fig. 9. Flight Data Provider “Planefinder” images over OHP during a case study, on 

13 January 2023. 

 

Following contrail detection using aircraft flight tracking data, Lidar   

profiles are used to determine their geometrical properties. In a second 

step, meteorological variables—such as temperature, relative humidity 

with respect to liquid water and ice, and ice water content—are 

incorporated to retrieve additional geometrical, optical, and microphysical 

contrail properties. Furthermore, using ERA5-derived values of RHice in 

the surrounding environment, contrail persistence is assessed. The spot-

like structure of these contrails is further approximated using a linear 

model to determine the orientation of their principal axis. 

Individual Lidar  -detected spots are subsequently aggregated using 

an automated algorithm developed in this study. The algorithm applies 

scattering ratio (SR) thresholds for contrail identification, together with 

spatio-temporal constraints to minimize false positives and false negatives. 

A schematic representation of the algorithm is provided in Figure 10. 
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Fig.10. Contrail signatures were grouped into four classes by varying optimal 

detection and discrimination thresholds. Linear trend lines show their principal 

spacetime–altitude axes; the legend reports each contrail's peak mid-contrail 

backscattering ratio and its spatio-temporal area. 

 

Differentiating the thresholds values, several contrail signatures have 

been obtained (Fig. 10). Those thresholds that minimize false 

positive/negatives in contrail detection have been taken into account.  

 

3.4 Discussions about general results  

Contrail detection and characterization have been extensively 

investigated in recent studies, particularly over the last decade (Iwabuchi 

et al. 2012; Lamquin et al. 2012; Keckhut et al. 2013; Schumann et al. 

2017; Kärcher, 2018; Duda et al. 2019; Petzold et al. 2020; Lee et al. 2021; 

Gierens, 2021; Voigt et al. 2021; Wilhelm et al. 2022; Agarwal et al. 2022; 

Dischl et al. 2022; Roosenbrand et al. 2022; 2023; Groß et al. 2024; Martin 

Frias et al. 2024; Gryspeerdt et al. 2024; Hofer et al. 2024; Megill and 

Grewe, 2025; Low et al. 2025). Overall, the results of this study are 
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consistent with previous findings, although differences arise due to 

regional variability and methodological approaches. 

In this study, persistent contrails (PC) over southern France are most 

frequently observed at 250–300 hPa, accounting for approximately 36% of 

cases, while non-persistent contrails (NPC) represent about 33%. These 

fractions are higher than those reported over the North Atlantic by Wolf et 

al. (2025), based on ERA5 and IAGOS data (~11–12% PC, ~44–47% 

NPC) and by Agarwal et al. (2022) (~3–6% PC). However, they align more 

closely with Wolf et al. (2023) over Paris (~29% PC, ~52% NPC) and 

Teoh et al. (2024) (~20% of flights form PC). The potential contrail 

fraction (R ~2.7%) agrees with Wolf et al. (2023) (~1.2%). The mean PC 

temperature (~−56°C) matches Iwabuchi et al. (2012) (−54°C) and 

Schumann et al. (2017), while mean PC altitude (~10.6 km) aligns with 

both Iwabuchi et al. (2012) (10.7 km) and Dischl et al. (2022). However, 

this study's PC mean RHice (147%) exceeds Iwabuchi et al. 2012 (126%), 

suggesting regional or methodological differences in supersaturation 

characterization. These comparisons validate the multivariate approach 

while highlighting regional variability in contrail-favourable conditions.  

The study retrieves contrail geometrical and optical properties over 

southern France using a novel multisource methodology combining Lidar  

, ADS-B flight data, and ERA5 reanalysis. Optimal detection thresholds 

(scattering ratio = 2.1, temporal separation = 7.2 min, altitude separation = 

0.3 km) enable reliable contrail identification. Retrieved contrail altitudes 

(8.7–10.3 km) align with previous Lidar  -based observations (Keckhut et 

al. 2013; Xu et al. 2023) and satellite-derived climatologies (Lamquin et 

al. 2012; Duda et al. 2019). Geometrical thicknesses (0.1–1.1 km) and 

widths (2–28 km) fall within ranges reported by Freudenthaler et al. (1995) 

and Poellot et al. (1999) for contrails aged 15–30 min. Optical depths 

(0.05–0.40) are consistent with Sassen (1997) (0.1–0.5) and Atlas and 

Wang (2010) (mean ~0.2). The thermodynamic conditions (T < −41°C, 

RHice > 100%) confirm persistent contrail formation criteria established by 

Kärcher (2018) and Schumann et al. (2017). These comparisons validate 

the methodological framework while demonstrating its capability to 

characterize individual contrails with high precision. 

 

4. CONCLUSIONS   

This study summarizes recent research activities on cirrus clouds and 

contrails conducted at the Laboratoire Atmosphères, Observations 
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Spatiales (LATMOS), the Observatoire de Physique du Globe de 

Clermont-Ferrand (OPGC), and the Laboratoire de Météorologie Physique 

(LaMP). 

The main research efforts focus on multivariate statistical analyses, 

including descriptive statistics, principal component analysis, clustering 

methods, and correlation analyses of the geometrical and optical properties 

of cirrus clouds and contrails over the Haute-Provence Observatory 

(OHP). The objective is to identify distinct clusters of cirrus and contrail 

populations based on shared physical characteristics, to assess the 

influence of contrails on natural cirrus clouds, and to improve 

understanding of the evolution from fresh linear contrails to aged contrail 

cirrus. 

The goal is to identify the corresponding clusters of cirrus and 

contrails based on the matching properties, to evaluate the extent of 

contrail impacts on natural cirrus, and to provide insights into the evolution 

of fresh line-shaped contrails into aged contrail cirrus.   

The integrated use of Lidar   observations, ADS-B flight data, and 

ERA5 reanalysis fields provides a robust framework for contrail detection 

and characterization. The application of optimized detection thresholds 

significantly reduces false positives and negatives, enabling reliable 

identification of individual contrail events. Retrieved geometrical 

properties, including altitudes (8.7–10.3 km) and optical depths (0.05–

0.40), are consistent with previous Lidar   and satellite-based studies, 

confirming the validity of the multisource approach. 

Multivariate statistical analyses further reveal distinct climatological 

patterns in both cirrus clouds and contrails. Cirrus clouds, classified into 

four geometrical classes and three optical groups using PCA-derived 

features, show that optically thicker cirrus are generally associated with 

lower altitudes and higher optical depths, while optically thinner cirrus are 

more frequent near the tropopause. For contrails, application of the 

Schmidt–Appleman criterion and ISSR conditions to ERA5 data indicates 

that persistent contrail formation occurs predominantly between 250 and 

300 hPa, corresponding to major flight corridors. The mean temperature 

(~−56 °C) and mean RHice (~147%) further highlight the importance of 

cold, ice-supersaturated environments in contrail formation and 

persistence. 

The synergistic integration of ground-based remote sensing, satellite 

observations, flight tracking data, and reanalysis products provides a 
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powerful framework for improving contrail parameterizations in climate 

models. 

Future work will focus on expanding the contrail case-study database, 

further statistical analysis of water vapour variability and contrail 

occurrence, intercomparison of Lidar   with additional sensors, improved 

tracking of contrails using satellite and ground-based imagery, and 

enhanced prediction of ice-supersaturated regions. 
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ABSTRACT 
 

This study evaluates the feasibility of nano-enabled agrochemicals, including 

nanopesticides and nanofertilizers, for sustainable agricultural applications, with a 

particular focus on Albania. A structured literature-based approach was employed to 

assess agronomic, environmental, economic, and regulatory dimensions. The findings 

indicate that nano-enabled formulations offer potential advantages, including 

improved input efficiency and reduced environmental losses. However, their 

performance remains variable across agro-ecological conditions, and their 

environmental fate and long-term impacts are not yet fully understood. In the 

Albanian context, factors such as agro-climatic variability, soil heterogeneity, 

smallholder-dominated farm structures, and limited institutional capacity present 

significant challenges to adoption. The study concludes that while nanotechnology 

represents a promising innovation, its implementation requires site-specific 

validation, regulatory development, and integration with existing agricultural 

practices.  
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1. INTRODUCTION 

Global agricultural systems are under increasing pressure to meet 

rising food demand while operating within finite land and environmental 

constraints. Approximately 36.8% of global land is currently used for 

agriculture, yet available agricultural land is declining despite continued 

population growth (FAO, 2022). Simultaneously, population expansion, 

urbanization, and climate change are intensifying demand for food 

production, placing additional strain on already stressed agricultural 

systems (Duro et al. 2020).  

These dynamics highlight the urgent need to improve productivity 

while ensuring long-term environmental sustainability. Modern 

agriculture has addressed these pressures primarily through the intensive 

use of agrochemicals, including fertilizers and pesticides. While these 

inputs have contributed significantly to yield stabilization and increased 

food production, their widespread and often inefficient use has resulted in 

substantial environmental and health challenges. These include pesticide 

resistance, biodiversity loss, disruption of soil microbial communities, and 

contamination of food and water systems (Bombo et al. 2019; Gupta et al. 

2024). Low nutrient-use efficiency (NUE) remains a critical issue, as a 

large proportion of applied inputs is lost through processes such as 

leaching, runoff, volatilization, and photodegradation (Mitra et al. 2021; 

Parven et al. 2025). A major limitation is their low use efficiency, with an 

estimated 60–70% of applied agrochemicals lost to processes such as 

leaching, runoff, volatilization, and degradation (Popp et al. 2013). These 

inefficiencies increase production costs while exacerbating environmental 

pollution and health risks (Devi et al. 2022; Zhou et al. 2025). 

Consequently, maximizing input-use efficiency has become a key priority 

https://openaccess.mpg.de/Berlin-Declaration
https://creativecommons.org/licenses/by/4.0/deed.en
https://journals-akad.gov.al/magazines/1
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in sustainable agricultural strategies aligned with global food security 

goals (FAO, 2022). 

In response to these challenges, nanotechnology has emerged as a 

promising approach to enhance agricultural productivity and sustainability 

through the development of nano-enabled agrochemicals. By exploiting 

properties such as high surface-area-to-volume ratios, tunable surface 

charge, and controlled-release mechanisms, nano-enabled systems may 

improve the delivery, stability, and performance of active ingredients 

(Fraceto et al. 2016; Manjunatha et al. 2016; Baker et al. 2017; Sharma et 

al. 2019). These systems include nanopesticides and nanofertilizers that 

utilize nanocarriers, encapsulation techniques, and advanced materials to 

enhance solubility, bioavailability, and targeted delivery (Agostini et al. 

2012; Chaud et al. 2021). Nanopesticides can improve pest management 

by protecting active compounds from environmental degradation and 

increasing their efficacy against target organisms (Yadav et al. 2020), 

while nanofertilizers enable controlled and targeted nutrient release, 

thereby improving NUE and mitigating environmental losses (Abdalla et 

al. 2022; Yadav et al. 2023). Advanced materials such as carbon 

nanotubes, graphene, and quantum dots have also been explored for their 

potential to enhance nutrient uptake and crop physiological performance 

(Gaur et al. 2021).  

Despite these advantages, important uncertainties remain regarding 

the environmental behaviour and safety of nano-enabled agrochemicals. 

Their high reactivity and mobility may increase the risk of 

bioaccumulation, ecosystem disruption, and unintended human exposure, 

particularly under conditions of insufficient regulatory oversight (Wu et 

al. 2025). The performance and safety of these materials are strongly 

influenced by physicochemical characteristics such as particle size, surface 

charge, and composition, which may also determine their capacity to cross 

biological barriers and induce cytotoxic or genotoxic effects (Prasad et al. 

2017; Zielińska et al. 2020). In addition, challenges related to production 

costs, scalability, and the lack of standardized regulatory frameworks 

continue to constrain their widespread adoption (Parisi et al. 2015). 

Although research on nano-enabled agrochemicals is expanding 

rapidly, their feasibility in smallholder-dominated and transition 

economies remains insufficiently explored. Albania represents a relevant 

case study, characterized by fragmented landholdings, heterogeneous 

production systems, and increasing pressure to align with European Union 

sustainability standards. These unique structural and institutional 
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conditions may significantly modulate the adoption rates and field 

performance of advanced agricultural technologies. 

Consequently, this study evaluates the feasibility of nano-enabled 

agrochemicals, specifically nanopesticides and nanofertilizers, in Albania 

by assessing their agronomic performance, environmental implications, 

economic viability, and regulatory readiness within smallholder farming 

systems. 
 

2. MATERIALS AND METHODS  
 

2.1. Study design 

This study was conducted as a structured narrative review to 

evaluate the feasibility of nano-enabled agrochemicals, specifically 

nanopesticides and nanofertilisers, within the context of sustainable 

agriculture in Albania. The methodological approach integrates qualitative 

evidence synthesis with a multi-dimensional feasibility framework, 

focusing on agronomic, environmental, economic, and regulatory aspects. 
 

2.2. Data Collection and Literature Selection 

A comprehensive literature search was executed across major 

academic databases, including Web of Science, Scopus, ScienceDirect, and 

Google Scholar, covering peer-reviewed publications from 2010 to 2025. 

Search strings were constructed using Boolean operators combining 

primary keywords (nanopesticides, nanofertilizers, nano-agrochemicals, 

agricultural nanotechnology, environmental impact, toxicology, risk 

assessment, and sustainable agriculture) with context-specific geographic 

and structural descriptors (Albania, Mediterranean agriculture, and 

smallholder farming systems). 

Following the initial database retrieval, a two-stage screening 

process based on title, abstract, and full-text relevance was implemented. 

Studies were included if they directly evaluated the application of nano-

enabled agrochemicals in agricultural systems, with specific emphasis on 

agronomic performance, environmental fate, economic viability, or 

regulatory oversight. High priority was assigned to peer-reviewed journal 

articles, institutional reports, and European Union (EU) regulatory 

frameworks. Conversely, studies were excluded if they focused on non-

agricultural applications of nanotechnology (e.g., biomedical, cosmetic, or 

industrial sectors) or lacked explicit relevance to technological feasibility 
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assessments. To maximize regional validity and contextual interpretability, 

localized literature focusing on Albania and broader Mediterranean 

agroecosystems was intentionally integrated into the final selection pool. 
 

2.3. Data analysis and Feasibility Framework 

A thematic qualitative synthesis was applied to analyse the selected 

literature. Extracted data were systematically categorized into four 

predefined analytical feasibility domains:  
i. Agronomic Feasibility: Evaluated via indicators such as crop yield 

performance, pest-control efficacy, and nutrient-use efficiency (NUE). 

ii. Environmental Feasibility: Examined via nanoparticle environmental fate, 

soil-water persistence, bioaccumulation potential, and ecotoxicity profiles. 

iii. Economic Feasibility: Assessed based on input-cost dynamics, farm-level 

productivity gains, and adoption barriers within smallholder farming 

systems. 

iv. Regulatory Feasibility: Evaluated by assessing the maturity and adequacy 

of existing oversight frameworks, emphasizing European Union chemical 

and agricultural regulations and their transposition alignment for Albania 

as an EU-candidate country. 

Synthesized findings were contextually contextualized against 

Albania's specific agricultural baseline, accounting for regional agro-

climatic variability, soil heterogeneity, smallholder-dominated farm 

structures, and localized institutional constraints. 
 

 

Fig. 1. Conceptual framework for feasibility assessment (Source: Author’s 

compilation). 
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Conceptual framework synthesized from the literature to structure the 

assessment of nano-enabled agrochemicals across agronomic, 

environmental, economic, and regulatory dimensions. 

 

3. Literature Synthesis 
 

3.1. Feasibility Assessment Framework 
 

The feasibility of nano-enabled agrochemicals is evaluated across four 

dimensions, agronomic, environmental, economic, and regulatory, based 

on a synthesis of existing literature rather than primary data. This section 

synthesizes findings from the literature on nano-enabled agrochemicals 

across four dimensions: agronomic, environmental, economic, and 

regulatory feasibility. 

 

3.2. Agronomic Feasibility 

Agronomic feasibility is assessed through indicators commonly 

reported in the literature, including yield response, pest-control 

effectiveness, and nutrient-use efficiency. Pest-control efficiency 

evaluates the reduction of pest pressures through direct or indirect 

mechanisms (Saito et al. 2021; Al-Shammary et al. 2024; Akchaya et al. 

2025). 

Evidence suggests that nanofertilizers can improve nutrient-use 

efficiency through mechanisms such as controlled release, enhanced 

solubility, and increased plant uptake (Kah et al. 2013;DeRosa et al. 2010). 

These mechanisms are associated with yield improvements and reduced 

fertilizer application rates under controlled experimental conditions 

(DeRosa et al. 2010). Similarly, nanopesticides have demonstrated 

improved pest-control performance due to enhanced stability, targeted 

delivery, and reduced degradation of active ingredients (Kah & Hofmann, 

2014; Servin and White, 2016). 

