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Simple Summary

Threatened and rare birds are difficult to monitor because field surveys are often costly
and time-consuming. This study examined whether social media could help document
these birds in Morocco from 2015 to 2025. Public posts, photos, videos, and ornithologi-
cal sources were analyzed to identify species records, observation periods, habitats, and
reported threats. The results showed that social media, especially Facebook and pho-
tographs, can provide useful information, mainly on adult birds and spring observations.
This approach can complement field surveys and support conservation planning.

Abstract

This study evaluated social media platforms as complementary tools for monitoring threat-
ened and rare bird species in Morocco from 2015 to 2025. Records were extracted from
groups, pages, videos, photographs, and ornithological publications based on Facebook,
Instagram, TikTok, X, LinkedIn, Telegram platforms. Multi-language and validation cri-
teria were used to standardize records, and then data were analyzed and mapped to as-
sess spatio-temporal dynamics, habitat preferences, and threatening factors. Results re-
vealed significant interspecific differences (p < 0.001), with dominance of Streptopelia tur-
tur arenicola (250 £ 48.35 records), followed by Geronticus eremita and Chersophilus duponti
(222.15 £ 26.58 and 222 + 59.31 records), Acrocephalus paludicola, and Chlamydotis undu-
lata. Adults dominated records (851.54 + 364.70 records), while eggs and chicks were
weakly recorded. Records were mostly photographs and were from Facebook. Digital
records were higher in March and April. Spatial records highlighted ecological specializa-
tion, G. eremita in Souss Massa and C. undulata in southeastern desert ecosystems. Results
showed associations with steppes, riparian, agricultural, and semi-desert mosaics depend-
ing on recorded species. Predation (50 + 3.54 records) and hunting (49 £ 13.44 records)
were the main affecting factors, particularly in S. t. turtur (22.22% and 52.38% of records)
and C. undulata (31.25% and 62.5%). The identified habitats and threats provide action-
able indicators for prioritizing protection, monitoring, and targeted mitigation measures.
These findings show that social media can support passive citizen-science and contribute to
conservation planning and large-scale ecological monitoring of threatened avifauna. How-
ever, future research needs to combine field and digital investigations to reduce biases and
present a more comprehensive picture of threatened birds.
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1. Introduction

The history and evolution of social media are closely intertwined with the devel-
opment of the internet, progressing from early web-based communication platforms to
highly interactive, data-driven ecosystems that facilitate online global connectivity [1]. Ini-
tially characterized by static information exchange, social media platforms evolved into
dynamic environments integrating user-generated content, algorithmic curation, and mul-
timedia interaction, as evidenced by the transformation of platforms such as Twitter into
complex socio-technical systems [2]. This evolution has significantly enhanced the mecha-
nisms of information diffusion, enabling rapid dissemination through network structures
influenced by user behavior, social bots, and sentiment interactions [3,4]. Recent studies
highlight that information spread on social media can be modeled using epidemiological
approaches, reflecting its viral and scalable nature [5]. Equally, social media platforms can
monitor and map wild species such as the Mediterranean monk seal (Monachus monachus),
in Porto Santo and Madeira, Portugal [6]. The recorded digital data were then used to
model the spatial distribution in a highly human-habituated area. Beyond communica-
tion, social media has become an essential tool in scientific research, supporting knowl-
edge exchange, academic collaboration, and educational outreach, particularly in special-
ized fields such as medicine [7], conservation [8], and ornithology [9]. In the ornithology
field, Spennemann, [10] used Facebook to monitor bird species that feed on the nectar or
seeds of Strelitzia reginae and S. nicolai in Australia. These demonstrate the capacity of so-
cial platforms to monitor specialized species and the feeding behaviour of birds. However,
more attention needs to be paid to research methodology biases [10].

Social media platforms have emerged as valuable complementary tools for biodiver-
sity monitoring, providing large volumes of user-generated data that can support eco-
logical and conservation research at broad spatial and temporal scales [11,12]. Platforms
such as Facebook, Instagram, TikTok, Flickr, Twitter (X), and YouTube allow researchers
to access photographs, videos, comments, and georeferenced observations that document
species occurrence, behavior, habitat use, and human-wildlife interactions [11]. In ornitho-
logical studies, social media data have been successfully applied to monitor bird diversity,
distributional dynamics, habitat preferences, migration phenology, breeding activity, and
conservation threats affecting both common and endangered species [13,14]. Recent inves-
tigations have demonstrated the usefulness of these platforms for assessing bird behavior
and population trends through crowdsourced observations [10], while also identifying an-
thropogenic pressures such as illegal trade, hunting, and habitat disturbance [15]. Further-
more, the integration of social media records enables the simultaneous evaluation of eco-
logical preferences, spatial distribution patterns, temporal fluctuations, and impacting fac-
tors across multiple species. Nevertheless, social media data presents important method-
ological limitations. Records are often concentrated in accessible and highly populated
areas, generating geographical and taxonomic biases, while species detectability depends
on observer interest and platform popularity [16]. In addition, algorithm-driven content
visibility may influence data availability and representativeness [17]. Consequently, so-
cial media observations should be considered complementary rather than substitutes for
standardized field surveys and long-term ecological monitoring programs.

