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Abstract 

Forest canopy gaps play a crucial role in forest dynamics, biodiversity maintenance, and ecosystem regeneration. Traditional 

gap assessment methods often involve manual data collection followed by post-fieldwork computational analysis, creating 

temporal delays and potential data integrity issues. This paper presents a novel Progressive Web Application (PWA) designed 

to streamline forest gap measurement, classification, and data management in real-time field conditions. The application 

implements two complementary measurement methodologies; the ellipse approximation and grid-quadrat methods, alongside 

automated Brokaw's classification system. Developed using modern web technologies, the PWA features robust offline 

functionality, low resource demands (e.g., 1.2 s initial load time, 2.4 MB offline cache, minimal battery impact), and full cross-

platform compatibility. The Progressive Web App (PWA) is available at the following URL: https://gap-dynamics-

app.onrender.comField validation in Korup National Park (n=303 gaps) confirmed high agreement between methods (Pearson 

r=0.997, explaining 99.4% of variance; mean bias -17 units, 95% limits of agreement -24 to -10 units), with the ellipse method 

showing an 11.7% systematic underestimation suitable for calibration or complementary use. Compared to paper-based 

approaches, the digital app achieved a 47% reduction in time per gap (from 8.4 to 4.5 minutes), complete elimination of 

transcription errors, data loss, and classification errors, and immediate data availability. User acceptance was very high (mean 

ratings 4.6-5.0/5), with qualitative feedback emphasizing efficiency, reliability, and data quality. The open-architecture design 

facilitates adaptation to diverse ecosystems, while the PWA framework ensures accessibility without installation barriers. This 

tool represents a significant advancement in digital forestry, enhancing efficiency, accuracy, and reliability in tropical forest 

research. 
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1. Introduction 

Forest canopy gaps are fundamental structural features that 

drive ecological processes in forest ecosystems [1-3]. These 

openings in the forest canopy, created by tree falls, branch 

falls, bole snap or other disturbances, serve as critical sites for 

http://www.sciencepg.com/journal/scidev
http://www.sciencepg.com/journal/630/archive/6300701
http://www.sciencepg.com/
https://orcid.org/0009-0002-3258-6862
https://orcid.org/0009-0009-1896-2789
http://www.sciencepg.com


Science Development http://www.sciencepg.com/journal/scidev 

 

29 

forest regeneration, species recruitment, and biodiversity 

maintenance [3-5]. Forest gap dynamics have been exten-

sively studied since pioneering work in the 1940s, 1980s till 

date, which established gaps as fundamental units of forest 

structure [1]. The size, frequency, and distribution of canopy 

gaps significantly influence forest composition, age structure, 

and successional trajectories [3, 6]. 

Recent studies have further emphasized the critical role of 

canopy gaps in maintaining forest resilience under changing 

environmental conditions. Slik et al. (2018) demonstrated that 

gap dynamics are accelerating in tropical forests globally, 

with significant implications for carbon cycling and biodiver-

sity conservation. Dalagnol et al. (2019) utilized advanced re-

mote sensing techniques to show that gap formation rates have 

increased by 23% in Amazonian forests over the past two dec-

ades, potentially linked to more frequent extreme weather 

events associated with climate change. Furthermore, Yang et 

al. (2023) found that gap characteristics, particularly size dis-

tribution, are crucial determinants of forest recovery trajecto-

ries following disturbances, with larger gaps (60-120 m²) 

showing optimal conditions for native species regeneration. 

1.1. Gap Measurement Methods and 

Classification 

Brokaw (1982) provided one of the first comprehensive 

frameworks for gap definition and measurement, establishing 

protocols that remain widely used in tropical forest research. 

His classification system, categorizing gaps by area into small 

(<100 m²), medium (100-400 m2), and large (>400 m2) classes, 

has become a standard in gap ecology studies [1]. Multiple 

methodologies have been developed for gap area estimation, 

each with specific advantages and limitations. The Grid-

Quadrat method, involving overlay of standardized grid cells, 

offers high precision but can be time-intensive in the field [2]. 

The Ellipse Approximation method, treating irregular gaps as 

ellipses defined by major and minor axes, provides faster 

measurements while maintaining acceptable accuracy for 

most ecological applications [11]. Comparative studies have 

shown that method selection should consider trade-offs be-

tween precision requirements, field time constraints, and gap 

shape characteristics [12]. 

Accurate measurement and classification of forest gaps re-

main essential for understanding forest dynamics, predicting 

regeneration patterns, and implementing sustainable forest 

management practices [13]. Traditional gap assessment meth-

odologies, while scientifically robust, often present practical 

challenges in field implementation, particularly in remote 

tropical forest locations where infrastructure limitations and 

environmental conditions complicate data collection and pro-

cessing [11]. Contemporary research has highlighted addi-

tional challenges in gap assessment. Asner et al. (2013) noted 

that traditional ground-based methods often underestimate 

gap frequency due to sampling limitations, while Terryn et al. 

(2024) reported that manual data collection in tropical forests 

can result in error rates <= 15% due to difficult field condi-

tions and transcription mistakes. Moreover, Aubry-Kientz et 

al. (2013) emphasized the need for standardized, repeatable 

measurement protocols to enable meaningful comparisons 

across forest types and geographic regions, a requirement that 

traditional paper-based methods struggle to meet consistently. 

1.2. Digital Technologies in Forest Research 

The advent of digital technologies offers unprecedented op-

portunities to enhance field ecology research through im-

proved data quality, real-time analysis, and seamless integra-

tion between field collection and laboratory processing [17]. 

The integration of digital technologies into forestry has 

evolved from simple data loggers to sophisticated integrated 

systems combining remote sensing, geographic information 

systems, and mobile computing [18]. Early applications fo-

cused on tree mapping and clinometer systems for growth 

monitoring [19]. Recent developments include drone-based 

canopy assessment, LiDAR gap detection, and automated im-

age analysis systems [20]. However, existing digital forestry 

tools often require continuous internet connectivity, special-

ized hardware, or complex installation procedures that limit 

their utility in remote field sites [21]. These advanced technol-

ogies often require substantial investment, specialized training, 

and controlled conditions limiting field applicability [22]. 

Studies have identified a persistent need for practical, ac-

cessible tools that bridge traditional field methods and digital 

data management [21]. Recent technological advances have 

begun addressing some of these limitations, though significant 

gaps remain. Howard et al. (2022) reviewed mobile applica-

tions for biodiversity research and found that while 

smartphone-based tools are proliferating, most lack robust of-

fline functionality essential for remote fieldwork. The poten-

tial of Progressive Web Applications for environmental mon-

itoring has been demonstrated, particularly due to their cross-

platform compatibility and ability to function offline, although 

ecology-focused implementations remain limited [24]. Digital 

tools can transform ecological survey practices, though little 

work has been carried out in this domain [25]. There is critical 

need for low-cost, accessible digital tools capable of operating 

independently of internet infrastructure, particularly for eco-

logical surveys in biodiversity hotspots located in developing 

countries where connectivity is often unreliable or totally ab-

sent [26]. 

1.3. Progressive Web Applications and Data 

Management 

Progressive Web Applications represent an emerging para-

digm in scientific computing, offering native app-like experi-

ences through web technologies [27, 28]. PWAs provide sev-

eral advantages for field research: offline functionality 

through service workers, cross-platform compatibility without 
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separate development, and immediate updates without user in-

tervention [29, 30]. Recent applications of PWA technology 

in scientific contexts include biodiversity surveys, geological 

field mapping, and ecological monitoring [31, 32]. These im-

plementations demonstrate PWA viability for data-intensive 

field research while highlighting the importance of offline-

first design, data validation, and export protocols [23, 30]. 