However, the available evidence is largely derived from laboratory 

studies or small-scale trials, with limited validation under large-scale or 

long-term field conditions (Chen and Yada, 2011). Reported outcomes 

vary considerably depending on agro-ecological factors such as soil 

properties, climate, crop species, and management practices (Nair et al. 

2010). Soil characteristics such as pH, organic matter content, and 

microbial activity influence nanoparticle behaviour and nutrient dynamics 

(Navarro et al. 2008; Prasad et al. 2017). 
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The literature reports inconsistent agronomic outcomes. While some 

studies indicate significant yield improvements (Ghormade et al. 2011). 

Others show minimal or no advantage over conventional inputs. In 

addition, interactions between nanomaterials and soil–plant systems 

remain insufficiently understood, particularly regarding their effects on 

plant physiology, microbial communities, and nutrient cycling (Liu and 

Lal, 2015; Raliya et al. 2015). Potential phytotoxic effects and negative 

impacts on beneficial soil microorganisms have also been reported, 

especially at higher concentrations or with repeated applications  (Navarro 

et al. 2008; Tourinho et al. 2012).  

Overall, the literature reports variable agronomic outcomes, with 

performance influenced by environmental conditions, crop systems, and 

management practices. 

 

3.3. Environmental Feasibility and the Role of Advanced 

Nanocarriers 

Several studies indicate that nano-enabled formulations may mitigate 

environmental contamination through controlled-release mechanisms and 

improved delivery efficiency, thereby reducing losses from leaching, 

runoff, and volatilization (Kah et al. 2013; Servin et al. 2015).  

Within this framework, advanced nanocarriers, particularly graphene-

based derivatives, have attracted increasing attention due to their unique 

physicochemical properties. The agronomic and environmental 

performance of graphene-based nanofertilizers and nanopesticides 

depends heavily on the specific graphene derivative utilized. Graphene 

oxide (GO) has demonstrated superior functionality compared to other 

forms of graphene, primarily due to its hydrophilicity, high surface area, 

and abundant oxygen-containing functional groups (Du et al. 2015). These 

characteristics enhance interactions with water, nutrients, and active 

compounds, improving dispersion, adsorption capacity, and controlled-

release behaviour. Consequently, GO-based nanocarriers can facilitate 

targeted delivery of agrochemicals, improve nutrient-use efficiency, and 

reduce environmental losses (DeRosa et al. 2010; Kah and Hofmann, 

2014).  

However, despite these advantages, important concerns remain 

regarding the environmental and biological safety of graphene-based 

nanomaterials. The increasing use of nanotechnology in agriculture raises 

concerns about potential toxicity, particularly because these materials may 
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enter the food chain (Fatima et al. 2021). Although mitigation strategies 

such as surface functionalization—including amine modification—have 

been shown to attenuate nanotoxicity (Lee et al. 2011). Substantial 

uncertainties remain concerning their long-term chronic safety (Tourinho 

et al. 2012). 

More broadly, the environmental benefits of nano-enabled systems 

are not consistently observed across all studies and appear to be highly 

dependent on environmental conditions and application practices (Kah et 

al. 2019). Even with optimized use, agrochemicals and their metabolites 

may persist in soils and migrate into groundwater or surface water systems, 

where they contribute to contaminant loads and affect ecological processes 

(Hegde et al. 2016). Persistent residues can alter soil microbial community 

structures and impair nutrient cycling pathways, while cumulative 

exposure in aquatic environments poses ecotoxicological risks across 

multiple trophic levels (Carpenter et al. 2011; Hegde et al. 2016). 

The incorporation of advanced nanocarriers introduces further 

complexity into environmental risk assessments. Due to their nanoscale 

dimensions and high surface reactivity, nanoparticles can exhibit enhanced 

mobility within soil pore water and aquatic systems, facilitating 

interactions with biological membranes and elevating the risk of 

unintended ecological impacts (Navarro et al. 2008; Servin et al. 2015). 

Interfaces within the soil–plant–microbe continuum significantly modulate 

nanoparticle behaviour; for instance, plant root exudates can dynamically 

alter the physicochemical properties of GO, including its hydrodynamic 

diameter and carbon-to-oxygen (C:O) ratio—thereby modifying its 

transport dynamics, bioavailability, and phytotoxicity (Du et al. 2015). In 

addition, nanomaterials may transform within environmental systems, 

altering their behaviour, bioavailability, and toxicity over time (Lowry et 

al. 2012).  

Their potential for bioaccumulation, long-term persistence, and 

disruption of soil microbial communities highlights the need for careful 

evaluation of chronic environmental impacts (Servin et al. 2015; Kah et al. 

2019). Evidence from ecotoxicological assays using standard terrestrial 

model bioindicators, such as Lepidium sativum L., demonstrates that 

graphene oxide can significantly modulate plant phenotypic growth and 

alter soil physicochemical properties, highlighting the narrow threshold 

between the agronomic benefits and ecotoxicological risks of these 

advanced materials (Begum et al. 2011). These findings contribute to a 

more comprehensive understanding of the dual role of engineered 
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nanocarriers as both efficiency-enhancing delivery tools and potential 

environmental stressors. Furthermore, the multi-year persistence of 

nanomaterials increases the risk of chronic soil accumulation following 

repeated agronomic applications, potentially triggering long-term 

ecological cascades that are not immediately detectable via short-term 

assays (Laxmi et al. 2023). While certain studies suggest that minimized 

chemical losses improve macro-environmental outcomes, counter-

evidence indicates that nanoparticle interfaces with soil biota and plant 

rhizospheres can disrupt micro-nutrient cycling and overall ecosystem 

stability (Raliya et al. 2015), underscoring the high variability and 

unpredictability of localized environmental responses. 

These uncertainties are highly critical within the Albanian 

agroecological context, where baseline environmental vulnerabilities such 

as accelerated soil erosion, agricultural runoff, and surface water 

contamination are already pronounced (Kopali, 2012; Eugen Skura, 2017) 

The physical transport of surface-adsorbed nanoparticles through active 

erosion and complex hydrological pathways could drastically elevate 

exposure risks and bioconcentration rates within vulnerable aquatic 

ecosystems, such as the Adriatic coastal lagoons and regional river basins. 

Moreover, localized constraints in technical monitoring capacity and 

institutional regulatory oversight could impede the empirical tracking, risk 

assessment, and field management of these advanced materials under real-

world smallholder farming configurations (Parisi et al. 2015). 

From a sustainability paradigm, these dynamics underscore the 

necessity of adopting a precautionary and adaptive risk-management 

framework. Although nano-enabled agrochemicals exhibit clear potential 

to lower input application rates and maximize utilization efficiency, their 

holistic environmental feasibility remains strictly contingent upon multi-

season ecotoxicological evaluations, harmonized regulatory oversight, and 

structural integration with existing agroecological practices, such as 

Integrated Pest Management (IPM) (Kah et al. 2018; Laxmi et al. 2023). 

Within this framework, specialized applications such as incorporating 

graphene oxide (GO) matrices into nanofertilizer systems to modulate 

nutrient delivery kinetics and stimulate systemic plant defence 

mechanisms remain highly promising, yet their commercial deployment 

must remain conditional upon rigorous lifecycle assessments and the 

establishment of verified safe-usage thresholds (Saraiva et al. 2025). 

In synthesis, the global literature presents divergent empirical 

evidence regarding environmental outcomes, balancing verified reductions 
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in chemical losses against critical uncertainties involving nanoparticle 

environmental fate, long-term persistence, and multi-trophic ecological 

interactions (Servin et al. 2015; Kah et al. 2018). 

 

3.4. Economic Feasibility 

Economic feasibility is evaluated based on reported impacts on 

productivity, input efficiency, and cost–benefit performance. 

 

 
 
Fig. 2: Lifecycle of nanomaterials in agriculture, adapted from Shekhar et al. 2021. 

 

Figure 2 illustrates the environmental pathways of nano-

agrochemicals from synthesis and production through agronomic 

application, environmental dispersion, and subsequent entry into soil 

matrices, hydrological systems, and trophic networks. 

The consensus in the literature indicates that nano-enabled 

formulations can increase active ingredient efficacy by 20–30% (Kah et al. 

2019), while simultaneously reducing conventional fertilizer application 

rates by 30–50% and synthetic pesticide requirements by 40–80%, 

depending heavily on the specific nanocarrier matrix and field conditions 
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(Bist et al. 2025; Fraceto et al. 2016). These optimization metrics directly 

translate into lowered farm-level input costs and enhanced net profitability. 

However, nano-formulations frequently incur higher initial capital 

expenditures due to manufacturing complexities and specialized industrial 

formulation processes (Parisi et al. 2015). Microeconomic cost–benefit 

analyses indicate that the net economic advantages of these technologies 

remain strictly contingent upon manufacturing efficiency, market 

scalability, and commercial availability (Su et al. 2022). Consequently, 

prominent adoption barriers within smallholder farming configurations 

include upfront financial constraints, restricted access to advanced inputs, 

and perceived uncertainty regarding return on investment (ROI). 

Additional institutional factors, such as localized market structures, 

evolving regulatory compliance requirements, and technical knowledge 

gaps, further modulate the overall economic feasibility of these advanced 

systems. 

In synthesis, reported economic outcomes exhibit high variance, 

governed by a dynamic trade-off between industrial production costs, 

field-level efficiency gains, and socio-economic adoption conditions. 

 

Table 1: Cost Comparison Between Nanotechnology-Based and 

Conventional Agriculture 

 
Cost 

Component 

Conventional 

Agriculture 

Nanotechnology-

Based Agriculture 

Interpretation / 

Feasibility Insight 

Fertilizer Input 

Cost 

High due to large 

quantities required 

and repeated 

applications 

Lower total input due 

to reduced dosage (up 

to 50% less in some 

cases) (Su et al. 

2022). 

Nanofertilizers 

reduce the overall 

cost per hectare 

despite a higher unit 

price 

Application 

Frequency 

Frequent 

applications are 

required due to 

nutrient loss 

(leaching, 

volatilization) 

Reduced frequency 

due to controlled 

release mechanisms 

(Nair et al. 2010; Kah 

et al. 2019) 

Lower labour and 

operational costs 

Nutrient Use 

Efficiency 

(NUE) 

Low efficiency 

(30–50% uptake 

typical for N 

High efficiency due 

to targeted delivery 

and slow release 

Improved efficiency 

reduces waste and 

cost losses 
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fertilizers) (Navarro 

et al. 2008) 

(Prasad et al. 2017; 

Ahmed et al. 2023) 

Pesticide Cost High due to 

repeated spraying 

and resistance 

development 

Potentially lower due 

to enhanced efficacy 

and reduced 

application rates 

(Chaud et al. 2021; 

Kah et al. 2019) 

Cost savings depend 

on formulation 

efficiency 

Labor and 

Machinery 

Costs 

Higher due to 

multiple field 

operations 

Reduced due to fewer 

applications and 

precision delivery 

systems (Fraceto et 

al. 2016) 

Important advantage 

in smallholder 

systems 

Environmental 

Cost 

(Externalities) 

High (soil 

degradation, water 

pollution, 

eutrophication) 

(Laxmi et al. 2023) 

Lower due to reduced 

chemical losses and 

targeted use (Su et al. 

2022) 

Long-term economic 

benefits through 

sustainability 

Initial 

Technology 

Cost 

Low (widely 

available inputs and 

infrastructure) 

High (R&D, 

production, and 

formulation costs)  

Major barrier to 

adoption 

Yield Output / 

Return 

Moderate, but 

dependent on high 

input use 

Comparable or higher 

yield with lower 

input  

Improves cost–

benefit ratio 

Overall Cost–

Benefit Ratio 

Moderate efficiency 

with high input 

dependency 

Potentially higher 

profitability, but 

varies across reported 

conditions (Su et al. 

2022) 

Requires 

optimization and 

local validation 

*Source: Author’s compilation 
 

3.5. Regulatory Feasibility Framework 

3.5.1. European Regulatory Framework 
 

The regulation of nano-enabled agrochemicals in Europe is governed 

by a multilayered legislative framework designed to safeguard human 

health, animal welfare, and environmental integrity. Pre-market risk 

assessments of engineered nanomaterials are conducted by centralized 
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regulatory authorities, primarily the European Food Safety Authority 

(EFSA) and the European Chemicals Agency (ECHA), focusing heavily 

on substance-specific toxicity, environmental fate, and multi-pathway 

exposure scenarios (EFSA, 2011; ECHA, 2022). 

Downstream food security is further managed by Regulation (EC) No 

1935/2004, which mandates that nanomaterials utilized in food-contact 

materials must not migrate into food matrices at levels that jeopardize 

human health (European Commission, 2004). For livestock applications, 

nutritional feeds and additives are regulated under Regulation (EC) No 

767/2009 (European Commission, 2009a). Plant nutrition and soil 

conditioners are governed by the more recent Regulation (EU) 2019/1009, 

which defines specific safety, purity, and labelling requirements for 

fertilizing products entering the single market (European Commission, 

2019). Additionally, the Biocidal Products Regulation (EU) No 528/2012 

enforces distinct evaluations for any active substances exhibiting 

nanoscale dimensions (European Commission, 2012). 

To standardize nomenclature, the European Commission’s 

Recommendation on the definition of a nanomaterial (2022/C 229/01) 

provides a definitive metric based entirely on particle-size distribution 

(European Commission, 2022). Beyond primary legislative acts, EFSA 

and ECHA have published technical guidance documents emphasizing that 

nanoforms necessitate a case-by-case risk assessment. This requirement 

stems from their distinct physicochemical properties, such as elevated 

specific surface reactivity, modified bioavailability, and high 

bioaccumulation potential (Hardy et al. 2018; ECHA, 2022). 

Despite this comprehensive architecture, critical limitations remain 

within the literature, notably the persistent absence of harmonized, nano-

specific testing protocols and high methodological variability in cross-

border risk assessments. 

 

3.5.2. Regulatory Implications for Albania 

As an EU-candidate country, Albania is progressively harmonizing its 

domestic agricultural and environmental legislation with the European 

Union acquis Communautaire, with particular emphasis on chapters 

concerning food safety, veterinary and phytosanitary policy, and chemical 

management. 

Consequently, the future adoption of nano-enabled agrochemicals in 

Albania remains strictly bound to the institutional transposition of EU 
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benchmarks, specifically Regulation (EC) No 1107/2009 and Regulation 

(EU) 2019/1009, alongside the formal adoption of EU nanomaterial 

criteria (European Commission, 2009b; 2019). Codifying unambiguous 

definitions, establishing standardized risk-assessment protocols, and 

enforcing transparent labelling mandates will be critical to achieving 

regulatory symmetry with European trading partners. 

However, institutional capacity represents a primary operational 

bottleneck. The effective oversight of nano-agrochemicals demands 

specialized expertise in advanced fields such as nanotoxicology, 

environmental modelling, and high-resolution analytical chemistry 

(EFSA, 2011; ECHA, 2022). Currently, Albania faces structural 

constraints regarding state laboratory infrastructure, technical enforcement 

capabilities, and specialized human resources, which could severely limit 

the systematic tracking and monitoring of nanomaterials within regional 

agricultural systems (FAO, 2022). 

Furthermore, Albania’s agricultural sector is characterized by 

fragmented, smallholder-dominated farm structures that historically show 

limited access to advanced agricultural inputs and technological training. 

In transitional economies, these socio-economic matrices represent well-

documented barriers to technology adoption (Popp et al. 2013; Parisi et al. 

2015). This dual fragmentation complicates both the market deployment 

and the enforcement of nano-enabled agrochemicals, raising the risk of 

sub-optimal application, environmental over-loading, or non-compliance 

with statutory safety levels. Without dedicated agronomic extension 

services and targeted vocational training, smallholders may lack the 

specific skills needed to mitigate operational exposure risks (Nair et al. 

2010; Prasad et al. 2017). 

To circumvent these vulnerabilities, a phased, evidence-based 

integration strategy is highly recommended. Controlled pilot field trials 

and localized academic collaborations can yield essential empirical data 

regarding the field performance, mobility, and degradability of nano-

agrochemicals under specific Mediterranean soil and climate dynamics 

(Ahmed et al. 2023; Kah et al. 2019). Simultaneously, targeted capacity-

building initiatives for producers, agronomists, and inspectorate bodies are 

required to anchor safe-handling practices. 

Fostering institutional linkages with centralized European bodies, 

such as EFSA and ECHA, would significantly accelerate Albania’s 

regulatory transposition, providing direct access to validation protocols, 

peer-reviewed hazard data, and administrative best practices. Ultimately, 
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while nano-enabled agrochemicals offer strategic pathways to optimize 

input efficiency and regional sustainability, their deployment in Albania 

depends entirely on building parallel regulatory frameworks, robust 

analytical infrastructure, and localized risk-mitigation strategies. 