Social media has become an influential tool in the conservation of threatened species,
offering innovative approaches for tracking biodiversity, raising awareness, and support-
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ing conservation planning. User-generated content, including geotagged images and ob-
servations, provides valuable ecological data that can complement traditional monitoring
methods, enabling researchers to map species distributions and detect population trends
in an online manner, and then use the data to define threatening factors [18,19]. Addition-
ally, social media platforms play a crucial role in awareness and sensitization campaigns
by disseminating conservation messages to broad audiences, fostering public engagement,
and influencing pro-environmental behaviors [20,21]. These platforms also facilitate com-
munication among scientists, policymakers, and local communities, enhancing collabora-
tive conservation planning and decision-making processes. However, the effectiveness of
such initiatives may be uneven, as social media attention often reflects taxonomic biases,
favoring charismatic species over less visible taxa [22]. Furthermore, while social media
can aid conservation, it may also pose risks, such as promoting wildlife exploitation or ille-
gal trade through online networks [23], and unintentionally encouraging harmful human—
wildlife interactions [24]. Nevertheless, social media-derived biodiversity data should be
interpreted cautiously, as records are often biased toward human-accessible locations, un-
even observer effort, and species with higher detectability or public interest, potentially
influencing perceived distribution patterns and ecological inferences. Despite these chal-
lenges, when used responsibly, social media represents a powerful and cost-effective tool
for integrating public participation into conservation strategies, improving data availabil-
ity, and strengthening global efforts to protect endangered species [25]. In fact, online
data are easily accessible (groups, accounts, etc.), target a wide range of scales (travel of
citizens, nomads, explorers), and have long-term availability, which is not easy by field
research that requires institutional investment.

Social media platforms and region-specific networks have become increasingly im-
portant tools for biodiversity conservation by generating large volumes of digital ecologi-
cal information [26,27]. These platforms facilitate the identification of threatening factors
affecting wildlife. For example, social media records have documented illegal hunting
of migratory birds, disturbance of breeding colonies, habitat degradation, wildlife trade,
road mortality, and predation events involving threatened species [18,28]. Such digital ob-
servations provide digital and georeferenced information that can support conservation
planning by identifying priority areas, monitoring emerging threats, detecting changes
in species distributions, and guiding adaptive management strategies [18,29]. Moreover,
digital approaches are particularly valuable in developing countries where financial re-
sources, technical infrastructure, and field-survey capacity are often limited. By exploiting
freely available online data, conservation practitioners can reduce logistical costs while ex-
panding spatial and temporal monitoring coverage [30]. However, their dual role requires
careful management, as they may simultaneously present biases in data collection (loss of
microhabitat details and surrounding climatic conditions) and facilitate harmful activities.
Overall, social media constitutes a valuable tool for integrating citizen science, improving
biodiversity monitoring, and strengthening evidence-based conservation planning in com-
bination with field research [31].

Morocco is recognized as one of the major biodiversity hotspots of the Mediterranean
region, encompassing a remarkable diversity of ecosystems ranging from Atlantic and
Mediterranean coasts, wetlands, forests, steppes, mountains, and desert landscapes to
oasis environments [32,33]. This ecological heterogeneity supports rich plant communi-
ties, including diverse wetland and terrestrial floras that provide essential food resources,
nesting substrates, shelter, and migration stopovers for numerous animal species, par-
ticularly birds [34,35]. Moroccan avifauna includes a wide range of resident, migratory,
and globally threatened species inhabiting wetlands, forests, steppes, and arid ecosys-
tems [36,37]. Notable threatened birds include the Northern Bald Ibis (Geronticus eremita),
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African houbara (Chlamydotis undulata), Dupont’s Lark (Chersophilus duponti), Marbled
duck (Marmaronetta angustirostris), Ferruginous Duck (Aythya nyroca), and North African
Turtle Dove (Streptopelia turtur arenicola), whose populations are affected by habitat degra-
dation, water scarcity, agricultural intensification, climate change, hunting pressure, pre-
dation, and human disturbance [38-40]. Nevertheless, most Moroccan ornithological in-
vestigations have focused on relatively abundant or easily detectable species such as the
European Turtle Dove [41-43] and Eurasian Coot (Fulica atra) [44,45], and have relied
almost exclusively on conventional field surveys [46]. Consequently, rare, elusive, and
highly threatened birds remain insufficiently documented. In this context, digital tools,
particularly social media and other citizen-generated data sources, offer promising com-
plementary approaches for monitoring poorly known species [47], expanding spatial cov-
erage [14], reducing logistical constraints, and supporting conservation decision-making
at national scales [48].