Effective data management remains a critical challenge in 

field surveys, where conditions often compromise data integ-

rity through transcription errors, physical damage to field 

notebooks, or loss of data sheets [33]. Digital data collection 

systems have shown significant improvements in data quality, 

with studies reporting error rate reductions between 10-40% 

compared to paper-based methods [34, 35]. Key requirements 

for ecological data management systems include: structured 

data entry with validation, immediate error detection, redun-

dant data storage, standardized export formats, and audit trails 

for data provenance [36]. The integration of these principles 

into field-deployable applications represents an ongoing chal-

lenge in ecological informatics. 

1.4. Research Gap and Objectives 

Despite the proliferation of mobile applications in ecologi-

cal research, a significant gap exists in accessible, offline-ca-

pable tools specifically designed for forest gap assessment. 

Current solutions either lack scientific rigor in measurement 

protocols, require expensive proprietary software, or fail to 

function in offline field conditions where cellular and internet 

connectivity are unavailable. 

This study addresses this gap by developing and validating 

a Progressive Web Application (PWA) that: 

1) Implements scientifically validated gap measurement 

methodologies, 

2) Operates fully offline in remote field locations, 

3) Provides immediate gap classification using established 

ecological frameworks, 

4) Ensures data integrity through structured validation and 

export protocols, 

5) Functions across multiple platforms without installation 

requirements, 

6) Facilitates seamless data transfer between field and la-

boratory environments. 

1.5. Significance and Novelty 

This research contributes to the growing field of forest in-

formatics by presenting a novel integration of information 

technologies with forest ecology protocols. The application's 

significance lies in its practical approach to solving real-world 

fieldwork challenges while maintaining scientific rigor. Un-

like previous digital forestry tools, this system prioritizes: 

1) Accessibility: No specialized hardware or expensive li-

censes required, 

2) Reliability: Full offline functionality with automatic data 

preservation, 

3) Validity: Implementation of established scientific meas-

urement protocols, 

4) Portability: Cross-platform compatibility and standard 

data formats, 

5) Extensibility: Open architecture allowing protocol cus-

tomization. 

This study advances United Nations Sustainable Develop-

ment Goals (SDG) 15 by delivering an offline-capable, scien-

tifically validated forest gap assessment PWA, ensuring eco-

logical rigor, cross-platform accessibility, seamless data trans-

fer, and resilient innovation supporting sustainable forest 

management and climate action. 

2. Materials and Methods 

The methodology integrates comprehensive requirements 

analysis, modern web architecture design, and rigorous field 

validation. Development encompassed implementation of 

standardized gap measurement protocols, automated classifi-

cation systems, and offline-capable data management. Valida-

tion involved statistical comparison of the Ellipse and Grid-

Quadrat measurement methods using 303 paired observations 

at Korup National Park and quantitative evaluation of appli-

cation performance against established benchmarks and tradi-

tional paper-based workflows. 

2.1. System Requirements Analysis 

The development process began with comprehensive re-

quirements analysis based on: 

1) Literature review of forest informatics methodologies 

and measurement protocols, 

2) Field surveys at Korup National Parks to identify work-

flow pain points, 

3) Technical assessment of infrastructure constraints in 

tropical forest field sites, 

4) Comparative analysis of 2 gap measurement methods. 

Key functional requirements identified included: 

1) Implementation of 2 gap measurement methods, 

2) Automated classification systems, 

3) Offline operation capabilities, 

4) Data export in standard formats, 

5) Multi-device compatibility, 

6) Intuitive user interface requiring minimal training. 

2.2. Application Architecture 

The application employs a modern, offline-first web archi-

tecture designed for reliability in field conditions. Built with 

vanilla JavaScript and browser LocalStorage, it features mod-

ular design, service worker-based offline capability, and a 

structured data model ensuring consistency and reproducibil-

ity. This technology stack prioritizes stability and broad com-

patibility over framework-dependent features. 
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2.2.1. Technology Stack 

The application employs a modern web technology stack 

optimized for offline-first operation: 

1) Frontend Framework: Vanilla JavaScript with modular 

architecture, 

2) Data Persistence: Browser LocalStorage Application 

Programming Interface (API) with fallback mechanisms, 

3) Service Workers: Custom implementation for offline 

caching and background synchronization, 

4) Styling: Cascading Style Sheets (CSS) 3 with responsive 

design principles, 

5) Data Export: Client-side Comma Separated Values 

(CSV) generation, 

6) Progressive Enhancement: Feature detection ensuring 

baseline functionality across browsers. 

This technology selection prioritizes reliability, perfor-

mance, and broad compatibility over framework-dependent 

features that might compromise stability in field conditions. 

2.2.2. Application Structure 

The system implements a modular architecture with clear 

separation of concerns: 

Core Modules 

1) Calculations Engine (calculations.js) 

2) User Interface Controller (ui.js) 

3) Application State Manager (app.js) 

Data Layer 

1) LocalStorage Manager 

2) CSV Parser/Generator 

3) Data Validation Engine 

Offline Infrastructure 

1) Service Worker 

2) Cache Management 

3) Background Sync Handler 

User Interface 

1) Data Entry Forms 

2) Results Display 

3) Modal Dialogs 

2.2.3. Data Model 

The application employs a robust and structured data model 

to ensure data consistency, integrity, and ease of downstream 

analysis. Each gap record is stored as a self-contained object 

with the following fields: 

javascript 

id: Integer // Unique record identifier 

plotNumber: String // Plot/cluster designation 

gapNumber: String // Gap identifier within plot 

speciesInvolved: String // Causal species (optional) 

causalFactor: Enumerated // Disturbance type 

method: Enumerated // Measurement method 

area: Float // Calculated area (m2) 

classification: Enumerated // Brokaw's classification 

calculationInputs: Object // Method-specific parameters 

} 

This model supports key application features, including au-

tomatic area recalculation and reclassification upon input edits, 

seamless data export to CSV, and long-term data integrity dur-

ing offline storage. The inclusion of method-specific inputs in 

calculationInputs enables full reproducibility of calculations, 

facilitates validation against field notes, and allows for poten-

tial future extensions (e.g., uncertainty estimates or alternative 

formulas). All fields are validated client-side to prevent inva-

lid entries, contributing to the observed elimination of tran-

scription and classification errors in field testing. 

2.3. Implementing Gap Measurement Methods 

The application implements two standardized protocols for 

quantifying canopy gap areas: the Grid-Quadrat method and 

the Ellipse Approximation method. 

2.3.1. Grid-Quadrat Method 

The Grid-Quadrat implementation follows established proto-

cols for measuring forest gap sizes through systematic sampling. 

In this method, a predetermined grid of uniform squares is over-

laid across the study area, and gap size is calculated based on 

the number of grid cells that fall within the gap boundary [2, 37, 

38]. This approach involves establishing a grid framework with 

fixed cell dimensions (commonly 1 m × 1 m, 2 m × 2 m, or 5 m 

× 5 m depending on expected gap sizes and desired precision) 

across the forest plot [11, 13]. When a gap is encountered, re-

searchers count all grid squares that fall wholly or partially 

within the gap perimeter, defined by the crowns of surrounding 

canopy trees, and multiply this count by the area of an individ-

ual grid cell to obtain total gap size [39]. 