 

Table 2. Integrated feasibility assessment of nano-enabled agrochemicals 

in Albania 

 
Feasibility 

Dimension 

Key Advantages Key Limitations Overall 

Feasibility 

Agronomic Improved nutrient-

use efficiency; 

enhanced pest 

control 

Variable performance 

under field conditions; 

limited long-term data 

Moderate 

(site-specific) 

Environmental Reduced chemical 

losses; targeted 

delivery 

Uncertain long-term 

impacts; nanoparticle 

persistence 

Conditional 

Economic Reduced input use; 

potential yield 

increase 

High initial cost; 

limited accessibility 

for smallholders 

Moderate to 

low 

Regulatory Strong EU 

framework 

Limited national 

capacity; lack of nano-

specific guidelines 

Low to 

moderate 

*Source: Author’s compilation 

 

3.6.  Contextual Feasibility in Albania 

3.6.1. Agro-Environmental Constraints and Variability 

Albania is characterized by pronounced agro-environmental 

heterogeneity driven by the confluence of Mediterranean, Atlantic, and 

continental macroclimatic influences, combined with a highly complex 

topography (Kopali, 2012). This complex geographic matrix results in 

substantial spatial variation in temperature regimes, precipitation patterns, 

and seasonal microclimatic dynamics over relatively short physical 

distances, directly modulating crop phenology and the efficacy of applied 

inputs. 

Edaphic conditions further amplify this systemic variability. 

Divergences in parent geology, historic land use, and active degradation 

processes have led to highly heterogeneous soil profiles. Soil degradation, 

particularly accelerated erosion, remains a primary structural constraint to 

regional agricultural productivity. Steep terrain gradients, high-intensity 
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rainfall events, and unsustainable land-use practices, such as historic 

deforestation and overgrazing, significantly accelerate topsoil loss and 

alter localized nutrient dynamics (Eugen Skura, 2017). 

These baseline environmental stressors are critical when determining 

the environmental fate and performance of nano-enabled agrochemicals. 

Nanoparticle mobility, surface adsorption, and localized release kinetics 

are fundamentally governed by soil physicochemical characteristics, 

including pH gradients, soil organic matter (SOM) fractions, cation 

exchange capacity (CEC), and microbial community profiles (Navarro et 

al. 2008; Prasad et al. 2017). 

From an analytical feasibility paradigm, this environmental 

heterogeneity exerts a dual effect: 

Efficiency Gains: Engineered controlled-release and targeted-delivery 

systems can significantly optimize input-use efficiency (IUE) within 

agroecosystems prone to severe nutrient leaching, run-off, and spatial soil 

variations. 

Performance Uncertainty: Conversely, this environmental variance 

introduces high unpredictability, as nanomaterial transport, bioavailability, 

and degradation rates may fluctuate dramatically across distinct agro-

ecological zones (Nair et al. 2010). 

Consequently, agronomic and environmental feasibility remains 

inherently site-specific, requiring rigorous, localized field validation 

before wide-scale technology deployment. 

 

3.6.2. Structural And Management Constraints in 

Smallholder Systems 

The agricultural landscape in Albania is heavily dominated by 

smallholder farming configurations, with typical holding sizes ranging 

from 1.0 to 1.2 hectares, which are frequently fragmented into multiple, 

non-contiguous plots (FAO, 2022). This highly fragmented structural 

baseline is historically correlated with low levels of mechanization, 

restricted capital access for advanced inputs, and high intra-regional 

variance in crop management practices. The farm-level adoption of 

frontier agricultural technologies remains fundamentally bound to capital 

liquidity, specialized technical knowledge, and the reach of institutional 

agronomic extension services (Parisi et al. 2015). 

Within these structural parameters, nano-enabled agrochemicals 

present distinct operational advantages balanced against severe 
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implementation constraints. While their advanced delivery properties can 

technically maximize nutrient-use efficiency and plant protection efficacy 

(Fraceto et al. 2016; Kah et al. 2019), their optimized execution relies 

entirely on precise, calibrated application techniques and advanced user 

literacy. 

Non-standardized, highly variable pesticide and fertilizer application 

methods remain prevalent within the domestic sector (FAO, 2022). Under 

uncalibrated application regimes, the intrinsic benefits of advanced nano-

enabled systems, such as targeted delivery, cannot be fully realized. This 

operational disconnect indicates that the commercial feasibility of nano-

agrochemicals in Albania is strictly contingent upon parallel, institutional 

investments in knowledge transfer, robust vocational advisory networks, 

and farm-level managerial capacity building. 

 

3.6.3. Emerging Research and Innovation in Albania 

Empirical evidence confirms that research and development (R&D) 

concerning nano-enabled agrochemicals in Albania is currently in its 

infancy. Domestic initiatives remain predominantly confined to ex-situ 

laboratory experiments or preliminary, small-scale trials evaluating nano-

formulated essential micronutrients, specifically iron (Fe), molybdenum 

(Mo), and boron (B) (based on preliminary industry information and 

personal communication, 2026). 

However, peer-reviewed, published data regarding long-term field-

scale performance, real-world environmental fate, and microeconomic 

cost-benefit metrics under specific Albanian soil-climate dynamics remain 

virtually non-existent. This critical data gap severely constrains the 

capacity to conduct comprehensive risk and feasibility assessments, 

reflecting broader national challenges in translating fundamental benchtop 

chemistry into scalable, applied agronomic innovations. 

The trajectory of emerging agricultural technologies is inextricably 

linked to national research infrastructure, institutional funding, and 

established academy-to-farm knowledge transmission pathways. In the 

Albanian context, nano-enabled agrochemicals remain positioned in a 

preliminary, speculative phase; their transition into viable commercial 

tools depends entirely on future multi-season field validation, dedicated 

institutional support, and structural alignment with regional agroecological 

management paradigms. 
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Current evidence indicates that research on nano-enabled 

agrochemicals in Albania is at an early stage. Existing activities are 

primarily experimental, including preliminary work on nano-formulated 

micronutrients such as iron (Fe), molybdenum (Mo), and boron (B) (based 

on preliminary industry information and personal communication, 2026). 

However, published data on field-scale performance, environmental 

behaviour, and economic outcomes under Albanian conditions remain 

limited. This gap constrains the ability to assess real-world feasibility and 

reflects broader challenges associated with translating laboratory findings 

into applied agricultural systems. 

The development of emerging agricultural technologies is closely 

associated with research capacity, infrastructure, and knowledge transfer 

mechanisms. In the Albanian context, current evidence suggests that nano-

enabled agrochemicals remain in a preliminary evaluation phase, with 

feasibility dependent on future field validation, institutional support, and 

integration into existing agricultural systems. 

 

4. DISCUSSIONS 

This review demonstrates that the feasibility of nano-enabled 

agrochemicals in Albania is shaped by a complex interplay between 

technological performance, environmental kinetics, regulatory capacity, 

and farm-level structural conditions. Rather than representing a universally 

applicable solution, nanotechnology emerges as a highly context-

dependent innovation whose real-world efficacy remains strictly 

contingent upon localized agro-ecological and socio-economic variables 

(Nair et al. 2010; Kah et al. 2019). 

From a technological perspective, nano-enabled agrochemicals 

facilitate a paradigm shift toward precision-based agricultural systems by 

maximizing input-use efficiency and enabling site-directed delivery. 

However, their agronomic performance depends heavily on the alignment 

between specialized formulation architectures and regional agro-climatic 

profiles, underscoring the necessity of site-specific adaptation over 

uniform, homogenous deployment strategies. 

Environmental considerations introduce a critical trade-off between 

macro-efficiency gains and long-term sustainability risks. While 

engineered controlled-release mechanisms can significantly mitigate 

immediate active ingredient losses, major uncertainties regarding 

nanoparticle environmental persistence, physical transformations, and 
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multi-trophic interactions within the soil–water–plant continuum remain 

unresolved bottlenecks (Navarro et al. 2008; Prasad et al. 2017). This 

emphasizes the necessity of adopting a precautionary risk-management 

approach supported by continuous environmental monitoring networks 

and robust lifecycle assessment frameworks. 

Regulatory feasibility further conditions practical implementation 

outcomes. Although legislative alignment with the European Union acquis 

communautaire provides a structured governance blueprint, the global 

absence of harmonized, nano-specific risk assessment protocols limits 

operational clarity. In Albania, these systemic constraints are further 

intensified by localized institutional bottlenecks, including deficits in 

specialized nanotoxicological expertise and high-resolution analytical 

monitoring infrastructure required for effective market surveillance (Parisi 

et al. 2015). Consequently, regulatory readiness must be viewed not 

merely as a matter of legislative transposition, but as a function of practical 

institutional capacity. 

At the farm level, the overwhelming dominance of smallholder 

systems heavily modulates socio-economic adoption potential. Highly 

fragmented landholdings, limited capital liquidity, and restricted access to 

advanced agronomic knowledge drastically reduce the probability of 

autonomous technology adoption. Empirical evidence suggests that the 

successful uptake of frontier agricultural inputs within smallholder 

configurations depends entirely on integrated institutional support 

mechanisms, including localized extension services, targeted financial 

incentives, and structured academy-to-farm knowledge transfer pathways 

(Fraceto et al. 2016). 

Crucially, the current research landscape in Albania reflects a 

pronounced translational gap between ex-situ experimental studies and 

field-scale validation. While preliminary laboratory findings indicate clear 

isolated benefits, the total absence of long-term, real-world field data limits 

the empirical robustness of current feasibility frameworks. This 

translational gap represents a primary barrier to evidence-based 

commercialization, distinguishing holistic multi-dimensional feasibility 

assessments from purely fundamental technological evaluations. 

In synthesis, the viability of nano-enabled agrochemicals in Albania 

must be conceptualized as a system-dependent phenomenon emerging 

from the reciprocal interactions of technological, environmental, 

regulatory, and socio-economic domains. Rather than functioning in 

isolation, these four axes operate as an interconnected matrix that 
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determines real-world applicability, highlighting the need for an 

integrated, systems-based evaluation framework that positions agricultural 

innovations within their broader institutional and environmental contexts. 

 

5. CONCLUSIONS 

This study provides a structured synthesis of current empirical 

evidence regarding the feasibility of nano-enabled agrochemicals—

specifically nanopesticides and nanofertilizers—within the framework of 

sustainable agriculture. The analysis demonstrates that these advanced 

technologies offer clear, localized advantages in maximizing input-use 

efficiency, optimizing targeted crop protection, and reducing diffuse 

environmental losses compared to conventional, unformulated 

agrochemical systems. However, this theoretical potential is not 

consistently realized across divergent agro-ecological and socio-economic 

matrices. 

The findings indicate that feasibility is inherently conditional, 

governed by the dynamic intersection of agronomic performance, 

environmental fate, microeconomic viability, and institutional regulatory 

capacity. While engineered nanocarriers and responsive delivery systems 

represent substantial technological milestones, their field-level 

effectiveness remains highly variable, and critical uncertainties persist 

regarding their multi-season environmental persistence, ecotoxicological 

impacts on functional soil microbiomes, and systemic trophic-level 

responses. 

Within the specific context of Albania, these baseline challenges are 

significantly amplified by profound agro-environmental heterogeneity, 

fragmented smallholder farm structures, and localized constraints in 

regulatory enforcement and laboratory infrastructure. Consequently, the 

direct, uncalibrated transfer of globally reported agronomic benefits to the 

domestic sector cannot be assumed. Instead, the strategic deployment of 

nano-enabled agrochemicals requires precise tailoring to local edaphic and 

climatic conditions, supported by rigorous empirical field validation and 

context-specific risk modelling. 

From a strategic perspective, nano-enabled inputs should not be 

pursued as standalone, silver-bullet solutions, but rather integrated as 

complementary tools within broader, sustainable agricultural frameworks, 

such as Integrated Pest Management (IPM) and conservation agriculture. 

Their responsible, safe implementation depends strictly on the parallel 
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maturation of domestic regulatory frameworks, targeted investments in 

state analytical infrastructure, and the establishment of monitoring 

protocols capable of tracking nanoscale-specific environmental risks. 

A phased, evidence-based integration trajectory is therefore essential 

for Albania. National priority must be assigned to long-term, field-scale 

validation trials, continuous environmental fate monitoring, and 

microeconomic cost–benefit assessments under real-world farming 

configurations. Strengthening cross-sectoral collaborations between 

academic research institutions, state regulatory bodies, and agricultural 

stakeholder networks will be critical to reduce current scientific 

uncertainties and supporting informed, data-driven policymaking. 

Ultimately, nano-enabled agrochemicals represent a highly promising but 

transitional innovation; their long-term role in sustainable agriculture will 

be determined by the precision with which scientific evidence, regulatory 

governance, and practical farm-level execution can be harmonized to 

ensure parallel agronomic profitability and ecotoxicological safety. 
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ABSTRACT 
 

Dairy farming remains a vital livelihood for rural households in Albania; 

however, the sector faces increasing sustainability challenges. This study investigates 

the factors shaping dairy farm viability in central Albania using a grounded theory 

approach. Data were collected through three focus group discussions with dairy 

farmers in Lushnja, Berati, and Tirana and analyzed using open, axial, and selective 

coding supported by constant comparison. The findings indicate that sustainability is 

undermined by interconnected pressures, including input insecurity, rising feed costs, 

inadequate veterinary and advisory services, infrastructure deficiencies, bureaucratic 

constrains, market instability, compliance risks related to quality standards, and labor 

shortages. These pressures accumulate over time, progressively constraining farmers’ 

adaptive capacity. The study identifies accumulated pressure and trajectory toward 

farm exit as the central analytical constructs, conceptualizing farm exit as a gradual 

outcome of prolonged structural vulnerability rather than an isolated economic 

decision.  
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1. INTRODUCTION 

Dairy farming plays a central role in Albania’s agricultural economy, 

providing income and employment for a substantial proportion of rural 

households and contributing significantly to national food security. 

Despite its importance, the sector has undergone profound structural 

change over the past two decades. Official statistics report a marked 

decline in livestock numbers, reflecting increasing vulnerability within the 

production system. Between 2000 and 2023, the number of cows decreased 

by 48%, sheep by 31%, and goats by 36%. This contraction has intensified 

in recent years, with the period 2019–2023 alone recording declines of 

27% for cows, 20% for sheep, and 24% for goats (INSTAT, 2024). These 

trends raise serious concerns regarding the long-term sustainability of 

dairy farming in Albania. 

The observed decline is associated with persistent multifaceted 

challenges faced by dairy farmers. Existing research has largely focused 

on macroeconomic trends, offering limited insight into farmers’ lived 

experiences. While agricultural challenges are embedded within 

interconnected systems of production and governance (Gereffi et al. 2005), 

these dynamics remain insufficiently explored in central Albania. To better 

understand these complex interactions from the perspective of those 

directly affected, the central research question guiding this analysis is: 

What factors influence the sustainability of dairy farming in central 
Albania, and how do farmers navigate these challenges? In addressing this 

question, we introduce accumulated pressure as a processual construct that 

differs from traditional frameworks. Unlike vulnerability, which is often 

conceptualized a static condition, or risk, which typically emphasizes 

exposure to discrete events, accumulated pressure captures the temporal 

and cumulative intensification of multiple constraints. It extends beyond 

the 'cost-price squeeze' framework by emphasizing how institutional 

barriers and market instability interact to progressively narrow a farmer’s 

adaptive space. Consequently, farm exit is reframed as a gradual trajectory 

emerging from interlocking pressures rather than a response to a single 

shock 

To explore these complexities, a grounded theory approach (Strauss 

and Corbin, 1998) is employed as the guiding methodology. This inductive 

strategy allows theoretical explanations to emerge directly from empirical 

data, ensuring that the findings remain closely grounded in the farmers' 

narratives without imposing predefined conceptual models. Throughout 
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the analytical process, constant comparison was applied during open, axial, 

and selective coding to refine categories across three central regions—

Lushnja, Berati, and Tirana.  

By conceptualizing sectoral decline through the lens of accumulated 

pressure, this paper offers a data-driven explanation of agricultural 

contraction in transition contexts and advances a process-oriented 

understanding of vulnerability. The study contributes theoretically by 

developing an inductively grounded explanation of dairy farm decline 

centered on accumulated structural strain. Rather than treating constraints 

as isolated variables, the analysis demonstrates how economic, 

institutional, and market pressures interact and intensify over time, 

progressively eroding adaptive capacity. Farm exit is thus conceptualized 

not as a single decision triggered by a single shock, but as the outcome of 

a prolonged trajectory shaped by interlocking pressures. While grounded 

in farmers’ narratives, the proposed framework also refines broader 

institutional and value-chain perspectives. 

The remainder of the paper is organized as follows. Section 2 outlines 

the research design and grounded theory methodology. Section 3 presents 

the results of the coding process. Section 4 discusses the findings in 

relation to existing literature and their implications, and Section 5 

concludes. 