In this context, the present study introduces a novel methodological framework based
on the integration of multi-lingual and multi-platform social media data for biodiversity
assessment, particularly in Morocco, where all previous studies were based on field in-
vestigations. The species selected represent diverse ecological guilds and conservation
statuses, reflecting Morocco’s importance as a breeding, wintering, and migratory refuge.
The North African turtle dove (Streptopelia turtur arenicola) was included as a reference
species because its ecology, distribution, and population dynamics have been extensively
documented through field-based research in Morocco, allowing comparisons between con-
ventional survey results and social media-derived observations. In contrast, the North-
ern bald ibis (Geronticus eremita), African houbara (Chlamydotis undulata), Dupont’s lark
(Chersophilus duponti), and Aquatic warbler (Acrocephalus paludicola) remain relatively un-
derstudied, particularly regarding large-scale monitoring, population trends, behavioral
ecology, and threat assessment. Consequently, these species provide an ideal framework
for evaluating the potential of digital data sources to complement traditional field surveys,
fill important knowledge gaps, improve spatial and temporal coverage, and support the
conservation of rare and threatened bird species.

By combining structured keyword searches across Arabic, French, English, and Span-
ish (the most used languages in Morocco) with systematic data extraction from diverse dig-
ital sources (e.g., observers, groups, and institutional platforms), this approach enhances
the spatial and temporal resolution of species occurrence data. The innovation of this
methodology lies in its ability to merge ecological indicators (e.g., behavior, reproduc-
tion) with anthropogenic pressure variables (e.g., hunting, mortality), thereby providing
a more comprehensive understanding of species status within dynamic socio-ecological
systems. Furthermore, the study leverages citizen-generated content as a complementary
data source, offering a cost-effective and scalable alternative to traditional field surveys.
This integrative framework not only advances methodological practices in conservation
science but also contributes to evidence-based planning, awareness, and decision-making
in arid and semi-arid regions.

2. Materials and Methods
2.1. Animal Species

The selected species represent emblematic threatened bird taxa in Morocco [49], en-
compassing a broad range of ecological niches, habitat requirements, and conservation
challenges. The North African turtle dove (Streptopelia turtur arenicola), classified as Vul-
nerable, remains widely distributed across Moroccan agroecosystems as both a breeding
and migratory species. However, its populations have experienced substantial declines
owing to habitat loss, agricultural intensification, reduced food availability, and hunting
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pressure [50,51]. In contrast, the Northern bald ibis (Geronticus eremita), listed as Endan-
gered globally, persists in Morocco through one of the last viable wild populations world-
wide, primarily located along the Atlantic coast. Intensive conservation measures have
contributed to population stabilization, making this species a flagship example of success-
ful conservation intervention [52,53].

The North African African houbara (Chlamydotis undulata) inhabits arid and semi-
arid steppe ecosystems in eastern Morocco and remains highly threatened by overhunting,
habitat degradation, and human disturbance, despite ongoing captive-breeding and rein-
troduction programs aimed at reinforcing wild populations [54,55]. Likewise, Dupont’s
lark (Chersophilus duponti) is a rare and highly localized steppe specialist characterized by
fragmented populations and a high sensitivity to habitat degradation, overgrazing, land-
use change, and climatic variability [56,57]. The aquatic warbler (Acrocephalus paludicola),
one of Europe’s most threatened passerines, occurs in Morocco as a wintering migrant as-
sociated with wetland habitats, where it is affected by habitat loss, wetland degradation,
and environmental changes occurring along its migratory flyway [58,59].

Collectively, these species illustrate the ecological significance of Morocco as a key
refuge for both resident and migratory avifauna. Their contrasting ecological require-
ments, conservation statuses, and threat profiles provide a valuable framework for as-
sessing species representation and conservation-related information within social media
platforms, while highlighting the need for integrated and evidence-based conservation
strategies.

2.2. Research Platforms

Data collection in Morocco was conducted across a diverse set of social media plat-
forms, including Instagram, Facebook, TikTok, Telegram, X, and LinkedIn, ensuring com-
prehensive coverage of both informal and professional communication channels. These
platforms were selected for their high user engagement and capacity to generate online,
user-driven biodiversity data. Searches were systematically performed using platform-
specific engines, hashtags, and multilingual keywords, enabling the identification of rel-
evant content such as species observations, images, and videos. This multi-platform ap-
proach enhances data diversity, improves detection of species occurrences, and strength-
ens the reliability of social media as a complementary tool for conservation research.