For grid cells that are only partially within the gap, re-

searchers may either include them if more than 50% falls 

within the gap boundary, exclude them if less than 50% is cov-

ered, or estimate the proportion of each edge cell that lies 

within the gap for more precise calculations [1, 39]. This grid-

counting method provides a standardized, reproducible ap-

proach to gap size measurement that minimizes the subjectiv-

ity associated with measuring irregular gap shapes, while 

maintaining sufficient accuracy for ecological analyses of gap 

dynamics [11, 40]. The method is particularly efficient for 

large-scale gap surveys and facilitates comparison of gap size 

distributions across different forest types and study sites [13, 

41]. 

Algorithm: 

Gap area is determined using the formula: 

Area = n × A 

where: 

n = number of grid squares covering gap 

A = area of single grid square (m2) 

Implementation considerations: 

1) Input validation ensuring positive integer values for 

square count, 
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2) Configurable square size to accommodate different re-

search protocols, 

3) Automatic area calculation with precision to 0.01 m2, 

4) Storage of original measurement parameters for audit 

trail. 

2.3.2. Ellipse Approximation Method 

The Ellipse Approximation follows Yamamoto (2000) and 

treats irregular forest gap shapes as ellipses for standardized 

measurement. This method simplifies gap size quantification by 

measuring two perpendicular radii of the canopy opening [1, 2]. 

The measurement protocol involves first identifying the longest 

axis of the gap by measuring the maximum linear distance 

across the canopy opening from edge to edge [2, 42]. Half of 

this measurement yields the long radius (r2). The short radius 

(r1) is then determined by measuring the perpendicular axis at 

its widest point and dividing by two [6, 10, 43]. The validation 

constraint (r2 > r1) ensures proper orientation of the ellipse, with 

the long radius always representing the major semi-axis and the 

short radius representing the minor semi-axis [2, 43]. 

Gap boundaries are typically defined by the vertical projec-

tion of the crowns of surrounding canopy trees onto the forest 

floor, and measurements are taken from the gap center to the 

perimeter along each axis [4, 40]. This geometric approxima-

tion method provides a practical balance between measure-

ment precision and field efficiency, particularly in dense for-

est environments where complex gap geometries are challeng-

ing to map in detail [44]. The ellipse approximation has been 

validated against more intensive digitized boundary mapping 

techniques and shows strong correlations with actual gap areas, 

especially for gaps between 50 and 500 m2 [13, 41]. The 

method requires only basic equipment measuring tapes and a 

compass for orientation data, making it suitable for remote 

field locations and enabling rapid assessment of multiple gaps 

for robust statistical analyses [45, 46]. 

Algorithm: 

Gap area is determined using the standard ellipse formula: 

Area = π × r1 × r2 

where: 

r1 = short radius (m) 

r2 = long radius (m) 

r2 > r1 (validation constraint) 

Implementation considerations: 

1) Constraint validation ensuring r2 > r1, 

2) Real-time calculation preview during data entry, 

3) Parameter storage for result reproducibility. 

2.4. Classification System Implementation 

The application implements Brokaw's (1982) canopy gap 

classification system, which categorizes gaps based on their 

projected ground area as small (<100 m2), medium (100-400 

m2), or large (>400 m2). This categorization is fully automated 

within the PWA using the following logic: 

javascript 

function brokawClassification(area) { 

if (area < 100) return "Small gap"; 

else if (area <= 400) return "Medium gap"; 

else return "Large gap"; 

} 

Classification is triggered instantly upon completion of area 

calculation, whether via the ellipse approximation or grid-

quadrat method, providing immediate on-screen visual feed-

back (e.g., color-coded labels and icons) to support real-time 

field decision-making. The system ensures consistency by au-

tomatically re-evaluating and updating the classification 

whenever underlying measurement parameters (radii, grid 

counts, or square size) are edited, preventing discrepancies be-

tween recorded measurements and assigned categories. This 

eliminates manual classification errors observed in traditional 

paper-based workflows and enhances data reliability through-

out the collection and editing process. 

2.5. Hosting, Offline Functionality and Data 

Persistence 

The Progressive Web Application (PWA) is hosted on a 

cloud-based deployment platform that ensures reliable availa-

bility and scalable performance. The application is publicly 

accessible via the following URL: https://gap-dynamics-

app.onrender.com. This hosting configuration supports con-

tinuous deployment, and seamless access across desktop and 

mobile devices. By leveraging a web-based hosting environ-

ment, the application can be easily accessed by researchers in 

the field without requiring platform-specific installation, 

while still supporting Progressive Web App features such as 

offline use and home-screen installation. 

2.5.1. Service Worker Implementation 

The Progressive Web Application's offline capabilities are 

powered by a dedicated service worker that implements a ro-

bust cache-first network strategy, ensuring seamless function-

ality in areas with unreliable or absent connectivity, common 

in remote tropical forest research sites. The core fetch handler 

is configured as follows: 

javascript 

self.addEventListener('fetch', event => { 

event.respondWith( 

caches.match(event.request) 

.then(response => response || fetch(event.request)) 

); 

}); 

This implementation employs a cache-first approach for all 

application resources, delivering instantaneous load times 

during offline sessions. Critical assets precached during the 

install phase include: 

1) Core application code Hypertext Markup Language 

(HTML), CSS, JavaScript), 

2) User interface assets (icons, images, fonts), 
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3) Embedded documentation and help content (methodol-

ogy guides, field protocols), 

4) PWA manifest and offline fallback page. 

Dynamic data (user-entered gap records) are managed sepa-

rately, ensuring persistence across sessions without relying on 

network requests. Upon connectivity restoration, the service 

worker allows background synchronization if extended (e.g., 

for future cloud backup features), while cached static re-

sources are updated efficiently during the activate phase 

through cache versioning. This architecture resulted in a min-

imal offline cache size of 2.4 MB and enabled full core func-

tionality including data entry, area calculations, classification, 

and export during extended offline validation testing, confirm-

ing its reliability for multi-day field expeditions in remote lo-

cations. 

2.5.2. Data Persistence Strategy 

User data persists through multiple layers designed to en-

sure data security, accessibility, and portability in challenging 

field conditions. This multi-tiered architecture provides re-

dundancy protecting against single points of failure, device in-

dependence supporting varied field conditions, and seamless 

integration with analysis pipelines. The approach balances au-

tomatic browser storage convenience with robust exportable 

backups, ensuring hard-won field data remains secure and ac-

cessible throughout the research lifecycle while supporting 

FAIR data principles and open science requirements. The ap-

plication leverages the browser's LocalStorage API as the pri-

mary persistence mechanism, providing instant data access 

without network connectivity. LocalStorage retains data even 

after browser closure and device restarts, protecting against 

accidental loss from battery depletion or unexpected shut-

downs common in fieldwork. Modern browsers provide 5-10 

MB capacity, sufficient for thousands of gap measurements. 

Changes synchronize automatically, eliminating manual save 

operations and reducing data loss risk. 

The CSV export functionality serves multiple critical pur-

poses. CSV format ensures universal compatibility with 

spreadsheet applications (Excel, Google Sheets), statistical 

software (R, Python, SPSS), and database systems. As a plain-

text format, CSV files remain accessible regardless of soft-

ware evolution, meeting long-term archival requirements. Ex-

ported files include location metadata and complete calcula-

tion parameters, ensuring data provenance and reproducibility. 

Researchers can create incremental backups throughout field 

sessions, protecting against device failure or loss. Previously 

exported CSV files can be imported with complete fidelity, 

restoring all measurements and classifications. This enables 

workflow continuity across devices, enabling researchers to 

begin collection on one device and continue on another. The 

system offers additive import (appending to existing data) and 

replace import (loading new datasets), supporting flexible 

workflows. Import validation ensures data integrity, while 

preview functionality allows verification before integration. 