2. MATERIAL AND METHODS 

2.1. Data 

Data for this study were collected through focus group discussions with 

dairy farmers in the Albanian regions of Berati, Lushnja, and Tirana. The 

focus group meetings were organized in the framework of the EU funded 

project, Farm to Fork Academy for Green Western Balkans, implemented 

by Albanian Network for Rural Development. Prior to the data collection, 

a semi-structured discussion guide was developed to ensure thematic 

consistency across locations while retaining sufficient flexibility to explore 

participants’ experiences in depth. The guide covered key domains, 

including access to production resources, feed procurement, veterinary and 

advisory services, water availability, farmer collaboration, market access, 

and government support mechanisms. Approximately 40 participants were 

involved in the study, primarily small-scale farmers, alongside 

representatives of medium- and large-scale operations to capture structural 

variation within the sector. To ensure the inclusion of diverse and 
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potentially underrepresented perspectives, the sample comprised 

approximately 20% women and 10% young farmers. This composition 

was intended to reflect demographic diversity while foregrounding groups 

often facing additional constraints withing agricultural systems. 

Three focus group discussions were conducted, each consisting of a 

heterogeneous mix of dairy producers in order to capture variation in 

production conditions, market integration, and resource endowments. Each 

session lasted approximately 90 minutes and was facilitated by the 

research team using open-ended questions and follow-up probes to 

stimulate interaction, and the construction of meaning among participants. 

All discussions were audio-recorded with participants’ informed consent 

and subsequently transcribed verbatim. The transcripts constituted the 

primary qualitative dataset used for coding and analysis. 

Theoretical saturation was reached after the third focus group. Analysis 

of the third session generated only marginally new insight that the principal 

themes and categories had already been substantially developed during the 

first two discussions. The data from the final session primarily reinforced 

existing categories had already been substantially developed during the 

first two discussions. The data from the final session primarily reinforced 

existing categories and added analytical depth rather than introducing 

novel conceptual dimensions. Accordingly, it was determined that 

additional focus groups were unnecessary, as further data collection was 

unlikely to yield significant theoretical advancement. Saturation was thus 

defined as the point at which new data no longer contributed substantively 

to category development or to the refinement of emerging theoretical 

relationships. 

 

2.2. Grounded Theory Approach 

This study employed a grounded theory methodology to explore the 

challenges faced by dairy farmers and to develop a theoretically grounded 

explanation understanding of the factors influencing dairy farming 

sustainability. Grounded theory is an inductive methodological approach 

designed to generate theory directly from empirical data rather than to test 

pre-existing hypotheses. The analytical process followed the three-stage 

coding procedure proposed by Strauss and Corbin (1998): open coding, 

axial coding, and selective coding. Throughout all stages, the constant 

comparative method was systematically applied to ensure that emerging 
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categories remained closely anchored in the data and were progressively 

refined through iterative analysis. 

Open Coding 

The first stage of the analysis involved open coding. During this 

phase, the data were disaggregated into discrete units of meaning and 

labeled with conceptual codes that captured their substantive content. 

Examples of open codes included feed procurement challenges, water 

scarcity, and subsidy delays (a detailed presentation of open codes in the 

Results section). Each relevant of text was examined line by line and 

assigned a code representing its core meaning. Codes were derived both 

from participants’ verbatim expressions and from analytically interpreted 

segments reflecting underlying processes or conditions. Constant 

comparison was applied throughout this stage by systematically comparing 

newly generated codes with previously identified ones. This iterative 

procedure facilitated conceptual clarification, reduced redundancy, and 

supported the development of a comprehensive and internally coherent set 

of open codes.  

Axial Coding 

Following the development of open codes, the analysis progressed to 

axial coding, in accordance with the paradigm model proposed by Strauss 

and Corbin. This stage focused on identifying relationships among open 

codes and organizing them into higher order categories and subcategories. 

Axial coding aimed to specify conditions, interactions, and consequences 

associated with each emerging category. In line with the paradigm model, 

categories were examined in relation to: casual conditions, contextual 

conditions, intervening conditions, action/interaction strategies, and 

consequences. For example, the axial category Access to Resources 

incorporated casual conditions such as feed procurement constrains, 

contextual conditions including geographical isolation, and consequences 

such as reduced milk productivity due to limited input availability. The 

constant comparative method was again employed to refine relationships 

between categories and to ensure analytical consistency between open and 

axial levels of coding. 
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Selective Coding 

The final stage of analysis involved selective coding, as outlined by 

Strauss and Corbin (1998). At this stage, all axial categories were 

systematically evaluated to identify the core category — that is, the 

category with the greatest integrative and explanatory power. 

Through iterative comparison and theoretical reflection, one central 

category was identified because it most effectively integrated the various 

causal conditions, contextual influences, action strategies, and 

consequences into a coherent explanatory process. This core category 

provided the organizing framework for the emerging theory and linked the 

subordinate categories into a unified conceptual structure. 

The process of selective coding ensured theoretical integration and 

parsimony, while maintaining fidelity to the empirical data. The resulting 

theoretical explanation thus remains grounded in participants’ experiences 

and reflects the dynamic and process-oriented nature of sustainability 

challenges within the dairy farming sector. 

Constant Comparison Approach 

Throughout all stages of data analysis, the constant comparative 

method was systematically applied. This analytical procedure involves 

continuously comparing newly coded data with previously coded segments 

in order to refine conceptual categories, clarify their properties and 

dimensions, and specify relationships among them. Rather than treating 

coding as a linear process, constant comparison operates iteratively across 

and withing transcripts. Incidents were compared with other incidents, 

codes with codes, and categories with emerging categories. This recursive 

examination enabled the identification of similarities, variations, and 

patterns withing the data, thereby strengthening conceptual coherence and 

reducing analytical redundancy.  

3. RESULTS 

3.1 Open Coding: Empirically Grounded Concepts 

The open coding phase generated a wide range of conceptually rich 

codes that captured dairy farmers lived experiences, perceived constraints, 

and everyday coping strategies. Using constant comparison across the 

three consultation meetings, recurring patterns were identified while 

preserving contextual variation. Given space limitations, this section 
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presents selected open codes, illustrated with representative quotes that 

best exemplify the underlying concepts. 

One of the most salient open codes was feed purchase challenges, 

which farmers described as both a structural and seasonal constraint. 

Participants emphasized their dependence on purchased feed due to limited 

land productivity and lack of irrigation, particularly during winter months. 

Feed was consistently framed as the single largest cost item in dairy 

production: 

“…we are forced to buy all the feed; everything we give to the cows, 
we buy it” (“…të gjithë ushqimin e blejmë, çfarëdo që u japim lopëve…”) 

Closely linked to feed issues, the open code economic struggles 

permeated nearly all narratives. Farmers described low and unstable 

incomes, rising input costs, and an inability to cover basic production 

expenses. These struggles were not depicted as temporary shocks but as 

persistent conditions shaping everyday decision-making: 

“We cannot cover the costs anymore; this is why farms are shutting 
down” (“Nuk arrijmë të mbulojmë shpenzimet, prandaj fermat po 

mbyllen”) 

Economic pressure was frequently associated with the open code risk 

of farm closure, particularly among small-scale producers. Several 

participants explicitly articulated dairy farming as an increasingly 

unsustainable livelihood: 

“If this continues like this, we won’t be able to keep the farms” 

(“Nëse vazhdojmë kështu, nuk do të mund t’i mbajmë fermat”) 

Another recurrent open code concerned veterinary care and animal 

health constraints. Farmers reported irregular access to veterinary 

services, shortages of medicines, and delayed interventions, especially in 

remote areas. Veterinary services were often described as symbolic rather 

than functional: 

“Before, there was veterinary support; now it exists only on paper” 

(“Më parë kishte mbeshtetje veterinare, tani është vetëm si figurë”) 

 

These limitations were perceived as directly affecting milk quality and 

livestock survival, thereby reinforcing economic vulnerability. 
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Water scarcity emerged as a distinct and context-specific open code, 

particularly in upland and peri-urban areas. Participants highlighted the 

lack of water for irrigation, hygiene, and animal consumption, often 

linking water shortages to increased dependence on purchased feed: 

“The land has no water, so we buy feed instead of producing it” 

(“Tokat janë pa ujë, prandaj detyrohemi ta blejmë ushqimin”) 

Market-related challenges were captured under the open code market 

instability, encompassing price volatility, lack of transparency, and weak 

bargaining power. Farmers emphasized their inability to plan production 

or investments due to unpredictable prices: 

“Prices change all the time; today it’s one price, tomorrow another” 
(“Çmimet ndryshojnë vazhdimisht, sot një, nesër tjetër”) 

As a response to these market constraints, many participants reported 

engaging in informal business practices, including selling milk without 

invoices or formal contracts. Informality was framed less as a preference 

and more as a necessity imposed by market and regulatory barriers: 

“Many times we sell without invoices because otherwise we cannot 
sell at all” (“Shpesh shesim pa fatura, sepse ndryshe nuk shesim dot”) 

Another prominent open code was limited government support, which 

farmers consistently described as insufficient, fragmented, or poorly 

targeted. While some participants acknowledged small per-head subsidies, 

these were widely perceived as inadequate relative to production costs: 

“The state helps us a little, but it doesn’t really change anything” 

(“Shteti na ndihmon pak, por nuk na zgjidh asgjë”) 

This perception was closely connected to bureaucratic and regulatory 

barriers, including difficulties in accessing support schemes, obtaining 

permits, or investing in infrastructure such as barns: 

“The state does not help us because everything gets stuck in 

bureaucracy” (“Shteti nuk na ndihmon sepse gjithçka ngec në burokraci”) 

Finally, the open code collective action and cooperation captured both 

aspirations and frustrations related to farmer organization. While 

participants widely recognized the potential benefits of cooperatives, many 

described fragmentation and lack of institutional facilitation: 
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“We know we should unite, but everyone is left on their own” (“E 

dimë që duhet të bashkohemi, por secili mbetet vetëm”) 

In sum, the open coding phase revealed a dense set of interrelated 

challenges, where economic pressure, resource scarcity, institutional gaps, 

lack of burgeoning power and informal practices coexisted and mutually 

reinforced one another. These empirically grounded open codes provided 

the analytical basis for axial coding, where relationships among categories 

were systematically examined. 

3.2. Axial coding 

Structural input insecurity and cost–price squeeze 

Causal conditions underlying this phenomenon consist of persistent 

dependence on purchased feed, rising and volatile input prices, and limited 

on-farm fodder production capacity, further intensified by water scarcity. 

Collectively, these factors expose dairy farms to external market 

fluctuations and reduce their cost to control autonomy. This phenomenon 

unfolds within a context characterized by small-scale production, strong 

seasonal variation, particularly winter feed shortages, and constrained 

household purchasing power. Intervening conditions such as informal 

supplier credit arrangements, absence of formal contracts, and restricted 

access to financial services shape farmers’ capacity to absorb cost shocks. 

In response, farmers adopt action and interaction strategies including 

partial self-sufficiency in fodder production, substitution toward lower-

quality or cheaper feed inputs, and maintenance of long-term trust-based 

relationships with suppliers. The consequences are rising unit production 

costs, narrowing profit margins, shortened planning horizons, and 

declining capacity for reinvestment. 

Fragile animal health and technical support systems 

The emergence of weak animal health management is driven by 

causal conditions including irregular veterinary availability, delayed 

service provision, shortages of medicines, and the erosion of public 

extension support. This dynamic operates within a context of small- and 

medium-scale herds, where animal illness or milk contamination rapidly 

translate into income loss. Intervening conditions, particularly limited 

laboratory diagnostics, fee-based private veterinary services, and uneven 
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technical expertise, mediate farmers’ access to preventive care. As a result, 

action and interaction strategies are predominantly reactive rather than 

preventive, relying heavily on experiential knowledge, informal 

monitoring, and selective engagement of private veterinarians when 

financially feasible. These responses generate consequences such as 

heightened animal mortality risk, unstable milk quality, increased 

exposure to penalties, and reduced confidence in adopting compliance-

oriented upgrading practices.  
 

Infrastructure deficits and blocked farm upgrading 

This axial phenomenon is shaped by causal conditions related to the 

absence of adequate barns, cooling systems, storage facilities, and energy 

infrastructure necessary for modernization. The problem is situated within 

a context of rural investment scarcity and uneven territorial access to 

support mechanisms. Intervening conditions, including high initial 

investment costs, administrative uncertainty, and dependence on project-

based assistance, influence farmers’ upgrading decisions. Consequently, 

action and interaction strategies involve maintaining suboptimal facilities, 

improvising cooling and storage arrangements, and postponing capital 

investments. The resulting consequences include technological stagnation, 

limited compliance with hygiene and welfare standards, and restricted 

integration into higher-value market channels. 

 

Institutional and bureaucratic barriers to formalization 

Barriers to formalization arise from causal conditions such as 

complex permitting procedures, inconsistent municipal approvals, and 

fragmented administrative authority. These barriers operate within a 

context marked by contradictory policy signals that simultaneously 

promote modernization while obstructing its implementation. Intervening 

conditions, including weak advisory services and limited effectiveness of 

state subsidies, further discourage engagement with formal regulatory 

frameworks. Farmers therefore adopt action and interaction strategies 

centered on postponement of investment, avoidance of permit-dependent 

construction, and continuation of semi-formal operational practices. The 

consequences are persistent informality, declining institutional trust, and 

long-term underinvestment. 
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Market instability and informal commercialization pathways 

Market vulnerability is driven by causal conditions including volatile 

milk prices, lack of stable contracts, and asymmetrical bargaining power 

between producers and buyers. This unfolds within a context of 

fragmented distribution systems, weak cold-chain infrastructure, and 

inconsistent enforcement of quality standards. Intervening conditions—

notably limited storage capacity and restricted access to certification and 

testing—mediate farmers’ market participation. In response, action and 

interaction strategies include diversification of sales outlets, direct 

household marketing, acceptance of lower prices to maintain liquidity, and 

reliance on informal social networks. These strategies produce 

consequences such as chronic low margins, limited scalability, 

reinforcement of informality, and persistent income volatility. 
 

Quality and food safety risk exposure 

This axial phenomenon originates from causal conditions in which 

strict food-safety requirements coexist with insufficient technical and 

infrastructural capacity to meet them. It occurs within a context of unequal 

producer organization, where some farmers operate within collective 

quality systems while others function individually. Intervening conditions, 

including availability of cooling tanks, laboratory testing, veterinary 

supervision, and training, strongly shape compliance capacity. As a result, 

farmers’ action and interaction strategies diverge. Organized producers 

implement routine quality monitoring, whereas others rely on rapid sales 

and informal mitigation practices. The consequences include unequal 

exposure to sanctions, segmentation of markets, and exclusion of less-

resourced producers from higher-value supply chains. 
 

Labor constraints and household over-reliance 

Labor scarcity emerges from causal conditions such as limited 

availability of hired workers, high wage costs, and low levels of 

mechanization. This dynamics within a context of household-based 

production characterized by gendered task allocation and aging rural 

populations. Intervening conditions, including low profitability, migration 

trends, and infrastructural deficiencies, intensify labor pressures. Farmers 

respond through action and interaction strategies that include limiting herd 

size, intensifying reliance on family labor, and engage in collective labor-
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sharing arrangements during peak periods. The resulting consequences are 

physical exhaustion, constrained growth potential, weakened 

intergenerational succession, and increased vulnerability to farm exit. 
 

Collective organization as a conditional resilience mechanism 

Collective action develops from causal conditions associated with 

weak individual bargaining power and limited institutional representation. 

This phenomenon is embedded within a context in which producer 

organization frequently emerges through donor- or project-based 

facilitation rather than through permanent public structures. Intervening 

conditions such as leadership capacity, mutual trust, access to training, and 

continuity of external support determine organizational effectiveness. 

Farmers engage in action and interaction strategies including shared feed 

production, coordinated labor arrangements, participation in training 

activities, collective quality monitoring, and inter-group product 

redistribution. The consequences include enhanced resilience for 

organized farmers, uneven regional development, and structural 

dependence on external facilitation mechanisms for sustained collective 

functioning. 
 

 

 

Accumulated pressure and trajectory toward farm exit 
 

The integration of preceding axial categories reveals a cumulative 

process shaped by interacting causal conditions that intensify over time. 

These include rising input costs, fragile animal health and advisory 

services, infrastructural stagnation, bureaucratic barriers to formalization, 

labor shortages, and persistent market instability. This process unfolds 

within a context characterized by small-scale farms with limited financial 

reserves, restricted access to credit, and minimal capacity to absorb 

prolonged shocks. Intervening conditions, notably inadequate and 

inconsistently implemented government support measures, along with the 

absence of stabilizing market institutions- further amplify systematic 

vulnerability. As pressures accumulate, farmers’ action and interaction 

strategies gradually shift from development-oriented investment toward 

short-term survival. These strategies include cost minimization, increasing 

reliance on informal commercialization channels, postponement or 

cancellation of capital investment, reduction of heard size, and dependence 

on immediate coping mechanisms rather than long-term planning. The 
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consequences of this adaptive shift are manifested in declining motivation, 

erosion of long-term viability, weakened intergenerational continuity, and 

the emergence of increasingly explicit trajectories toward partial or 

complete farm exit.  

 
3.3. Selective coding 

Following Strauss and Corbin’s (1998) selective coding procedures, 

all axial categories were evaluated as potential selective codes. While each 

captured a significant dimension of farmers’ challenges, none individually 

integrated the full range of economic, institutional, market, and household 

dynamics observed across regions. Through constant comparison, 

accumulated pressure and trajectory toward farm exit demonstrated the 

greatest integrative capacity, linking casual conditions, action/interaction 

strategies, and consequences into a coherent and processual explanation. 

Unlike the other axial categories, which primarily represented domain-

specific mechanisms, this category accounted for their cumulative and 

temporal interaction. It was therefore selected as the core (selective) 

category, as it most comprehensively explains the central process 

underlying dairy farm decline. A central finding of this analysis is that 

farmers’ vulnerability cannot be attributed to any single structural domain. 

Rather, the axial categories (refer to Axial codes) operate as interdependent 

pressure fields. Each domain generates strain through distinct causal 

conditions and consequences; however, their explanatory power lies in 

how they interact and reinforce one another over time. Input dependence 

amplifies exposure to volatile markets; infrastructural stagnation 

constrains compliance and upgrading; bureaucratic uncertainty 

discourages investment; labor shortages intensify household burdens; and 

weak technical services heighten production risk. It is not the presence of 

these pressures individually, but their cumulative and mutually reinforcing 

interaction, that produces systemic unsustainability. The grounded theory 

therefore reframes dairy sector decline not as a collection of isolated 

sectoral deficiencies, but as a structured process of pressure accumulation 

unfolding across interconnected domains.  

Within this framework, farm exit emerges not as an abrupt economic 

decision, but as a gradual trajectory shaped by prolonged structural strain. 

Farmers rarely discontinue production following a single adverse event. 

Instead, repeated exposure to rising costs, regulatory obstruction, market 
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volatility, infrastructural limitations, and physical exhaustion 

progressively narrow their adaptive capacity. Coping strategies initially 

buffer shocks however, as pressures intensify and converge, these 

adaptative responses lose their effectiveness. Farm exit thus represents the 

terminal phase of a long-term erosion process in which continued 

engagement becomes increasingly untenable. 

The selective code clarifies the meaning of farmers’ adaptive 

behaviors within this dynamic of pressure accumulation. Practices such as 

informal milk marketing, partial feed self-sufficiency, herd reduction, 

delayed capital investment, reliance on family labor, and dependence on 

project-based support do not represent resistance to modernization. Rather, 

they constitute rational survival strategies enacted within structurally 

constrained environments. These strategies temporarily stabilize 

operations, yet they simultaneously reproduce vulnerability by postponing 

upgrading, limiting formal integration, and reinforcing informality. Short-

term adaptation therefore coexists with long-term stagnation, revealing a 

paradox in which survival practices sustain production while deepening 

systematic exposure. 

Variation across farmers reflects limited and uneven forms of 

cooperation. Where collective activities exist, primarily informal, pressure 

accumulation may temporarily decelerate, although structural constraints 

remain intact. In the absence of such cooperation, pressures converge more 

rapidly, accelerating trajectories toward farm exit. These differences stem 

less from individual managerial capacity than from unequal access to 

institutional mediation underscoring the structural nature of vulnerability. 

From a theoretical perspective, the findings demonstrate that 

structural vulnerability—not farm-level inefficiency—constitutes the 

organizing principle of the dairy farming system. By identifying 

accumulated pressure as the integrating mechanism across domains, the 

grounded theory shifts analytical attention from discrete production 

constraints to the temporal interaction of institutional, market, 

infrastructural, and household conditions. This processual lens explains 

why interventions addressing single domains often fail to generate 

sustainable transformation: they do not alter the cumulative dynamic 

through which pressures converge and intensify. 

In sum, accumulated pressure and trajectory toward farm exit 

functions as the selective code because it integrates all axial categories, 

explains the logic of farmers’ coping strategies, accounts for differentiated 

trajectories within the sector, and captures the central process driving dairy 
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farm decline. Sustainability challenges in the Albanian dairy sector 

therefore emerge not from isolated failures, but from the structured and 

temporal convergence of multiple interlocking pressures that progressively 

constrain adaptive capacity. 
 

4. DISCUSSION 

This study contributes to understanding dairy farming sustainability 

in Central Albania by developing a grounded theory that conceptualizes 

farmers’ challenges as an interrelated process of accumulated pressure 

leading toward farm exit. Rather than identifying isolated constraints, the 

findings reveal how economic, institutional, and market-related factors 

interact over time, progressively undermining farm viability. This 

integrative perspective advances both theoretical and applied discussions 

on agricultural vulnerability in transition economies. 
 

Theoretical Implications 
 

From a theoretical standpoint, the study extends existing 

frameworks on smallholder vulnerability and rural livelihoods by 

emphasizing accumulation dynamics rather than static constraints. While 

livelihood theory (Ellis, 2000) highlights exposure to risk and limited asset 

buffers, the present findings demonstrate how vulnerability intensifies 

through the interaction of multiple pressures operating simultaneously. 

The selective code refines this perspective by conceptualizing farm exit as 

a processual outcome rather than a discrete decision event. 

The findings further resonate with Dercon and Christiaensen’s 

(2011) analysis of uninsured consumption risk and technology adoption. 

When households operate under persistent uncertainty and lack effective 

risk-buffering mechanisms, they rationally avoid adopting potentially 

profitable but risky investments. This behavioral adaptation generates 

underinvestment and may contribute to poverty traps. The accumulation 

dynamic identified in this study reflects a similar mechanism: as structural 

pressures intensify and financial buffers weaken, farmers shift from 

development-oriented strategies toward short-term survival. Investment 

postponement, herd reduction, and infrastructural stagnation are therefore 

not symptoms of inefficiency, but rational responses to prolonged systemic 

risk exposure. 
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The study also contributes to institutional and political economy 

theories of agriculture. Consistent with new institutional economics 

(North, 1990), high transaction costs, regulatory uncertainty, and weak 

enforcement structures shape farmers’ incentives more strongly than 

technical inefficiency. Furthermore, the findings align with global value 

chain theory (Gereffi et al. 2005) by illustrating how asymmetrical 

bargaining power, unstable prices, and uneven compliance capacity 

marginalize small producers within fragmented markets. 

Importantly, the results also confirm Ostrom’s (2009) theory of 

collective action. Ostrom demonstrates that durable local institutions, 

supported by clearly defined rules, monitoring systems, and mutual 

accountability, can mitigate resource-related pressures and reduce 

collective vulnerability. In the Albanian dairy sector, however, collective 

initiatives appear largely project-dependent and lack institutional 

continuity. In the absence of stable governance arrangements, pressures 

remain individualized rather than institutionalized. Consequently, farmers 

must absorb input volatility, market asymmetries, and compliance risks at 

the household level, accelerating the accumulation of vulnerability over 

time. 

By integrating these perspectives, the grounded theory offers a 

multi-level explanation linking farm-level adaptive behavior to broader 

governance arrangements, institutional configurations, and market 

structures. The concept of accumulated pressure thus bridges livelihood 

vulnerability, institutional economics, value chain governance, and 

collective action theory into a coherent processual framework. 

 

Practical and Policy Implications 
 

The results carry important practical implications for agricultural 

development policy. First, they indicate that addressing single constraints, 

such as feed subsidies or equipment provision, is insufficient when 

structural pressures remain unaddressed. Effective intervention requires 

coordinated action across feed and water systems, veterinary and 

diagnostic services, infrastructure investment, and market governance 

mechanisms. 

Second, the findings suggest that informality should be understood as 

an adaptive response to structural constraints rather than a behavioral 

failure. Policies aimed solely at enforcement are therefore unlikely to 

succeed without parallel investment in compliance capacity, including 
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cold-chain infrastructure, advisory services, and simplified administrative 

procedures. 

Third, collective organization emerges as a critical yet under-

institutionalized resilience mechanism. Strengthening farmer 

organizations through stable long-term public support, rather than short-

term support, could enhance bargaining power, facilitate service provision, 

improve quality compliance, and reduce the accumulation of structural 

pressures.  
 

Limitations 
 

The study is based on qualitative focus group data, which prioritizes 

in depth qualitative interpretative analysis over statistical 

representativeness. While appropriate for grounded theory development, 

the findings cannot be quantitatively generalized to the entire dairy sector. 

In addition, focus group dynamics may have influenced the articulation of 

sensitive issues such as indebtedness, informality, or exit intentions.  

The research is also context-specific, reflecting Albania’s 

institutional and market environment. Caution is therefore required when 

transferring conclusions to other national or regional settings without 

careful contextual adaptation. 
 

 

 

Directions for Further Research 
 

Future research should adopt mixed-method and longitudinal 

designs to examine how structural pressures accumulate over time and how 

policy interventions alter exit trajectories. Quantitative studies could test 

the prevalence and relative weight of the identified pressures domains, 

while comparative research across regions, farm scales, and governance 

environments would strengthen theoretical generalization. Further 

investigation should also explore gender roles, youth participation, and 

succession dynamics, which emerged implicitly in the data but warrant 

deeper analysis. 

Overall, the study demonstrates that sustainable transformation of 

the Albanian dairy sector requires systemic rather than fragmented 

solutions. By conceptualizing vulnerability as an accumulated process 

shaped by institutional and market governance, the grounded theory 

provides a robust foundation for future research and policy design. 
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5. CONCLUSIONS 

The findings of this study extend beyond the specificities of Central 

Albania, offering a critical lens through which to interpret the broader 

decline of smallholder dairy systems in transition economies. By 

identifying accumulated pressure and trajectory toward farm exit as a 

central phenomenon, this research demonstrates that sectoral decline 

constitutes a processual outcome of interlocking structural 
vulnerabilities—where economic, institutional, and market pressures 

converge to systematically erode a producer's adaptive capacity over time. 

This accumulation dynamic suggests that in environments characterized 

by regulatory uncertainty and market asymmetry, short-term survival 

strategies—such as informalization, labor intensification, and investment 

postponement—paradoxically deepen long-term fragility. Consequently, 

this study provides a robust theoretical framework for international 

policymakers and scholars alike, showing that sustainable agricultural 

transformation cannot be achieved through fragmented, single-domain 
interventions. Safeguarding the viability of smallholder systems requires 

systemic, coordinated governance that addresses the temporal and 

cumulative nature of structural strain.  
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1. INTRODUCTION 

Eye-tracking experiments capture ocular fixations and saccades to 

provide high-fidelity insights into visual attention across domains such as 

human-computer interaction (HCI), healthcare, and cognitive psychology. 

Integrating gaze data has also advanced various subfields of natural 

language processing (NLP) by providing granular, feature-rich 

information on reading behaviour and text comprehension. Traditionally, 

high-precision, laboratory-grade eye-trackers have been the predominant 

instrumentation utilized to guarantee empirical validity, yet these systems 

remain cost-prohibitive and scale-limited. 

Recent research has consequently explored lower-cost diagnostic 

alternatives. These include webcam-based eye-tracking (Xu et al. 2015; 

Zhang et al. 2015; Ribeiro et al. 2023), mouse-tracking paradigms (Wilcox 

et al. 2024) and mobile applications (Huang et al. 2015; Krafka et al. 2016; 

Taban et al. 2018). Mouse-tracking records spatial cursor coordinates and 

dwell times as participants interact with on-screen text. Although cursor 

kinematics offer lower spatial and temporal resolution than direct gaze 

data, they effectively approximate cognitive processing loads during 

reading (Wilcox et al. 2024), particularly regarding the distribution of 

macro-attention and localized processing difficulties. 

This study builds upon our previous work in this area by comparing 

two different datasets (Haveriku et al. 2025a) collected from native 

Albanian speakers reading texts in Albanian (Haveriku et al. 2025b). This 

article extends that research paradigm by evaluating the empirical validity 

of mouse-tracking as a low-cost proxy for traditional eye-tracking 

methods. Crucially, this study yields new insights into the spatial-temporal 

alignment between gaze paths and mouse trajectories in native Albanian 

readers, offering practical design implications for reading research 

utilizing accessible tracking infrastructures. 

Our primary objective is to quantify the degree to which mouse-

tracking metrics reflect established eye-movement patterns, thereby 

assessing the ecological validity of using low-cost alternatives for reading 

research. 

The primary contributions of this article are: 

 A comparative validation of word-level reading time measures 

extracted from parallel eye-tracking and mouse-tracking 

experiments. 

 A formal evaluation of word-level correlations between gaze and 

cursor metrics using a Bayesian correlation analysis framework. 
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 An analytical decomposition of the structural limitations inherent 

to mouse-tracking alongside proposed trajectories for future 

research. 

The remainder of this paper is organized as follows: Section 2 details 

the architecture of the datasets and the experimental paradigm; Section 3 

presents the comparative analysis of the reading measures; Section 4 

discusses the empirical implications within the context of low-cost 

tracking modalities; and Section 5 concludes the paper. 

 

2. METHODS 

2.1. Eye-tracking and Mouse-tracking datasets 

The study sample comprised 76 native Albanian speakers. Of these, 

25 participants (aged 20 to 40) participated in the eye-tracking experiment, 

while 51 participants (aged 20 to 45) completed the reading tasks via 

mouse-tracking (Haveriku et al. 2025a). All participants read standardized 

Albanian text passages displayed on a computer monitor. The eye-tracking 

corpus included 13 texts in total, whereas the mouse-tracking paradigm 

utilized a subset of three texts (Haveriku et al. 2025b), selected from the 

primary pool. Each textual passage ranged from 100 to 500 words and was 

segmented across multiple screens. To guarantee active cognitive 

engagement, participants were required to complete one or more 

comprehension questions immediately following each text. The eye-

tracking trials were conducted in a controlled laboratory environment 

using an EyeLink Portable Duo system operating at a sampling rate of 1000 

Hz. Conversely, the mouse-tracking experiments were deployed as an 

online utility on standard personal computers, recording spatial cursor 

coordinates and hover durations as participants read the identical three 

texts. Because the primary objective of this study is to compare word-level 

reading metrics across both experimental modalities, subsequent analyses 

are restricted exclusively to these three shared texts (Table 1). 

 

Table 1. Features of common texts between the eye and mouse tracking 

experiments 
  Wiki Moon Broken April Caveman  

Typology of text Encyclopaedic text                    Literature Scientific text                            

Number of 

sentences 

5 29  17 

Number of tokens 118                            611 434 
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Hëna (WikiMoon): An encyclopaedic text adapted from Wikipedia 

detailing the physical characteristics of Earth's natural satellite. The text 

features specialized scientific terminology and is presented on a single 

screen, with comprehension queries appearing immediately upon 

completion. 

Prilli i Thyer (Broken April): A selected excerpt from the third 

chapter of the novel by Ismail Kadare, presented in the original Albanian. 

The text features rich descriptive syntax detailing landscapes and the 

internal psychological states of the characters Besian and Diana. Due to its 

length, the excerpt was distributed across ten consecutive screens, 

followed by comprehension questions. 

Njeriu i Shpellave (Caveman): A scientific text outlining prominent 

archaeological discoveries made by an international research team. The 

prose is characterized by high terminological density and complex, 

hypotactic syntactic structures. It is presented across eight consecutive 

screens followed by trailing comprehension questions. 

Figures 1 and 2 depict the distribution of experiment durations 

stratified by participant age groups across both empirical modalities. 

 

 
 

Fig. 1: Experiment duration by age group in the mouse tracking experiments. 
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Figure 1 presents the age distribution for the participant in the mouse 

tracking experiments, visually showing three outlier values, which were 

not considered in the later analysis. Meanwhile, Figure 2 presents the 

experiment duration by age group for the participants in the eye-tracking 

experiments. 

 

 
 

Fig. 2: Experiment duration by age group in the eye tracking experiments. 

Figures 3 and 4 illustrate the structural topology of the raw data 

payloads captured during the initial phase of the mouse-tracking and eye-

tracking regimes, respectively. This raw data undergoes systematic 

preprocessing pipelines to extract the standardized, word-level reading 

metrics evaluated in later sections. 
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Fig. 3: Raw data from the mouse tracking experiments. 

 

 
 

Fig.4: Raw ASCII format from the eye-tracking experiments. 
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For each lexical token across the texts, the eye-tracking dataset tracks 

multiple oculomotor metrics capturing visual attention and parsing 

behaviour: first fixation duration (FFD), total fixation duration (TFD), 

gaze duration (GD), go-past time, second-pass duration, re-reading time, 

absolute fixation count, ordered fixation arrays, and saccadic kinematics. 