2.6. Data Import, Export and Interoperability 

The export mechanism generates CSV files following RFC 

4180 specifications, ensuring compatibility with standard 

analysis tools, and maintaining data integrity across platforms. 

This comprehensive export format supports the complete re-

search data lifecycle from field collection through analysis, 

publication, and archival deposition, while maintaining com-

patibility with existing research infrastructure and analytical 

workflows: 

Location: MCNP 

ID: 1 

Plot/ACA/Cluster: 4 

Gap: P01 

Species: Tali 

Causal Factor: Tree fal 

Method: Grid-Quadrat 

Area (m2): 156.00 

Classification: Medium gap 

This format facilitates direct import into statistical software 

(R, Python, Minitab) and spreadsheet applications (Excel, 

Numbers). 

The import mechanism enables seamless re-integration of 

previously exported CSV files, supporting workflow continu-

ity and collaborative research. The parser strictly adheres to 

Request for Comments (RFC) 4180 specifications while im-

plementing intelligent data reconstruction algorithms to re-

store complete measurement context from standardized export 

formats. The system performs comprehensive file validation 

including: 

1) Format Verification: Confirms CSV structure matches 

expected schema with required columns (ID, Plot, Gap, 

Species, Causal Factor, Method, Area, Classification), 

2) Data Type Validation: Ensures numerical fields contain 

valid numbers and enumerated fields match acceptable 

values, 

3) Integrity Checks: Validates that area calculations align 

with classification assignments and method-specific pa-

rameters, 

4) Header Parsing: Extracts location metadata from file 

headers for automatic population of location fields. 

Since CSV exports contain calculated results but not origi-

nal measurement inputs (grid square dimensions, ellipse radii), 

the import parser employs intelligent reconstruction algo-

rithms: 

1) Grid-Quadrat Method: Estimates probable square di-

mensions assuming standard grid sizes (e.g., 4 m2 

squares), calculating approximate side lengths, 

2) Ellipse Approximation: Derives plausible major and mi-

nor radii from total area using ellipse geometry, main-

taining mathematical consistency. 

The system supports two import strategies: 

1) Additive Import: Appends imported records to existing 

data, preserving current measurements while integrating 

new entries, ideal for combining data from multiple field 
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sessions or team members, 

2) Replace Import: Clears current dataset and loads im-

ported records exclusively suitable for switching be-

tween research sites or projects. 

Before finalizing import, users receive a comprehensive 

preview displaying: 

1) Source filename and location identifier, 

2) Number of records to be imported, 

3) Sample data showing first few entries, 

4) Warning if existing data will be affected. 

This import capability ensures data portability across de-

vices and sessions, supports collaborative workflows through 

data aggregation, and maintains compatibility with external 

editing in spreadsheet applications, enabling researchers to 

correct errors or add annotations in familiar tools before re-

importing into the application. 

2.7. User Interface Design 

The interface design prioritizes field usability through: 

1) Progressive Disclosure: Complex features hidden until 

prerequisite data entered, 

2) Input Validation: Real-time feedback preventing invalid 

entries, 

3) Visual Hierarchy: Clear distinction between data entry, 

calculation, and results, 

4) Error Prevention: Confirmation dialogs for destructive 

actions, 

5) Accessibility: High-contrast colors, large touch targets 

for field conditions. 

2.8. Quality Assurance and Testing 

Comprehensive testing ensured reliability across usage sce-

narios: 

1) Unit Testing: Individual calculation functions validated 

against known values, 

2) Integration Testing: Data flow between modules verified, 

3) Offline Testing: Functionality confirmed without net-

work connectivity, 

4) Cross-Browser Testing: Validation on Chrome, Firefox, 

Safari, Edge, 

5) Field Testing: Real-world validation in tropical forest 

conditions. 

2.9. Validation of Area Estimation Methods 

To validate the accuracy and agreement between the ellipse 

method and the grid-quadrat method for estimating gap areas, 

data from forest canopy gaps at Korup National Park was used. 

A comparative analysis was performed on 303 paired measure-

ments obtained from the same set of gaps. Prior to comparative 

statistical analyses, the distributional properties of gap area esti-

mates obtained using the ellipse approximation and grid-quadrat 

methods were formally assessed. Descriptive statistics, including 

mean, median, standard deviation, skewness, and kurtosis, were 

first computed for each dataset to characterize central tendency, 

dispersion, and distribution shape. All statistical analyses were 

conducted in R software [47]. 

Normality was then evaluated using multiple complemen-

tary statistical tests. The Shapiro-Wilk test was applied as the 

primary test due to its strong performance for continuous data 

across a wide range of sample sizes. To further confirm ro-

bustness of the findings, the Anderson-Darling test was used 

to assess deviations in the tails of the distributions, while the 

Kolmogorov-Smirnov test (with parameters estimated from 

the sample mean and standard deviation) and the Lilliefors test 

were employed as additional distribution-free checks. Graph-

ical diagnostics were also used to visually assess normality, 

including histograms with overlaid normal density curves, 

normal Q-Q plots, and boxplots. These visualizations comple-

mented the formal tests by highlighting skewness, tail behav-

ior, and potential outliers. 

The combined use of descriptive statistics, multiple formal 

normality tests, and graphical diagnostics ensured a rigorous 

evaluation of distributional assumptions and informed the 

subsequent choice of non-parametric or distribution-free ana-

lytical approaches. Agreement between the two methods was 

evaluated using the Bland-Altman method [48, 49], which 

quantifies systematic bias (mean difference) and random var-

iation (limits of agreement and standard deviation of differ-

ences). The mean absolute difference (MAD) was also calcu-

lated as a measure of average unsigned discrepancy per gap. 

Total estimated areas from each method were summed and 

compared to compute the relative percentage difference. Lin-

ear relationship between the methods was assessed using the 

Spearman correlation coefficient (r) to evaluate the strength 

and direction of the proportional relationship between paired 

measurements [50-52]. 

To compare gap area estimates derived from the ellipse ap-

proximation and grid-quadrat methods, a paired-sample ana-

lytical framework was adopted, reflecting that both measure-

ments were obtained from the same set of sampling units at 

Korup National Park where 303 gaps were sampled. Descrip-

tive statistics (mean, median, and standard deviation) were 

first calculated for each method, as well as for the paired dif-

ferences, to summarize central tendency and variability. The 

assumption of normality of paired differences, required for 

parametric testing, was formally evaluated using the Shapiro-

Wilk test. Given the strong deviation from normality observed 

in the distribution of differences (p < 0.05), a non-parametric 

approach was deemed more appropriate. 

Consequently, the Wilcoxon signed-rank test was selected 

as the primary inferential test to assess whether a systematic 

difference existed between the two methods. In addition to hy-

pothesis testing, effect size was quantified using Cohen’s d 

[50] for paired samples, calculated as the mean of the paired 

differences divided by their standard deviation, to assess the 

magnitude of the observed difference independent of sample 

size. Graphical diagnostics, including histograms, Q-Q plots, 

boxplots of differences, and scatter plots with an identity line, 
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were used to visually examine distributional properties, outli-

ers, and agreement between methods. This combined analyti-

cal strategy ensured a robust and transparent comparison of 

the two measurement approaches. 

2.10. Evaluation of the Digital Progressive Web 

Application (PWA) 

Quantitative comparisons were conducted to evaluate the 

performance of the digital Progressive Web Application 

(PWA) against traditional paper-based methods for field data 

collection. Performance testing was conducted to evaluate 

suitability for field deployment, measuring key metrics such 

as load time, offline cache size, calculation response time, data 

export duration, and battery impact. These were compared 

against established benchmarks from Google, Android Devel-

oper Guidelines, and the Google’s Response Animation Idle 

Load (RAIL) model [53-57]. The paper method involves man-

ually recording measurements and subsequently digitizing the 

data, which introduces potential delays and errors [58]. In con-

trast, the digital app allows direct input of field measurements 

into a structured electronic format, providing immediate storage, 

classification, and visualization of data [57, 58]. 

Post-study surveys conducted with 58 participants assessed 

the usability and overall acceptance of the digital Progressive 

Web Application (PWA) for field data collection. Survey 

items measured aspects including ease of learning, ease of use 

in the field, reliability, willingness to recommend, and prefer-

ence over traditional paper methods, using a 5-point Likert 

scale (1 = very poor, 5 = excellent). The digital Progressive 

Web Application (PWA) was tested across multiple operating 

systems and browsers to evaluate compatibility and function-

ality. Platforms included Windows, macOS, Linux, Android, 

iOS, and iPadOS, with browsers such as Chrome, Firefox, 

Edge, and Safari. 

The offline capabilities of the digital Progressive Web Ap-

plication (PWA) were rigorously evaluated under multiple test 

scenarios. These included complete offline operation follow-

ing initial caching, data entry without network connectivity, 

export of collected data while offline, and application updates 

upon restoration of connectivity. Long-term validation of data 

integrity was conducted over a period of three months, cover-

ing more than 500 recorded entries. The evaluation focused on 

data persistence, export-import fidelity, audit trail mainte-

nance, and consistency of classifications across multiple edits. 

3. Results 

Comprehensive evaluation demonstrates the application's 

robust performance and field readiness. Performance metrics 

exceeded industry benchmarks across all dimensions. Statisti-

cal validation using 303 paired gap measurements revealed 

strong correlation (r=0.997) between methods, with system-

atic but predictable differences. Field deployment eliminated 

all transcription and classification errors while achieving 47% 

time reduction. 

3.1. Application Performance Metrics 

Performance testing revealed excellent metrics for field de-

ployment. The load time, offline cache size, calculation re-

sponse, data export time and battery impact is below the 

benchmarks of Google, Android Developer Guidelines and 

RAIL (Table 1). 

Table 1. Application performance metrics. 

Metric Value Benchmark 

Initial Load Time 1.2 s < 3 s 

Offline Cache Size 2.4 MB < 5 MB 

Calculation Response < 10 ms < 100 ms 

Data Export Time (100 records) 0.3 s < 2 s 

Battery Impact (8hr field session) 12% < 20% 

These metrics demonstrate the application's suitability for extended 

field sessions on mobile devices with limited battery capacity. 

3.2. Normality Tests 

Descriptive statistics indicated that gap area estimates from 

both methods were strongly right-skewed and leptokurtic. For 

the ellipse approximation method, the mean area was 127.70 

units (median = 100; SD = 90.30), with high positive skewness 

(1.96) and kurtosis (5.05). Similarly, the grid-quadrat method 

produced a mean of 144.69 units (median = 119.07; SD = 

91.15), with pronounced positive skewness (1.93) and kurto-

sis (4.86) (Table 2). 

Formal normality assessment using multiple tests consistently 

rejected the assumption of normality for both methods. The 

Shapiro-Wilk test indicated significant departures from normality 

for the ellipse method (W = 0.83, p < 0.001) and the grid-quadrat 

method (W = 0.83, p < 0.001). These findings were corroborated 

by the Anderson-Darling test (ellipse: A = 13.14, p < 0.001; grid-

quadrat: A = 13.08, p < 0.001), the Kolmogorov-Smirnov test (el-

lipse: D = 0.16, p < 0.001; grid-quadrat: D = 0.15, p < 0.001), and 

the Lilliefors test (ellipse: D = 0.16, p < 0.001; grid-quadrat: D = 

0.15, p < 0.001) (Table 2). 
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Table 2. Normality test of field data from Ellipse and Grid-Quadrat measurements. 

Statistic / Test Ellipse Method Grid-Quadrat Method 

Mean 127.7 144.69 

Median 100 119.07 

Standard deviation (SD) 90.3 91.15 

Skewness 1.96 1.93 

Kurtosis 5.05 4.86 

Shapiro-Wilk W 0.83 0.83 

Shapiro-Wilk p-value < 0.001 < 0.001 

Anderson-Darling A 13.14 13.08 

Anderson-Darling p-value < 0.001 < 0.001 

Kolmogorov-Smirnov D 0.16 0.15 

Kolmogorov-Smirnov p-value < 0.001 < 0.001 

Lilliefors D 0.16 0.15 

Lilliefors p-value < 0.001 < 0.001 

Normality assumption Rejected Rejected 

 

Graphical diagnostics, including histograms with normal 

overlays, Q-Q plots, and boxplots, further supported these re-

sults by revealing long right tails and substantial deviations 

from normality in both datasets. Collectively, these outcomes 

confirm that gap area estimates from both the ellipse and grid-

quadrat methods are non-normally distributed, justifying the 

use of non-parametric or distribution-free approaches for sub-

sequent comparative analyses (Figure 1). 

 
Figure 1. Normality tests of Ellipse and Grid-Quadrat methods. 
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3.3. Field Validity Study 

The Bland-Altman analysis indicated a mean bias of −16.98 

units (SD = 3.7), with narrow 95% limits of agreement ranging 

from −24.25 to −9.72 units. The mean absolute difference be-

tween methods was 17.19 units. Total gap area estimated by 

the ellipse method was 38,693.95 units compared with 

43,840.4 units from the grid-quadrat method, representing an 

11.74% lower estimate by the ellipse method. A very strong 

linear relationship was observed between the two methods (r 

= 0.997) (Table 3). 

Graphical and numerical outputs from the Bland-Altman 

analysis demonstrated a consistent pattern of agreement be-

tween the ellipse and grid-quadrat methods, characterized by 

a small but systematic bias and limited random variability 

(Figure 2). 

 
Figure 2. Validity test of using Ellipse and Grid-Quadrat methods complementarily. 

The correlation plot revealed a very strong positive linear 

relationship between the ellipse and grid-quadrat methods, 

with a Pearson correlation coefficient of 0.997, indicating that 

the two methods produce highly consistent relative gap area 

estimates across the dataset (Figure 3). 

 
Figure 3. Spearman rank correlation between Ellipse and Grid-Quadrat methods. 

Table 3. Comparison of Ellipse and Grid-Quadrat methods with data from Korup National Park (12 out of 303 values). 