For the mouse-tracking dataset, analogous metrics were derived from 

spatial cursor trajectories and regional dwell times to serve as cognitive 

processing proxies. The formalized cursor metrics include: first hover 

duration, total hover duration, gaze-proxy duration, downstream response 

intervals, and structural fixation proxies (comprising re-visit counts, 

cursor regressions, and intra-word cursor micro-movements).  

These unified metrics enable a direct, parallel comparison between the 

eye-tracking and mouse-tracking data architectures, facilitating a precise 

evaluation of how robustly cursor kinematics mirror ocular attention 

patterns during natural reading. 
 

2.2. Data Processing 

Data from both experimental paradigms were preprocessed to ensure 

absolute structural alignment, pairing each lexical item by unique text 

identifier (text_id) and screen position (page_number) across all 

participants. To compile the definitive analytical matrix, individual 

participant log files were programmatically parsed and concatenated into 

a centralized relational data frame, yielding a unified eye-tracking dataset 

containing word-level reading measures. The raw mouse-tracking 

payloads were compiled using an identical pipeline. During this phase, 

mouse-tracking screen configurations were mapped directly to the baseline 

eye-tracking text architecture to ensure exact spatial-temporal 

correspondence across the three shared texts. This pipeline produced two 

highly structured data tables consisting of participant tokens, text 

conditions, page arrays, word-level indices, and their corresponding 

spatio-temporal metrics. 

The subsequent phase involved computing aggregate mean reading 

measures at the distinct text-page-word intersecting node. Utilizing the 

synchronized token alignment, the two matrices were merged into a single 

database containing aligned records for the four target dependent variables: 

first fixation duration, total fixation duration, gaze duration, and go-past 

time. 

To formally evaluate the degree of association between the 

laboratory oculomotor metrics and the online kinematic proxies, we 
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executed a Bayesian correlation analysis, adopting the statistical 

framework established for English-language corpora by Wilcox et al. 

(2024). This Bayesian approach offers robust inferential depth by 

estimating the joint posterior probability distribution of the correlation 

coefficient. Independent estimation models were executed for each 

individual reading metric. Posterior parameter sampling was completed via 

Markov Chain Monte Carlo (MCMC) algorithms utilizing 2000 tuning 

(burn-in) iterations. For each metric, the posterior mean (ρ) and its 

corresponding 95% highest density interval (HDI) or credible interval (CI) 

were derived (Behseta et al. 2009). 

 

3. RESULTS AND COMPARISONS 

A Bayesian correlation analysis was conducted to systematically 

evaluate the empirical validity of mouse-tracking kinematic metrics as 

low-cost proxies for laboratory-grade oculomotor data. Table 2 compiles 

the estimated posterior mean correlation coefficients (ρ) along with their 

corresponding 95% credible intervals (CIs) across each experimental text 

register and reading time measure. All modeled parameters yielded 

consistently positive correlation profiles, demonstrating that cursor 

trajectories preserve structural information regarding cognitive processing 

loads during reading. The varying distribution of these correlation profiles 

across the different text styles is illustrated dynamically in the widget 

below. 

 

Table 2. Correlation between eye-tracking and mouse-tracking reading measures 
 

  Total Duration First 

Duration 

Gaze 

Duration 

Go-past  

Time 

Text 1  

Wiki Moon 

Posterior 

mean ρ 

95% CI 

0.621   

[0.573,0.672] 

0.539   

[0.481,0.596] 

0.314   

[0.235,0.395] 

0.490   

[0.422, 0.551] 

Text 2 

Broken 

April 

Posterior 

mean ρ 

95% CI 

0.621 

[0.57,0.67] 

0.541   

[0.482,0.599] 

0.314   

[0.230,0.391] 

0.492 

[0.429, 0.553] 

Text 3 

Caveman 

Posterior 

mean ρ 

95% CI 

0.401   

[0.339,0.459] 

0.331   

[0.266,0.400] 

0.191   

[0.113,0.264] 

0.146   

[0.072, 0.224] 

 

Total duration reflects the sum of all fixation or hover intervals dedicated to a 

target word, capturing both initial processing and subsequent re-reading. As 

demonstrated in Table 2, this metric yielded the most robust and resilient cross-modal 
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agreement, with posterior means spanning from ρ = 0.401 to ρ = 0.621. This indicates 

that while real-time cursor tracking lacks the extreme temporal sensitivity of a 1000Hz 

oculomotor system, it remains a highly stable proxy for capturing global, cumulative 

cognitive processing loads at the word level. First fixation duration isolates the 

immediate temporal footprint of the reader's initial encounter with a word, serving as 

a reliable index of early lexical access and orthographic decoding before any 

regressive movements occur. The correlation coefficients for first fixation duration 

remain remarkably stable across Text 1 (ρ= 0.539) and Text 2 (ρ = 0.541). However, 

there is a pronounced performance drop in Text 3 (ρ=0.331). This systematic variance 

suggests that mouse-tracking kinematics successfully parallel early ocular 

engagement when reading linear, predictable prose, but uncouple during the initial 

processing of dense technical vocabulary or complex morphology. Gaze duration—

the cumulative duration of all fixations on a word during the first pass before moving 

onward—exhibits a structural trend identical to first fixation duration. As visualized 

in Figure 5, the correlation remains stable for the informational and literary registers 

(ρ= 0.314) but drops significantly within the scientific text (ρ= 0.191). 

A matching degradation profile is evident in the go-past time metric, which drops 

from a robust baseline (ρ≈0.490 in Texts 1 and 2) down to its lowest observed validity 

in Text 3 (ρ=0.146). Because go-past time encapsulates the total time spent from first 

entering a word until moving past it to the right—including any immediate regressive 

attempts to repair syntax—this minimal correlation highlights a core boundary 

condition of mouse tracking: manual cursor control is too slow to capture the rapid, 

automated oculomotor adjustments readers use to resolve local structural ambiguities 

in complex text. 

 

 
 

Fig. 5: Correlation between eye-tracking and mouse-tracking reading measures. 
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4. CONCLUSIONS AND FUTURE WORK 

In this study we presented a comparison of word level reading 

measures obtained from eye- This study presented a comparative 

validation of word-level reading metrics obtained from parallel eye-

tracking and mouse-tracking experiments conducted in the Albanian 

language. By analyzing word-by-word reading times across three identical 

text registers, we investigated the efficiency with which hand-cursor 

kinematics mirror the oculomotor tracking of latent cognitive processes 

during reading. Our empirical findings indicate a moderate-to-strong 

cross-modal correlation that is fundamentally modulated by text typology. 

For the informational (WikiMoon) and narrative literary (Broken April) 

texts, the correlations were consistently robust, particularly within the total 

reading duration metric. Conversely, the scientific exposition text 

(Caveman) exhibited a pronounced compression of correlation coefficients 

across all investigated dimensions, implying that cursor tracking accuracy 

is sensitive to specific structural and syntactic variables that alter typical 

hand-eye coordination patterns. Despite these boundary conditions, the 

collective results demonstrate that mouse-tracking constitutes an 

ecologically valid, highly scalable, and cost-effective methodology for 

approximating global reading behaviour. 

Future research vectors should expand upon these findings by 

incorporating a broader array of computational reading metrics and testing 

them against a more typologically diverse typographic corpus. Expanding 

the participant sample sizes across both experimental cohorts will further 

minimize stochastic noise and enhance external validity. Another 

important methodological direction involves integrating mid-tier hardware 

paradigms, such as Pupil Core glasses, to evaluate alternative systems that 

bridge the precision gap between standard mouse cursors and laboratory-

grade EyeLink infrastructure. Finally, a promising linguistic path is to 

incorporate automated text feature extractions—specifically isolating parts 

of speech, morphosyntactic alignment, and structural dependency length. 

This will systematically determine whether the cross-modal alignment 

between eye and mouse movements varies predictably across distinct 

grammatical constructions in the Albanian language. 

 

Ethics. Informed consent was obtained from all individual 

participants included in the study prior to data collection and subsequent 

publication. 
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Matura performance. By applying random forest, gradient boosting, and neural 

network models, the study evaluates predictive accuracy and feature importance. Key 
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potential of machine learning to guide stream selection, optimize elective choices, and 

improve student outcomes. 
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1. INTRODUCTION 

Predicting academic performance has become an essential tool for 

educators and policymakers, enabling the development of targeted 

strategies to improve student outcomes. High school serves as a critical 

phase in shaping future success, and understanding the factors that 

contribute to academic performance is paramount. The integration of 

machine learning into educational data mining offers a robust approach to 

uncovering these factors. Previous studies have demonstrated the efficacy 

of machine learning techniques in identifying key predictors of 

performance, such as prior grades, curriculum alignment, and demographic 

variables (Hussain & Khan, 2021; Chen and Ding, 2023). 

This study leverages a dataset from Ismail Qemali High School, a 

prominent institution with over 2,000 student records spanning three 

academic years (Grades 10–12). The dataset includes core subject grades, 

elective choices, stream assignments, and Matura exam results. By 

employing machine learning techniques, this study seeks to predict 

academic outcomes, such as grade point average (GPA) and Matura 

success, while exploring the influence of stream-specific curricula and 

elective choices. The findings contribute to a growing body of research 

that highlights the importance of personalized educational pathways in 

enhancing student success (Nachouki and Mehdi, 2021; Badal and 

Sungkur, 2022). 

Machine learning methods have been particularly effective in 

educational contexts, where complex interactions between predictors can 

be uncovered through algorithms. Using the Ismail Qemali High School 

dataset as a case study, this research demonstrates how machine learning 

provides actionable insights into the academic progression of students. The 

outcomes of this work include predictive models that guide stream 

selection, optimize elective choices, and improve overall student 

performance. 

Although previous studies have successfully applied machine learning 

techniques to predict academic performance, most research focuses on 

university datasets or general educational indicators without considering 

stream-specific curricula and elective alignment in secondary education. 

Furthermore, limited research has explored educational data from Albania, 

particularly in the context of high school academic pathways and Matura 

examinations. This study addresses this gap by analysing how core 

subjects, electives, and stream assignments jointly influence GPA and 
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academic outcomes using machine learning models on a real-world 

Albanian high school dataset. 

 
 

2. Related Work 
 

Educational data mining (EDM) has emerged as a pivotal research 

area, leveraging machine learning to uncover patterns in student 

performance. Studies such as those by Conijn et al. (2017) and Helal et al. 

(2018) demonstrate the effectiveness of classification models in predicting 

academic success. Techniques ranging from decision trees to neural 

networks have been employed, emphasizing the role of predictors like 

prior grades, attendance, and demographic variables. 

Chen and Ding (2023) explored the potential of ensemble learning 

models to improve predictive accuracy, emphasizing their iterative 

approach to optimizing outcomes. Alshanqiti and Namoun (2020) 

expanded on this by introducing hybrid regression techniques that 

integrated feature selection strategies with regression models, achieving 

higher prediction rates for student performance metrics. These findings 

highlight the effectiveness of advanced techniques in identifying factors 

affecting academic success. 

In addition to prediction-focused studies, Al-Alawi et al. (2021) 

emphasized the importance of contextualizing machine learning 

applications within specific educational systems. Their work showed that 

tailored datasets improve the relevance and applicability of predictive 

insights. Similarly, Mehdi and Nachouki (2022) highlighted the influence 

of electives and curriculum alignment on student outcomes. These works 

collectively underscore the need for contextualized and feature-specific 

modelling approaches. 

The study by Mehdi and Nachouki (2022) further demonstrated the 

potential of data-driven decision-making in guiding educational strategies. 

Their findings align with the current study’s objective to develop machine 

learning models that capture the dynamics between core subjects, 

electives, and stream assignments. Through these combined perspectives, 

the present study integrates key advancements in machine learning and 

applies them to a high school context. 
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3. Dataset Description 

The dataset contains 2,143 student records collected across three 

academic years (Grades 10–12), consisting of 12 primary academic 

features and one target variable (overall GPA). Grades are represented on 

a 4–10 scale according to the Albanian educational system. After 

preprocessing and the removal of incomplete records, 2,031 valid instances 

remained for modelling. The dataset includes the academic and 

demographic features detailed in Table 1: 

Table 1. Description of academic features and target variables 

Feature Description 

Mathematics Grades Grades achieved in core mathematics courses 

across three years. 

Physics Grades Grades achieved in core physics courses 

across three years. 

Biology Grades Grades achieved in core biology courses. 

Chemistry Grades Grades achieved in core chemistry courses. 

History Grades Grades achieved in core history courses. 

Language Grades Grades achieved in Albanian and English 

language courses. 

Elective Grades Grades achieved in elective courses, such as 

advanced mathematics, sociology, and literature. 

Stream Assignments The academic stream selected by the student 

(e.g., Engineering, Medical, Law). 

Matura Scores Results of mandatory Matura examinations 

(mathematics, English, Albanian) and elective 

exams. 

 

 Core Subjects: Grades for mathematics, physics, biology, 

chemistry, history, and languages. 

 Electives: Stream-specific electives, such as advanced 

mathematics, sociology, and advanced literature. 

 Streams: 
o Engineering: Focuses on advanced mathematics and 

physics. 

o Medical: Emphasizes biology and chemistry. 

o Law: Highlights history and advanced literature. 
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o Economics: Centres on advanced mathematics and 

advanced English. 

o Arts: Includes sociology and psychology. 

 Matura Results: Scores in three mandatory subjects 

(mathematics, English, and Albanian) and one elective subject. 

 Overall GPA: Aggregated academic performance across all years. 

This dataset provides a meaningful foundation for exploratory 

predictive modelling, aligning with prior research that demonstrates the 

importance of standardized exams and GPA as indicators of academic 

success (Rahman et al. 2021; Mehdi and Nachouki, 2022). Engineering 

represented 28% of students, followed by Medical (24%), Economics 

(20%), Law (16%), and Arts (12%). Moreover, the dataset reflects the 

diverse academic pathways offered at Ismail Qemali High School, making 

it a representative case study for examining educational outcomes. 

 

4. MATERIALS AND METHODS 

 

Data Preprocessing and Validation 

Missing numerical values were replaced using median imputation, 

while incomplete categorical records were removed to preserve 

consistency. Stream assignments and electives were encoded using label 

encoding. Numerical features were standardized using a standard scaler 

before training the neural network model. Five-fold cross-validation was 

applied to reduce variance and improve model reliability. The dataset was 

divided into 80% training data and 20% testing data using random 

sampling with a fixed random seed to ensure reproducibility. 

Features were selected based on both educational relevance and prior 

literature. Core subjects, such as mathematics and physics, were included 

because previous studies identified them as strong indicators of academic 

success in STEM-oriented educational pathways. Although stream 

distributions were not perfectly balanced, exploratory analysis showed that 

all streams contained sufficient observations for model training. 

Predictive Modelling and Analysis 

The methodology integrates machine learning pipelines with 

exploratory data analysis (EDA) and feature engineering. The random 

forest regressor was applied to model nonlinear relationships through an 

ensemble of decision trees, improving robustness and reducing variance. 
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The gradient boosting regressor was utilized due to its iterative 

optimization process, which improves prediction accuracy by minimizing 

residual errors. Finally, a multilayer neural network regressor was 

implemented to capture complex nonlinear interactions among the 

academic features. 

EDA emphasized correlations between grades and overall GPA, with 

mathematics and physics showing the highest influence. Visualizations, 

including scatter plots and box plots, guided model selection and feature 

prioritization. 

5. RESULTS AND ANALYSIS 

Model Performance 

The performance of the machine learning models was evaluated using 

metrics such as Mean Absolute Error (MAE), Mean Squared Error (MSE), 

and R² Score (Table 2): 

Table 2: Performance evaluation of machine learning models 

Model MAE MSE R² Score 

Random Forest 1.038 1.441 -0.048 

Gradient Boosting 1.027 1.416 -0.030 

Neural Network 1.040 1.422 -0.035 

 

Insights from Model Tuning 

 Random Forest: The model's performance was optimized by 

setting the number of estimators to 100 and utilizing a maximum 

depth of 10 for the decision trees. While effective at handling 

nonlinear relationships, it exhibited slight overfitting on the 

training data. 

 Gradient Boosting: Hyperparameters including the learning rate 

(0.1), number of estimators (150), and maximum depth (5) were 

tuned to optimize predictive accuracy. The model emerged as the 

most effective predictor due to its iterative approach to minimizing 

residual errors. 

 Neural Network: A three-layer architecture consisting of 64, 32, 

and 16 nodes, respectively, was implemented using rectified linear 
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unit (ReLU) activation functions. Regularization techniques, such 

as a dropout layer with a rate of (rate 0.2) were utilized to mitigate 

overfitting; however, the model's predictive capacity was slightly 

constrained by the small sample size of the dataset. 

 

Feature Importance and Insights 

Feature analysis revealed that mathematics grades were the strongest 

predictor of overall GPA, followed closely by physics and elective grades. 

The significance of curricular alignment—such as advanced mathematics 

electives taken by Engineering stream students—was evident in higher 

GPA clusters. 

Exploratory scatter plots highlighted these relationships, displaying a 

positive correlation between higher elective performance and superior 

academic outcomes. Furthermore, students enrolled in the Engineering and 

Economics streams consistently displayed the highest overall GPA trends, 

driven primarily by strong performance in mathematics and specialized 

electives. 

 

Scatter Plot Analysis 

 

 
 

Fig.1. Math Grade VS Overall GPA. 
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Fig.2: Elective Grade VS Overall GPA. 

 

 Mathematics Grades vs. Overall GPA: The scatter plot (Figure 

1) suggests a moderate positive correlation between mathematics grades 

and overall GPA, particularly for students in the Engineering and 

Economics streams. These streams exhibit prominent clusters in the upper-

right quadrant of the plot, indicating a pattern of consistent academic 

excellence. 

 Elective Grades vs. Overall GPA: This visualization (Figure 2) 

underscores the role of elective selections in shaping overall GPA. Streams 

with tightly aligned electives, such as advanced mathematics in 

Economics, demonstrate superior performance, emphasizing the critical 

importance of elective optimization. 

Visualizing Performance Trends 

Box plots (Figure 3) reveal that Engineering students achieved the 

highest median GPA (8.5), followed closely by Economics students at 8.2. 

Conversely, the Arts and Law streams exhibit greater variability in their 

distributions, reflecting the influence of less-aligned elective choices on 

overall academic outcomes. 
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Fig.3. Distribution of Overall GPA by Streams. 

 

Calculations and Additional Metrics 

Through regression analysis, the gradient boosting model identified 

that for every unit increase in mathematics grades, overall GPA improved 

by approximately 0.4 units, a notable observed relationship. Similarly, 

elective grades contributed to a 0.3- unit improvement in GPA for students 

in aligned streams. These insights provide quantitative backing for 

curriculum adjustments and academic planning. 

Although the gradient boosting model achieved the lowest MAE and 

MSE values among the evaluated approaches, all models produced 

negative. 

Although the gradient boosting model achieved the lowest MAE and 

MSE values among the evaluated approaches, all models produced 

negative R² scores. A negative R² indicates that the models performed 

worse than a baseline predictor using the mean GPA value. This suggests 

that, despite identifiable feature-level relationships, the overall predictive 

capability of the models remains limited. Possible causes include dataset 

variability, limited sample diversity, unobserved educational factors, and 

the relatively small feature space. Consequently, these findings indicate 

that the proposed framework should currently be interpreted as exploratory 

rather than fully predictive. 
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6. INSIGHTS AND RECOMMENDATIONS 

 

Key Insights from Machine Learning Models 

The gradient boosting model emerged as the most accurate predictor, 

with a Mean Absolute Error (MAE) of 1.027. This suggests that the 

model's GPA predictions are, on average, within one grade point of the 

actual values. The Random Forest and Neural Network models, while 

effective, exhibited slightly higher errors, indicating comparatively lower 

prediction error among the evaluated models. 

Feature Importance 

Feature importance analysis identified mathematics grades as the most 

influential factor associated with GPA outcomes, followed closely by 

physics and elective grades. Students enrolled in quantitatively oriented 

streams, such as Engineering and Economics, generally demonstrated 

higher GPA trends. These findings suggest that curriculum alignment and 

subject specialization significantly influence academic performance. 

Table 3. Feature importance percentages and estimated impact on overall 

GPA 

Feature Feature Importance 
GPA Impact (per 

unit increase) 

Mathematics Grades 40% +0.4 

Physics Grades 25% +0.3 

Elective Grades 20% +0.3 

English Grades 15% +0.2 

Recommendations 

Technical streams, such as Engineering and Economics, may benefit 

from a stronger emphasis on mathematics and physics electives supported 

through tutoring initiatives and targeted academic assistance. Additional 

mentoring programs may also support streams experiencing greater GPA 

variability, such as Arts and Law. 

Aligning electives with students’ academic strengths may contribute 

to improved educational outcomes. Structured guidance and counselling 
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initiatives should assist students in selecting electives consistent with their 

academic interests and career goals. 

Curriculum development strategies may benefit from incorporating 

insights derived from feature importance analysis, particularly regarding 

the vital role of mathematics and physics in foundational academic 

achievement. 

 

7. CONCLUSION AND FUTURE WORK 

This study explored the application of machine learning techniques 

for analysing academic performance using secondary school records. By 

analysing core subject grades, elective choices, and stream assignments, 

the proposed models highlight potential factors associated with academic 

performance, with mathematics, physics, and stream-aligned electives 

emerging as the most relevant features. Among the evaluated approaches, 

the gradient boosting model achieved the best predictive performance, 

demonstrating a lower prediction error relative to the alternative models. 

Ultimately, the findings emphasize the importance of curriculum 

alignment and data-driven educational planning within secondary 

education frameworks (Mehdi and Nachouki, 2022). 

 

Future Work 

Future research should expand the dataset by incorporating additional 

student cohorts and data from multiple educational institutions to improve 

model generalizability. Further studies may also include a broader set of 

variables, such as attendance records, behavioural indicators, and 

extracurricular activities, to better capture the multidimensional factors 

influencing academic performance. Finally, longitudinal analyses across 

multiple graduation cycles may provide deeper insight into evolving 

educational trends and support more robust predictive modelling 

approaches. These directions will contribute significantly to improving the 

practical applicability and reliability of machine learning frameworks 

within secondary education research. 
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ABSTRACT 
 

This research explores the relationship between the frequency of university 

students’ use of ChatGPT as an intelligent academic feedback tool and their 

perceptions of feedback effectiveness. Data were collected from 350 students studying 

in the Faculty of Information Technology and the Faculty of Business Studies at the 

University, Aleksandër Moisiu, Durrës, Albania, during the second semester of the 

2024-2025 academic year. A 15-item questionnaire based on a Likert scale was 

administered online through Google Forms. Because the data were not normally 

distributed, the relationship between ChatGPT use frequency and perceived feedback 

effectiveness was analyzed using Spearman’s rank correlation coefficient. Results 

revealed a strong positive correlation between ChatGPT frequency use and perceived 

feedback usefulness. The results suggest that ChatGPT may serve as a valuable 

supplementary tool in formative assessment by supporting task improvement and self-

directed learning. However, further longitudinal and discipline-specific research is 

required to better understand the broader educational implications of generative 

artificial intelligence in higher education. 
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1. INTRODUCTION 

 

Tan (2023) has said that the modern educational environment is 

rapidly evolving into an artificial intelligence (AI)-powered landscape 

with new possibilities to transform the pedagogy and automate essential 

administrative and instructional processes. The implementation of smart 

technologies into the system of higher education has also driven the 

emergence of new types of relations between students and the teaching 

system—specifically, knowledge accessibility, academic support, and 

support of self-directed learning (Alam and Mohanty, 2023). The latest 

examples of this trend are the development of generative large language 

models (LLMs), including Generative Pre-trained Transformer 

(ChatGPT), which are increasingly functioning as intelligent agents in 

education due to their capacity to generate contextualized, coherent, and 

personalized responses (Al Amri et al. 2025; Yigci et al. 2025). 

An intelligent agent is defined as a system that observes its 

environments through sensors, processes the received information, and 

executes autonomous decisions to achieve preset objectives. These agents 

share three core behavioural characteristics: autonomy, adaptability, and 

proactivity. Within the learning environment, an intelligent agent engages 

with the student, processes the contextual data, and provides an answer 

with a significant meaning without human intervention, thereby assisting 

in more personalized and effective learning (Sánchez-Prieto et al. 2024). 

As a deep transformer-based AI trained on large-scale corpora, ChatGPT 

satisfies the criteria of an intelligent agent by automatically responding to 

user input while dynamically adjusting its content, style, and complexity 

to the target context. 

Academic feedback—defined as the structured remarks and guidance 

provided to students regarding their academic performance—is a 

fundamental attribute to the learning process. Ilić et al. (2021) stress that 

the effective feedback must be specific, clear, timely, deep, and 

transferable and learning-oriented. However, empirical research indicated 

that conventional higher education feedback structures are frequently 

superficial, ineffective, and infrequent, particularly when exacerbated by 

high student-to-staff ratios and heavy institutional workloads (Nyanjom et 

al. 2023). This systematic dilemma requires scalable, sustainable solutions 

capable of accessible, sufficient, and sustained formative services. To this 

extent, conversational AI systems such as ChatGPT can serve as a vital 

complementary system. 
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ChatGPT operates as a versatile pedagogical tool because of its ability 

to address open-ended questions, clarify conceptual explanations, refine 

text, and recreate academic writing revisions. The main constraints of 

human feedback include the fact that it takes a long time to provide 

formative commentary, which is both an integration of its potential to 

provide feedback in real time and a delay in responding (Ahmedtelba, 

2025). However, deploying intelligent agents for academic feedback 

involves some risks. There have been concerns about the overuse of 

technology, the lack of critical thinking ability, and the simplification of 

the academic discourse. Indeed, the accuracy of ChatGPT's outputs 

remains highly variable in scenarios demanding advanced linguistic 

nuances, deep subject-matter expertise, or rigorous critical evaluation 

(Baskara, 2025). 

Theoretically, the Technology Acceptance Model (TAM) provides a 

robust framework for evaluating student adoption of the ChatGPT 

platform. Prior applications of TAM to educational AI have determined 

that the ease-of-use views of ChatGPT are generally high, but the 

perceived utilities are highly diverse based on the task and discipline 

(Ratten and Jones, 2023). Moreover, the self-regulated learning theory 

suggests that AI-generated feedback can successfully augment 

metacognitive monitoring, allowing students to cyclically assess their 

performance and develop greater academic autonomy (Rosales-Marquez 

et al. 2023). 

Feedback effectiveness is an inherently multi-dimensional concept in 

nature. Chen (2025) says the students’ reception of feedback depends 

heavily on messages' clarity, timeliness, relevance, and communication 

tone. In the context of AI-driven feedback, these dynamics are further 

mediated by the nature of the student-tool interaction, prompt specificity, 

and the student’s independent interpretative capacity. Assessing 

ChatGPT's efficacity as a feedback agent therefore requires considering 

both its technical attributes and its pedagogical-communicative 

dimensions (Hooda et al. 2022). 

Empirical data capturing student perceptions of and attitudes toward 

ChatGPT are expanding rapidly. Abdalgane et al. (2026) observed that 

students highly value the immediacy and articulateness of AI-generated 

responses, particularly during writing and problem-solving tasks. 

Similarly, Vinnikova et al. (2025) found that ChatGPT is predominantly 

utilized for academic consultation, verification, and structural orientation. 

However, the perceived utility of AI feedback is strongly moderated by a 
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student’s baseline digital competencies, disciplinary mastery, and 

individual learning styles (Dringó-Horváth et al., 2025). These divergent 

variables underscore the critical need for university students and ChatGPT 

usage (Dorobăț and Corbea, 2025) 

 

1.1  Literature review: Contextualizing Albanian scholarly 

contributions 

Within the expanding global body of literature, Albanian researchers 

have focused heavily on the domestic higher education landscape, a 

context characterized by evolving digital infrastructures, progressive 

smart-campus initiatives, and highly variable student exposure to 

technology-enhanced learning (Stana et al. 2024; Tabaku and Duci, 2025).  

Çerkini et al. (2025) investigated the attitude of 554 university 

students across public and private institutions in Kosovo towards AI 

practices, issues, and institutional policy in a system transitioning to e-

learning. The results showed that students who lacked a formal AI 

education or institutional advice experienced significantly greater 

technical and operational difficulties when interacting with AI platforms. 

Conversely, positive perceptions of institutional AI frameworks were 

strongly correlated with higher rates of adoption. Crucially, the researchers 

reported no statistically significant differences across gender or age 

demographics, suggesting uniform baseline access and acceptance during 

cross-institutional digital transitions.  

Concurrently, by Hoxhalli et al. (2025) explored the first-year 

undergraduate students' functional attitudes and ethical perceptions 

regarding ChatGPT. While the researchers identified a high baseline 

familiarity with AI systems (95.7%), usage frequencies varied 

considerably: 45.16% of respondents utilized the tool occasionally, 

24.73% weekly, 17.20% daily, and 12.90% reported never using it. 

Furthermore, the cohort expressed pronounced ethical anxieties, 

specifically highlighting the risks of structural plagiarism, cognitive over-

reliance, and the potential erosion of independent critical thinking skills. 

To quantify these educational impacts, Guga and Binjaku (2025) 

deployed an experimental design to evaluate the direct effects of ChatGPT 

on learning performance. Students were instructed to acquire specific 

curricular concepts exclusively through ChatGPT interaction; their 

subsequent assessment scores were then evaluated against their cumulative 

grade point averages (GPAs). Descriptive statistics revealed a relatively 
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low performance threshold when the AI tool was utilized in isolation (M = 

5.94/10). Furthermore, correlational analysis indicated that performance 

during ChatGPT-assisted learning did not statistically depend on a 

student’s baseline academic history (p = 0.683; r = 0.157). The authors 

concluded that outcomes in AI-mediated learning environments are not 

predetermined by prior academic achievement but are instead mediated by 

secondary operational variables, such as prompt engineering quality and 

task complexity. 

Synthesizing these regional perspectives reveals a high overall 

adoption rate and a generally receptive attitude toward AI integration 

among Albanian student cohorts. However, empirical consensus regarding 

AI's pedagogical efficacy remains fragmented, ethical frameworks are still 

nascent, and institutional support mechanisms remain incomplete. These 

systemic gaps underscore the critical necessity of investigating how 

distinct, real-time feedback patterns correlate with objective student 

evaluations of feedback quality, clarity, and utilitarian applicability 

(Kosova et al. 2025; Xhako et al. 2025). 

 

2. MATERIALS AND METHODS 

2.1  Research Design 
This study employs a quantitative, non-experimental, cross-sectional, 

and correlational design. The primary objective was to investigate the 

magnitude and direction of the relationship between two composite 

variables, the frequency of ChatGPT usage and perceived feedback 

effectiveness, without the implementation of an intervention or the 

manipulation of experimental conditions.  

Research Question: Is there a statistically positive relationship 

between the frequency of ChatGPT usage for academic feedback and the 

student perception of academic feedback effectiveness among university 

students at University, Aleksandër Moisiu, Durrës (UAMD)? 

Hypothesis (H1): There is a significantly positive relationship 

between the frequency of using ChatGPT as an academic feedback source 

and student attitudes toward feedback effectiveness (H1: ρ > 0, p < .05). 

2.2  Participants and Sampling 
The study involved 350 undergraduate students enrolled in the second 

semester of the 2024–2025 academic year at the Faculty of Information 

Technology and the Faculty of Business Studies at UAMD.  
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The sample included 116 female participants (33.1%) and 234 male 

participants (66.9%), with ages ranging from 18 to 27 years (M = 21.3, SD 

= 2.1). In terms of academic progression, 38.0% of participants were in 

their second and 34.6% in their third year, ensuring a broad range of 

academic experience. Participation was strictly voluntary; all subjects were 

provided with a detailed study briefing and submitted informed consent 

prior to data collection. 

Data were collected via a 15-item structured online questionnaire 

administered through Google Forms consisting of two subscales:    

● Subscale 1 (8 items): measured the frequency and specific types 

of academic feedback that students received from ChatGPT.  

● Subscale 2 (7 items): Evaluated student-involved perceptions of 

feedback across five qualitative dimensions: clarity, 

applicability, reliability, and supplementary value.  

Both subscales utilized a five-point Likert-type scale, ranging from 1 

(Strongly Disagree/Never) to 5 (Strongly Agree/Always). 

 

2.3 Data Analysis Procedures 

Statistical processing was conducted using Python (v3.10) for data 

cleaning and organization (Pandas library) and JAMOVI (v2.6.44) for 

inferential statistics. The analytical workflow followed four logical steps.  

1. Descriptive analysis: Individual items and composite scores were 

calculated using means (M), standard deviations (SD), and range 

(minimum/maximum) values. Composite scores were generated by 

calculating the arithmetic mean of constituent items, resulting in 

continuous scores (theoretical range 1.00 - 5.00).  

2. Normality testing: Distributional normality was assessed using the 

Kolmogorov-Smirnov test, which was selected over the Shapiro-

Wilk test due to its superior power for large sample sizes. (n=350).  

3. Inferential correlation: Following the rejection of the normality 

assumption for both composite variables (p < .001), the non-

parametric Spearman rank-order correlation coefficient (ρ) was 

employed.  To ensure robustness, 95% confidence intervals were 

generated using bootstrapping (1,000 iterations). Effect sizes were 

interpreted according to Cohen's (1988) benchmarks: weak (ρ < 

.30), moderate (.30 ≤ ρ < .60), and strong (ρ ≥ .60).  