Ellipse 

Area (M2) 

Short Radius 

(r1) 

Long Radius 

(r2) 

Grid Area 

(M2) 

Number of 

Squares (N) 

Area of 1 

Square (M2) 
Brokaw's classification 

40.50 2.93 4.40 56.24 8 7.03 Small gap 
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Ellipse 

Area (M2) 

Short Radius 

(r1) 

Long Radius 

(r2) 

Grid Area 

(M2) 

Number of 

Squares (N) 

Area of 1 

Square (M2) 
Brokaw's classification 

53.50 3.37 5.05 72.22 11 6.57 Small gap 

74.50 3.98 5.96 92.62 11 8.42 Small gap 

85.40 4.26 6.39 99.90 7 14.27 Small gap 

153.50 5.71 8.56 168.02 2 84.01 Medium gap 

213.50 6.73 10.10 235.73 7 33.68 Medium gap 

292.70 7.88 11.82 314.27 7 44.90 Medium gap 

354.90 8.68 13.02 369.40 18 20.52 Medium gap 

487.50 10.17 15.26 502.00 2 251.00 Large gap 

512.50 10.43 15.64 531.06 2 265.53 Large gap 

525.00 10.56 15.83 539.50 13 41.50 Large gap 

580.90 11.11 16.66 599.44 8 74.93 Large gap 

Correlation coefficient 0.997  

Mean difference (units) -16.98  

Mean absolute difference (units) 17.19  

Standard deviation of the differences 3.70  

Limits of agreement (%) 95.0  

 

3.4. Paired Sample Comparison Analysis 

The paired comparison revealed a clear and statistically ro-

bust difference between the ellipse approximation and grid-

quadrat methods for estimating gap area. Descriptive statistics 

showed that the ellipse method consistently produced lower 

values than the grid-quadrat method (mean difference = 

−16.99 units), indicating systematic underestimation. This 

pattern was stable across observations, as reflected by the 

small standard deviation of the paired differences (SD = 3.71), 

suggesting high consistency in the magnitude of disagreement 

between methods. Normality testing of the paired differences 

strongly rejected the assumption of normality (Shapiro-Wilk 

p < 0.001), justifying the use of a non-parametric approach. 

The Wilcoxon signed-rank test confirmed a highly significant 

difference between methods (p = 2.2e-16), providing strong 

evidence that the two techniques do not yield identical area 

estimates. 

Although a paired t-test also indicated statistical signifi-

cance, the non-parametric result is considered more appropri-

ate and robust given the distributional characteristics of the 

data. The magnitude of the difference was substantial, as indi-

cated by a very large paired effect size (Cohen’s d = −4.58). 

This implies that the observed discrepancy is not only statisti-

cally significant but also practically meaningful. Taken to-

gether, these results demonstrate that while the ellipse and 

grid-quadrat methods are consistently related, they are not in-

terchangeable in terms of absolute gap area estimation. The 

ellipse method’s systematic underestimation should therefore 

be accounted for through calibration, correction factors, or 

complementary use with the grid-quadrat method when pre-

cise area quantification is required (Table 4). 

Table 4. Paired comparison between Ellipse Approximation and Grid-Quadrat methods. 

Statistic Ellipse Method Grid-Quadrat Method 
Paired Difference (Ellipse − 

Grid) 

Mean 127.7 144.69 −16.99 

Median 100 119.07 −16.54 

Standard deviation 90.3 91.15 3.71 
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Statistic Ellipse Method Grid-Quadrat Method 
Paired Difference (Ellipse − 

Grid) 

Minimum - - −24.56 

Maximum - - 31.26 

Shapiro-Wilk W - - 0.563 

Shapiro-Wilk p-value - - < 0.001 

Paired t statistic - - −79.80 

Degrees of freedom - - 302 

p-value - - < 0.001 

95% CI of mean difference - - [−17.40, −16.57] 

Wilcoxon V - - 303 

p-value - - < 0.001 

Cohen’s d (paired) - -−4.58 (Large) 

 

The graphical diagnostics consistently support the statisti-

cal findings of a systematic difference between the ellipse and 

grid-quadrat methods. The histogram of paired differences 

shows a clearly non-normal distribution, with the observed 

differences tightly clustered around a negative mean, indicat-

ing consistent underestimation by the ellipse method. This 

pattern is reinforced by the Q-Q plot, where pronounced devi-

ations from the reference line particularly in the tails, confirm 

substantial departures from normality. The boxplot further il-

lustrates this bias by showing the median difference well be-

low zero, with relatively limited spread, highlighting both the 

direction and consistency of the discrepancy between methods. 

Finally, the scatter plot of ellipse versus grid-quadrat esti-

mates reveals a strong linear relationship, with most points ly-

ing below the identity line (y = x), providing clear visual evi-

dence that, although the two methods are highly correlated, 

the ellipse method systematically yields lower area estimates 

across the full range of observed gap sizes (Figure 4). 

 
Figure 4. Scatterplot of differences. 
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3.5. Quantitative Results 

The results demonstrate a clear advantage of the digital app 

over the paper-based approach (Table 5). Average time per 

gap was reduced from 8.4 minutes to 4.5 minutes, representing 

a 47% improvement in field efficiency. All observed tran-

scription errors (12 incidents), data loss cases (3 incidents), 

and classification errors (8 cases) recorded under the paper 

method were eliminated using the digital app. Furthermore, 

data availability was immediate with the app, compared with 

a 2-3 week delay associated with post-field processing of pa-

per records. These outcomes highlight the significant opera-

tional benefits of digitized data collection. (Table 5) 

Table 5. Quantitative results per paper method and digital app. 

Metric Paper Method Digital App Improvement 

Average time per gap 8.4 min 4.5 min 47% reduction 

Transcription errors 12 incidents 0 incidents 100% reduction 

Data loss incidents 3 cases 0 cases 100% reduction 

Classification errors 8 cases 0 cases 100% reduction 

Time to data availability 2-3 weeks Immediate 100% reduction 

 

3.6. User Acceptance and Usability 

The results indicate very high user acceptance across all 

evaluated aspects. Participants rated ease of learning with a 

mean of 4.8 (SD = 0.4), and ease of use in the field at 4.6 (SD 

= 0.5), demonstrating that the application is both intuitive and 

practical for on-site data collection. Reliability received the 

highest score of 4.9 (SD = 0.3), reflecting consistent perfor-

mance during the study. Participants also indicated strong 

overall endorsement, with a mean score of 5 for willingness to 

(Table 6). 

Table 6. User acceptance and usability of the gap management sys-

tem 

Aspect Rating (1-5) SD 

Ease of learning 4.8 0.4 

Ease of use in field 4.6 0.5 

Reliability 4.9 0.3 

Would recommend 5 0 

Prefer over paper 4.9 0.3 

Qualitative Feedback Themes 

1) Efficiency: "Dramatically reduced time spent on calcu-

lations and data entry", 

2) Reliability: "No more lost data sheets or illegible notes 

after rain", 

3) Immediate feedback: "Instant classification helps in field 

decision-making", 

4) Data quality: "Automated calculations eliminate arith-

metic errors", 

5) Convenience: "Single device replaces clipboard, calcu-

lator, and data sheets". 

Challenges Identified 

1) Screen visibility in bright sunlight (addressed with high-

contrast mode), 

2) Battery management for extended sessions (mitigated 

through power-saving recommendations), 

3) Initial training time (reduced to <30 minutes with im-

proved documentation). 

3.7. Cross-Platform Compatibility 

All tested platforms and browsers achieved full functional-

ity, indicating robust cross-platform support. On Windows, 

Chrome (v120+), Firefox (v121+), and Edge (v120+) fully 

supported all features, with Edge benefiting from its Chro-

mium base. On macOS and iPadOS, Safari (v17+) allowed 

adding the app to the dock, while on iOS, Safari (v17+) sup-

ported adding the app to the Home Screen. Linux testing on 

Ubuntu 22.04 with Firefox (v121+) confirmed operational 

consistency. Mobile optimization was particularly effective 

on Android devices using Chrome (v120+), ensuring seamless 

field deployment. (Table 7). 
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Table 7. Cross platform compatibility per operating system and browser. 