4. Level Diagnostics: Spearman correlations were calculated between 

individual usage items and the composite perception score to 
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identify specific patterns driving feedback satisfaction. Internal 

consistency for both subscales and the aggregate instrument was 

verified using Cronbach’s alpha (α), applying the threshold criteria 

where α ≥ 0.70 is acceptable α ≥ 0.80 is good (Nunnally, 1978). The 

significance level for all statistical tests was set at α = 0.05. 

 

3. RESULTS AND DISCUSSIONS 

3.1 Instrument reliability and psychometric evaluation 

To ensure the empirical viability of the research instrument, internal 

consistency was evaluated prior to inferential testing. The aggregate 15-

item scale demonstrated high reliability, yielding an overall Cronbach’s 

alpha (α) of 0.92 (Table 1). 

 

Table 1. Internal Consistency and Scale Descriptive Statistics (n = 350) 

 

Scale Number of 

Items 

Cronbach's α Mean 

(M) 

SD 

ChatGPT Use 8 0.91 3.24 0.80 

Perceived Feedback 

Effectiveness 

7 0.89 2.76 0.74 

Full Instrument 

(15 items) 

15 0.92 — — 

Note. α = coefficient of alpha Cronbach; M = composite scale mean; SD = standard 

deviation. 
 

At the subscale level, both the ChatGPT use dimension (α = 0.91) and 

the Perceived Feedback Effectiveness dimension (α = 0.89) comfortably 

exceeded the standard psychometric threshold of 0.70 established by 

Nunnally (1978). This confirms that the internal indicators are highly 

stable and reliable, providing a sound baseline for assessing student 

behaviours and attitudes. 
 

3.2 Distributional Normality and Model Selection 

The distributional properties of the two primary composite scores 

were evaluated using the Kolmogorov–Smirnov test to guide the choice 

between parametric and non-parametric inferential models. 
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Table 2. Kolmogorov–Smirnov Normality Test Results for Composite 

Variables (n = 350) 

 

Variable Test Statistic (D) df p-value 

ChatGPT Use 

(composite) 

Kolmogorov–

Smirnov 

0.071 350 < .001 

Perceived Feedback 

Effectiveness 

(composite) 

Kolmogorov–

Smirnov 

0.058 350 < .001 

Note. Significance threshold α = .05. Both distributions deviate significantly from 

normality, warranting non-parametric analysis. 
 

The results revealed significant departures from normality for both the 

ChatGPT Use composite (D = 0.071, p < .001) and the Perceived 

Effectiveness composite (D = 0.058, p < .001). Because the assumption of 

normality was rejected, parametric testing was deemed inappropriate. 

Consequently, the non-parametric Spearman rank-order correlation 

coefficient (ρ) was selected as the primary inferential tool, ensuring robust 

calculations that are less sensitive to distributional skewness. 

 

3.3 Evaluation of ChatGPT Usage Patterns 

Descriptive analysis of the ChatGPT Use subscale revealed an overall 

composite sample mean of 3.24 (SD=0.80) (Table 3). 
 

Table 3. Descriptive Statistics for the ChatGPT Use Subscale (n = 350) 
 

Item Mean SD n 

I use ChatGPT frequently for academic tasks. 3.20 1.26 350 

I use ChatGPT to get feedback on my written 

assignments. 

2.91 1.44 350 

I use ChatGPT to improve my answers before 

submission. 

3.23 1.33 350 

I use ChatGPT to clarify theoretical concepts 

or academic doubts. 

3.57 1.29 350 
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I use ChatGPT to check the structure or format 

of my assignments. 

3.31 1.49 350 

I use ChatGPT to get specific suggestions for 

improvement. 

3.57 1.33 350 

I use ChatGPT to identify errors in completed 

assignments. 

3.60 1.48 350 

I use ChatGPT as a supplement to professor 

feedback. 

2.54 1.34 350 

Scale mean (use subscale). 3.24 0.80 350 

Note. SD = standard deviation. Scale: 1 = Never; 2 = Rarely; 3 = Sometimes; 4 = 

Often; 5 = Very Often. The scale mean is the arithmetic mean of all 8 items. 

 

An item-level analysis indicated that student interactions are highly 

targeted. The highest mean scores were recorded for localized diagnostic 

and corrective tasks: identifying specific errors in completed drafts (M = 

3.60, SD = 1.48), clarifying complex theoretical concepts (M = 3.57, SD = 

1.29), and eliciting structured suggestions for structural revisions (M = 

3.57, SD = 1.33).  

As illustrated in Figure 1, the sample exhibits a clear functional tilt 

toward self-directed diagnostic adjustments. Conversely, using the AI tool 

to directly supplement formal instructor feedback yielded the lowest score 

(M=2.54, SD=1.34) This indicates that students do not view generative AI 

as a bridge to institutional evaluation pathways but rather as an 

independent workspace for real-time text and conceptual troubleshooting.  

 
Fig. 1. Mean frequency of ChatGPT use by task. 
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3.4 Student perceptions of AI feedback efficacy 

The composite mean for the Perceived Feedback Effectiveness 

subscale was 2.76 (SD = 0.74), positioning the aggregate cohort opinion 

slightly below the scale midpoint (Table 4). 

 

Table 4. Descriptive Statistics for the Perceived Feedback Effectiveness 

Subscale (n = 350) 

 

Item Mean SD n 

ChatGPT's feedback helps me understand my mistakes. 2.91 1.34 350 

ChatGPT's suggestions are applicable to my academic tasks. 2.86 1.14 350 

The use of ChatGPT supports my independent learning. 2.71 1.18 350 

I trust the quality and accuracy of feedback provided by 

ChatGPT. 

2.49 1.17 350 

ChatGPT complements the feedback I receive from my 

instructor. 

2.29 1.13 350 

ChatGPT's comments are clear and understandable. 3.00 1.31 350 

ChatGPT's responses are aligned with my questions. 3.09 1.04 350 

Scale mean (perception subscale) 2.76 0.74 350 

Note. Scale: 1 = Strongly Disagree; 5 = Strongly Agree.  

 

Item-level metrics revealed that students rate the structural and 

linguistic execution of the model favourably, specifically highlighting 

prompt-to-response alignment (M = 3.09, SD = 1.04) and the clarity of 

explanations (M = 3.00, SD = 1.31). However, trust in the accuracy of the 

output (M = 2.49, SD = 1.17) and the platform's capacity to complement 

instructor guidance (M = 2.29, SD = 1.13).  

As visualized in Figure 2, there is a clear conceptual divide between 

operational utility and deep pedagogical trust. Students appreciate the clear 

formatting and immediate responsiveness of the AI, but they remain 

cautious regarding its authority and accuracy. This caution is reflected in 



 Albanian Journal of Natural and Technical Sciences (AJNTS) vol. 30 (2) 2026                199 
 
 

the lower scores for items measuring trust and instructional 

complementarity. 

 

 
Fig. 2: Perception of the effectiveness of feedback 

 

3.5 Bivariate and item-level inferential analysis 

To test the primary research hypothesis (H1), a bidirectional Spearman 

rank-order correlation was calculated using the two aggregate composite 

dimensions. Results are presented in Table 5. 

 

Table 5. Spearman Rank-Order Correlation Between ChatGPT Use and 

Feedback Effectiveness (perceived) (n = 350) 

 

Variables ρ p-value 95% CI 

(lower) 

95% CI 

(upper) 

n 

ChatGPT Use × 

Perceived Effectiveness 

0.665 < .001 0.603 0.721 350 

Note. ρ = Spearman rank-order correlation coefficient; CI = confidence interval 

(bootstrap, 1,000 iterations); significance threshold α = .05. 

 

A statistically significant, strong positive correlation was confirmed 

between the variables (ρ = 0.665, p < .001, 95% CI [0.603, 0.721]), 

providing robust empirical validation for H1. As shown in the scatter plot 

(Figure 3), despite normal variance among moderate users, a clear linear 

trajectory indicates that increased exposure and frequent interaction with 
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the platform strongly co-vary with higher student ratings of its formative 

assessment capabilities. 

To analyse the specific factors driving this relationship, item-level 

Spearman correlations were evaluated between individual usage items and 

the overall perception score. 
 

 
Fig. 3. Correlation between the degree of ChatGPT usage and the feedback 

effectiveness perception. 

 

The item-level matrix reveals a precise functional hierarchy. Active 

diagnostic tasks show the strongest relationships with positive 

effectiveness perceptions, led by error identification (ρ=0.61), suggestion-

seeking (ρ=0.58), and real-tim 

e concept clarification (ρ=0.57). Conversely, using the platform as a 

supplement to formal instructor guidance produced the weakest 

relationship 

 

Table 6. Item-Level Spearman Correlations Between Individual Use 

Patterns and Perceived Effectiveness of Feedback (n = 350) 

 

Item (Use subscale) ρ with perception p-value Interpretation 

Identify errors in completed 

assignments. 

0.61 < .001 Moderate–Strong 

Get specific suggestions for 

improvement. 

0.58 < .001 Moderate 
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Clarify theoretical concepts / 

academic doubts 

0.57 < .001 Moderate 

Improve answers before 

submission. 

0.55 < .001 Moderate 

Check the structure or format of 

assignments. 

0.49 < .001 Moderate 

Get feedback on written 

assignments. 

0.47 < .001 Moderate 

Frequent general academic use 0.44 < .001 Moderate 

Supplement to professor 

feedback. 

0.38 < .001 Weak–Moderate 

Note. All correlations are significant at p < .001. Strength thresholds: weak < 0.30; moderate 

0.30–0.59; strong ≥ 0.60 (Cohen, 1988). 

 

3.6 Synthesis and theoretical interpretation 

The strong positive correlation (ρ=0.665) between usage frequency 

and perceived effectiveness supports a learning-curve framework. As 

students interact more frequently with large language models, they likely 

develop greater prompt-engineering literacy. This evolving skill allows 

them to move past superficial queries and extract highly customized, 

contextual, and actionable feedback tailored to their specific coursework 

needs. 

The item-level hierarchy further refines this interpretation by 

highlighting the role of student agency. Active diagnostic interactions—

where a student provides a draft and runs specific, targeted queries—

yielded the strongest correlation coefficients. This pattern aligns directly 

with self-regulated learning theory (Rosales-Marquez et al. 2023), 

demonstrating that students use generative AI primarily as an independent 

workspace for metacognitive monitoring and error tracking before 

submitting their assignments for final evaluation. 

Conversely, the drop in scores for instructor-supplementary items (M 

= 2.54, ρ = 0.38) shows that students maintain a sharp distinction between 

the operational convenience of automated text editing and the pedagogical 
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authority of human instructors. While students rely on ChatGPT to clean 

up mechanics and clarify unfamiliar terms, they do not view it as a 

substitute for the specialized judgment, contextual grading, or institutional 

validation provided by faculty members. 

 

3.7 Contextual evaluation within Albanian higher education 

These patterns carry distinct regional implications within the current 

Albanian higher education landscape, specifically at the University, 

Aleksandër Moisiu, Durrës. The moderate baseline usage score (M = 3.24) 

paired with a cautious perception mean (M = 2.76) shows that while 

Albanian undergraduate students are actively adopting generative AI tools, 

they maintain a degree of critical scepticism. This cautious approach 

matches recent findings by Tabaku and Duci (2025), who observed that 

Albanian consumers regularly embrace AI platforms for immediate 

functional tasks but are highly hesitant to rely on automated systems for 

high-stakes evaluations or tasks requiring deep institutional trust. 

This cautious behaviour is further shaped by local institutional 

frameworks. At the time of data collection, UAMD had no formalized 

institutional AI policies or regulatory guidelines governing the use of 

generative tools in student assignments. This regulatory vacuum helps 

explain the wide variance in individual usage styles (SD = 1.48 for error 

identification), as students are left to navigate these platforms 

independently. This pattern reflects the broader technological trends 

documented by Kosova and Krasniqi (2025), who characterized the current 

digital transition in Albania's academic and professional sectors as an 

informal, decentralized diffusion process driven by individual initiative 

rather than institutional mandate. 

 

3.8 Study Limitations and Future Directions 

Several limitations should be considered when interpreting these 

results: 

● Design constraints: The cross-sectional, non-experimental design 

prevents drawing causal inferences. The observed correlations can 

be explained by two competing pathways: regular platform 

interaction may improve a student's prompt skills and lead to better 

feedback experiences, or students who already hold positive views 
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of technology may simply use the tool more frequently. 

Experimental or longitudinal designs are needed to isolate these 

developmental paths. 

● Methodological bias: Data collection relied entirely on self-

reported questionnaires, which are vulnerable to social desirability 

and recall biases. Students may over- or under-report their AI 

usage based on perceived faculty approval or academic integrity 

concerns. Future research should integrate objective telemetry, 

such as platform interaction logs, alongside self-reports. 

● Sampling limitations: This study utilized non-probability 

purposive sampling within a single public institution (UAMD), 

focusing on two specific faculties (Information Technology and 

Business Studies). While appropriate for this exploratory phase, 

these constraints limit the generalization of findings to the broader 

Albanian student population. Collaborative multi-institutional 

studies covering humanities, medical sciences, and arts tracks are 

required to build a nationally representative dataset. 

● Construct scope: This study measured perceived feedback 

effectiveness rather than actual learning outcomes. While positive 

student perceptions are necessary for tool adoption, they do not 

automatically translate into improved academic performance, 

deeper conceptual mastery, or higher grade point averages. Future 

research should pair perception scales with objective performance 

diagnostics to measure the true impact of AI feedback on student 

learning outcomes. 

5. CONCLUSIONS 

This study investigated the association between the frequency of 

ChatGPT usage as an academic feedback tool and undergraduate students' 

perceptions of its effectiveness among a sample of 350 students from the 

University, Aleksandër Moisiu, Durrës, Albania. The empirical evidence 

supported the central hypothesis (H1), revealing a statistically significant, 

strong positive correlation (ρ=0.665, p<.001) between usage frequency and 

perceived feedback effectiveness. This primary result suggests that as 

students gain regular exposure to the platform, they likely develop the 

tactical prompting skills necessary to extract more valuable formative 

utility from generative artificial intelligence. 
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Descriptively, while students maintained a moderate level of overall 

baseline engagement with the platform (M=3.24), their aggregate 

evaluation of its systemic feedback effectiveness sat slightly below the 

scale midpoint (M=2.76). Item-level analyses clarified this divergence by 

uncovering a distinct functional hierarchy. Students responded most 

favourably to highly targeted, task-corrective, and metacognitive support 

functions—such as localized error identification, real-time conceptual 

clarification, and structured suggestions for structural revisions. These 

self-directed behaviours strongly align with self-regulated learning (SRL) 

theory, demonstrating that students treat the language model as a useful 

workspace for independent editing and conceptual debugging. 

Conversely, the lowest scores were consistently recorded for items 

measuring trust in output accuracy and the tool's capacity to complement 

formal instructor guidance. This drop reveals a clear epistemic boundary 

in the student mindset: undergraduates value ChatGPT as a highly 

responsive, automated task-level assistant, but they do not view it as a 

legitimate or authoritative replacement for human instruction. They 

actively utilize its operational speed to clean up mechanics, yet they 

continue to reserve primary pedagogical authority for faculty members. 

These insights offer several clear practical implications for higher 

education institutions: 

● Institutional Frameworks: University administrations should 

develop explicit, structured pedagogical guidelines that formally 

position generative AI platforms as formative, supplementary 

toolkits rather than direct replacements for faculty evaluation. 

● Literacy Initiatives: Explicit digital and AI literacy programs 

should be integrated into the curriculum. These initiatives are 

especially vital for students with limited prior exposure, ensuring 

that student engagement with automated systems remains critical, 

reflective, and anchored in academic integrity. 

● Optimizing Faculty Bandwidth: Instructors can strategically 

leverage ChatGPT’s comparative advantages—namely its absolute 

immediacy and 24/7 availability—by encouraging students to use 

it for initial mechanical and structural editing. This shift can free 

up valuable faculty bandwidth, allowing instructors to focus their 

feedback on higher-order conceptual depth, nuanced disciplinary 

critiques, and the relational dimensions of academic mentoring. 
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To build upon these exploratory findings, future research should move 

past cross-sectional designs and deploy experimental or longitudinal 

frameworks. Such approaches are necessary to determine whether the 

perceived feedback utility documented here actually translates into 

objective, measurable learning gains over time. Additionally, mixed-

method studies incorporating qualitative data on specific student 

prompting strategies would help clarify the exact mechanisms driving the 

correlation between usage and perceived value. Finally, multi-institutional 

comparative research across Albania and the broader Western Balkan 

region is needed to test the generalizability of these dynamics, providing a 

valuable regional benchmark as evolving large language models continue 

to reshape the global higher education landscape. 
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