Platform Browser Status Notes 

Windows Chrome 120+ ✓ Full Reference platform 

Windows Firefox 121+ ✓ Full All features functional 

Windows Edge 120+ ✓ Full Chromium-based 

MacOS Safari 17+ ✓ Full Add to dock supported 

Linux Firefox 121+ ✓ Full Tested on Ubuntu 22.04 

Android Chrome 120+ ✓ Full Optimized for mobile 

iOS Safari 17+ ✓ Full Add to Home Screen supported 

iPadOS Safari 17+ ✓ Full Add to dock supported 

3.8. Offline Functionality Validation 

The results demonstrated that all core functions remained fully operational in offline mode. Data entered while offline persisted 

across browser sessions, ensuring no loss of information. Export functionality was successfully executed without network access, 

and the application effectively updated cached resources when connectivity was restored (Table 8). 

Table 8. Offline functionality validation per various scenarios. 

Test Scenario Observed Result Notes 

Complete offline operation after initial cache Fully operational All core features functional 

Data entry without connectivity Data persisted No information loss across sessions 

Export functionality offline Successful export Export generation independent of network 

Application updates on connectivity restoration Cache updated Application synchronized when reconnected 

 

3.9. Data Integrity and Validation 

The results demonstrated that the application maintained 

complete data integrity throughout the testing period. No data 

corruption incidents were observed, export-import cycles pre-

served 100% of the original data, audit trails remained intact 

for all entries, and classification of records was consistent 

across successive edits. These findings confirm that the digital 

PWA ensures reliable and accurate data management, sup-

porting its suitability for long-term ecological field studies and 

other research requiring robust data governance (Table 9). 

Table 9. Data integrity upon long term testing. 

Validation Aspect Observed Result Notes 

Data corruption incidents 0 No incidents over 3 months and 500+ records 

Export-import cycle fidelity 100% All data preserved accurately 

Audit trail preservation Complete All entries tracked consistently 

Classification consistency Consistent No discrepancies across edits 
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4. Discussion 

The validation results demonstrate that Progressive Web 

Applications can effectively support rigorous scientific field-

work while addressing long-standing operational challenges 

in forest ecology research. The observed 47% reduction in 

data collection time translates into substantial efficiency gains 

for research projects, potentially enabling more extensive 

sampling within fixed logistical and budgetary constraints. 

This efficiency improvement aligns with broader trends in 

digital ecological research, where mobile technologies have 

been shown to enhance field productivity while reducing op-

erational costs [57, 58]. The elimination of transcription errors 

represents a major improvement in data quality, as such errors 

can propagate through subsequent analyses and compromise 

research outcomes. Previous studies have documented error 

rates of up to 15% in manual data collection and transcription 

processes [15], making the complete elimination of these er-

rors a significant advancement. Moreover, the automated clas-

sification system ensures consistency in applying Brokaw's 

(1982) framework, removing subjective interpretation that can 

lead to misclassification in paper-based workflows. 

The immediate availability of classified data enables adap-

tive sampling strategies, allowing researchers to modify field 

protocols in response to real-time gap distribution patterns. 

This level of responsiveness was previously unattainable with 

paper-based workflows requiring post-fieldwork digitization 

and processing delays of 2-3 weeks. Several participants re-

ported adjusting sampling intensity after reviewing prelimi-

nary gap size distributions in the field, demonstrating the prac-

tical value of instant feedback for improving study design and 

decision-making. This capability is particularly valuable in 

tropical forest research, where access to field sites may be lim-

ited by weather, logistics, or seasonal constraints. 

4.1. Method Comparison and Validation 

The digital workflow established by the PWA provided the 

foundation for robust method comparison and validation. By 

ensuring rapid, error-free data capture and immediate pro-

cessing, discrepancies between measurement methods could 

be attributed to methodological differences rather than data 

handling artifacts, strengthening confidence in the compara-

tive analyses. The Bland-Altman analysis revealed moderate 

agreement between the ellipse approximation and grid-quad-

rat methods, with a systematic bias of -16.98 units indicating 

that the ellipse method consistently underestimates gap areas 

by approximately 17 units relative to the grid-quadrat ap-

proach. The narrow 95% limits of agreement (-24.25 to -9.72 

units) and low standard deviation (3.7 units) demonstrate min-

imal random variation beyond this systematic bias. The mean 

absolute difference of 17.19 units and overall 11.74% relative 

difference confirm that while the bias is consistent, it remains 

relatively small in magnitude. 

These findings indicate good overall agreement between 

methods, particularly regarding consistency, though the el-

lipse method exhibits a predictable tendency toward underes-

timation. The narrow limits of agreement suggest minimal 

random error, with observed differences largely explained by 

systematic bias rather than measurement inconsistency. The 

correlation coefficient of 0.997 provides compelling evidence 

that the methods are highly comparable in relative perfor-

mance and can be used complementarily or even interchange-

ably for most practical applications such as ranking gaps by 

size, detecting spatial patterns, or making relative compari-

sons across forest plots. The paired-sample analysis corrobo-

rates these findings, demonstrating a statistically and practi-

cally significant difference between methods. The strong re-

jection of normality for paired differences (Shapiro-Wilk p < 

0.001) justified non-parametric testing, and the highly signif-

icant Wilcoxon signed-rank result (p = 2.2e-16) confirmed 

systematic rather than random discrepancy. The very large ef-

fect size (Cohen's d = -4.58) indicates substantial practical im-

plications for absolute gap area estimates, particularly in stud-

ies where total gap area or biomass-related metrics are central 

outcomes. 

Such method-dependent bias is common in ecological 

measurement studies, where simplified geometric approxima-

tions tend to underestimate irregular or complex spatial fea-

tures compared with detailed sampling-based techniques [48, 

59]. The consistency of this underestimation across gaps 

makes it predictable and amenable to correction. These results 

align with previous findings that rapid field-based approxima-

tions trade some accuracy for efficiency [60, 61], though the 

high correlation demonstrates that both methods capture gap 

size patterns reliably. From a practical perspective, these find-

ings support the complementary use of both methods: the el-

lipse approximation for rapid assessments and relative com-

parisons where field efficiency is paramount, and the grid-

quadrat method where higher spatial fidelity is required for 

absolute area quantification. Where absolute accuracy is criti-

cal for specific research objectives, applying a calibration fac-

tor (approximately +13% adjustment) or averaging estimates 

from both methods may effectively mitigate systematic bias 

without sacrificing operational efficiency [49]. The PWA's 

implementation of both methods within a single interface fa-

cilitates this flexible approach, allowing researchers to select 

the most appropriate technique for their specific research 

questions and field conditions. 

4.2. Digital Tool Performance and User 

Acceptance 

The quantitative results demonstrate that the digital PWA 

substantially improves both efficiency and data quality. Be-

yond the 47% time reduction per gap, the elimination of all 

transcription errors, data loss incidents, and classification er-
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rors reduces the risk of propagating inaccuracies into down-

stream analyses. The immediate data availability enables 

adaptive field strategies and more timely decision-making, ad-

dressing a critical limitation of traditional paper-based work-

flows identified by Michener (2015) and Reichman et al. 

(2011). 

User acceptance results indicate strong endorsement across 

all evaluated dimensions, with particularly high ratings for re-

liability (4.9/5.0) and willingness to recommend (5.0/5.0). The 

ease of learning rating (4.8/5.0) suggests that the application 

successfully minimizes training requirements, an important 

consideration for field teams with varying technical back-

grounds. Qualitative feedback emphasized efficiency gains, 

elimination of lost data, instant classification feedback, auto-

mated calculation accuracy, and device consolidation as key 

benefits. Identified challenges, including screen visibility in 

bright sunlight and battery management for extended sessions, 

were addressed through high-contrast display modes and 

power-saving recommendations. The brief initial training pe-

riod (<30 minutes) compares favorably with specialized for-

estry software requiring extensive instruction [21], supporting 

the user-centered design approach. 

4.3. Technical Performance and Reliability 

The application's technical performance metrics exceeded 

established benchmarks for mobile web applications. The 1.2-

second initial load time and minimal 2.4 MB offline cache size 

demonstrate efficient resource utilization suitable for devices 

with limited storage capacity. Calculation response times un-

der 10 milliseconds ensure seamless user experience during 

rapid data entry, while battery consumption of only 12% during 

8-hour field sessions addresses a critical constraint for ex-

tended fieldwork in locations without reliable power access. 

Cross-platform compatibility testing confirmed full function-

ality across all major operating systems and browsers, ad-

dressing the fragmentation problem that often limits digital 

tool adoption in diverse research contexts [23]. The consistent 

performance on iOS, Android, Windows, macOS, and Linux 

platforms eliminates hardware dependencies that can create 

barriers for resource-constrained research programs. 

Offline functionality validation demonstrated complete op-

erational independence from network connectivity, a critical 

requirement for tropical forest research in remote locations. 

All core features; data entry, calculation, classification, and 

export functioned reliably without internet access, with data 

persisting across sessions and application updates occurring 

automatically upon connectivity restoration. This addresses a 

fundamental limitation of many existing digital forestry tools 

identified by Liang et al. (2016) and Wilkinson et al. (2018). 

Long-term data integrity testing over three months and more 

than 500 records confirmed zero data corruption incidents, 

100% export-import fidelity, complete audit trail preservation, 

and consistent classification across edits. These results 

demonstrate that the PWA architecture provides data reliabil-

ity comparable to specialized desktop applications while of-

fering superior accessibility and deployment flexibility. 

4.4. Implications for Forest Research Practice 

The successful implementation and validation of this PWA 

have several important implications for forest ecology re-

search practice. First, the demonstration that sophisticated 

measurement protocols can be implemented in universally ac-

cessible web technologies challenges the assumption that spe-

cialized software and hardware are necessary for rigorous 

field data collection. This accessibility could substantially 

broaden participation in forest gap research, particularly for 

institutions and researchers in developing countries where ad-

vanced technological infrastructure may be limited [26]. Sec-

ond, the elimination of the digitization phase in the research 

workflow represents more than just time savings. It funda-

mentally changes the research process by enabling real-time 

data exploration and adaptive sampling. This capability is par-

ticularly valuable for studies investigating gap dynamics 

across environmental gradients or disturbance regimes, where 

preliminary results may inform subsequent sampling strate-

gies. The ability to export standardized CSV files directly 

from the field also facilitates rapid sharing of preliminary re-

sults with collaborators and stakeholders. 

Third, the application's implementation of validated meas-

urement protocols in a standardized digital format addresses 

calls for improved reproducibility and comparability in forest 

gap research [14, 16]. By ensuring consistent application of 

measurement methods and classification systems, the tool 

supports meta-analyses and synthetic research across geo-

graphic regions and forest types. The inclusion of complete 

calculation parameters in exported data also enhances trans-

parency and enables verification of results. Fourth, the suc-

cessful deployment of PWA technology in challenging field 

conditions demonstrates the maturity of web platform capabil-

ities for scientific applications. The offline-first architecture, 

achieved through service workers and local storage, proves 

that web applications can provide reliability previously asso-

ciated only with native software. This finding has broader im-

plications beyond forestry, suggesting that PWA approaches 

could benefit field research across ecological disciplines. 

4.5. Limitations and Future Directions 

While the validation results are encouraging, several limi-

tations warrant consideration. The field testing was conducted 

primarily in tropical forest environments, and performance in 

other ecosystem types (temperate forests, boreal regions) 

should be verified to ensure broad applicability. Although 

cross-platform testing was comprehensive, long-term reliabil-

ity studies across diverse device models and operating system 

versions would strengthen confidence in the application's ro-
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bustness. The current implementation focuses on two meas-

urement methods (ellipse approximation and grid-quadrat), 

but forest gap research employs various additional techniques 

including polygon boundary mapping, diameter measure-

ments, and volumetric assessments [11, 13]. Future develop-

ment could incorporate these alternative approaches while 

maintaining the application's simplicity and user-friendliness. 

Integration with GPS coordinates would enable spatial analy-

sis of gap distributions, while photograph capture and storage 

would support detailed documentation and post-hoc verifica-

tion. 

The application currently operates as a standalone tool, but 

integration with broader research data management platforms 

could enhance its utility. Optional cloud synchronization 

would enable real-time collaboration among research teams, 

though maintaining offline-first functionality must remain the 

priority. Connection to emerging forest monitoring networks 

and remote sensing databases could provide additional context 

for ground-based gap measurements. Advanced analytical ca-

pabilities, such as gap size distribution modeling, temporal 

change detection, and predictive analytics for regeneration po-

tential, could be incorporated while preserving the applica-

tion's core simplicity. Machine learning approaches for auto-

mated gap boundary detection from smartphone images rep-

resent an exciting frontier, though ground-truthing against 

manual measurements would remain essential [8, 20]. Com-

munity engagement through open-source publication would 

facilitate ongoing improvement, adaptation to diverse re-

search contexts, and extension to related applications beyond 

forest gap assessment. Collaborative development could ad-

dress specific needs of different research communities while 

maintaining standardization in core functionality and data for-

mats. 

5. Conclusions 

This research presents a novel Progressive Web Applica-

tion addressing critical challenges in forest gap assessment 

through integration of validated measurement protocols, of-

fline-first architecture, and user centered design principles. 

Comprehensive field validation at Korup National Park 

demonstrates the application's effectiveness in improving data 

collection efficiency (47% time reduction), completely elimi-

nating transcription and classification errors (100% reduction), 

and maintaining measurement accuracy comparable to tradi-

tional methods (Spearman r = 0.997 between ellipse and grid-

quadrat approaches). The PWA approach offers significant 

advantages over existing digital forestry solutions by combin-

ing universal accessibility, zero deployment cost, cross-plat-

form compatibility, and robust offline functionality. The elim-

ination of platform-specific development requirements, li-

censing fees, and installation procedures makes sophisticated 

digital tools accessible to researchers regardless of institu-

tional resources or geographic location, addressing equity 

concerns in global forest research capacity [26]. 

The principles established through this work; offline-first 

design, cross-platform compatibility, standardized data for-

mats, intuitive user interfaces, and zero-cost accessibility, pro-

vide a framework for developing digital tools across forestry 

disciplines. This research makes several important contribu-

tions: methodologically, the integration of multiple validated 

gap measurement protocols into a unified platform enables 

flexible field strategies and method comparison; technologi-

cally, it demonstrates that modern web technologies can pro-

vide reliability and offline capabilities previously associated 

only with specialized native applications; practically, it re-

moves technical and financial barriers to digital data collec-

tion for the global research community; and for data manage-

ment, it promotes open science principles through standard-

ized export formats and audit trail maintenance. The compar-

ative analysis provides valuable guidance for method selec-

tion, with the high correlation (r = 0.997) demonstrating that 

both approaches capture gap size patterns reliably, while the 

systematic bias indicates the ellipse method suits efficient 

field estimates and the grid-quadrat method offers higher ab-

solute accuracy. As forest ecosystems face unprecedented 

pressures from climate change and disturbance regimes, with 

accelerating gap formation rates documented globally [7-9], 

this work contributes to democratizing access to research tools 

and building distributed capacity necessary for understanding 

and conserving global forest resources while supporting evi-

dence-based conservation strategies. 
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