2.3. Research Approach

The methodology adopted for this study in Morocco is based on a multi-lingual, multi-
platform approach to assess the presence and conservation-related information of selected
threatened bird species, namely Streptopelia turtur arenicola, Geronticus eremita, Chlamydotis
undulata, Chersophilus duponti, and Acrocephalus paludicola. A structured keyword frame-
work was developed in four major research languages (Arabic, French, English, and Span-
ish) to capture the linguistic diversity of online content. Keywords included scientific

77

names, vernacular names, and context-specific terms (e.g., “migration,” “nesting,” “hunt-
ing”). Examples included Streptopelia turtur, turtle dove, tourterelle des bois, daled) 43 shadll,
migration, nesting, breeding, hunting, poaching, predation, mortality, conservation, and
equivalent multilingual expressions. Similar search combinations were applied to Geronti-
cus eremita, Chlamydotis undulata, Chersophilus duponti, and Acrocephalus paludicola, using
both species-specific and threat-related hashtags (e.g., #TurtleDove, #NorthernBaldlbis,
#Houbara, #DupontsLark, #AquaticWarbler, #BirdConservation, #Migration, #Hunting).
Search covered content published between January 2015 and March 2025. Data collection
(extraction) was done from January to April 2026, with manual research to verify the con-

tent of records by our team of ornithologists. Screening followed a three-step procedure:
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(i) preliminary retrieval through keywords and hashtags, (ii) verification of species iden-
tity using textual descriptions and available photographs or videos, and (iii) assessment
of geographic relevance to Morocco. Records were excluded when species identification
was uncertain, locality information was absent, content was duplicated across platforms,
or posts were unrelated to the target taxa. Three temporal variables were recorded sepa-
rately whenever available: observation date (date of species occurrence), publication date
(date of online posting), and data extraction date (date of retrieval by researchers), thereby
distinguishing biological observations from digital publication and sampling processes.

Data sources were categorized into four main types: individual observers, public
pages, thematic groups, and official institutional websites. Each retrieved record was
screened against predefined inclusion criteria. Extracted data included the type of con-
tent (species name mention, photo, video, or publication), as well as ecological and behav-
ioral information (e.g., observation, feeding, nesting, migration, resting, drinking, mating).
Additional variables related to anthropogenic and natural pressures were recorded, includ-
ing hunting, mortality, predation, and other disturbance factors. These parameters were
extracted from photographs, videos, captions accompanying posts, audio recordings, ob-
server descriptions, and interactions between content creators and followers across social
media platforms. Evidence of mortality, hunting, trapping, injury, illegal capture, nest
disturbance, and trade was recorded when clearly visible in images or videos or explicitly
mentioned in accompanying text or comments. Publications with ambiguous, unverifi-
able, or insufficient information were excluded to ensure data reliability. This classification
enabled a comprehensive assessment of both species’ occurrence and associated threats
within digital environments.

To enhance analytical robustness, all records were further coded according to bio-
logical status indicators, including life stage (adult, subadult), social structure (individ-
ual, pair), and reproductive evidence (eggs, nesting activity). Data validation involved
cross-checking duplicate entries and verifying species identification, where possible via
image or video content. Quantitative analyses included frequency distributions, cross-
tabulations between platforms and species, and comparisons across languages and con-
tent types. This integrative methodological framework allows for the evaluation of social
media as a complementary tool for biodiversity monitoring, conservation awareness, and
decision-making, particularly in data-limited contexts such as arid and semi-arid regions
of Morocco (Figure 1).
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Figure 1. Research design, data collection, extraction, and validation.
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2.4. Data Clearance and Validation

To improve data quality and reduce potential biases associated with social media
datasets, all retrieved records underwent a multi-step cleaning procedure before analysis.
First, duplicate records originating from reposts, shared content, or multiple appearances
of the same observation across platforms were identified and removed. Records lacking
sufficient information for species identification, geographic attribution to Morocco, or eco-
logical interpretation were excluded.

Data validation was performed through manual verification of species identity when-
ever photographs or videos were available. Records based solely on textual descriptions
were retained only when species names were explicitly stated and consistent with known
distributions. Nevertheless, social media data remains subject to observer effort, detectabil-
ity, and accessibility biases, as observations are more likely to originate from human-
accessible areas and conspicuous species. Consequently, the results should be inter-
preted as indicators of ecological patterns rather than precise estimates of population size
or distribution.

2.5. Data Organization and Analysis

All data extracted from social media platforms were organized and standardized us-
ing Microsoft Excel before statistical processing. Quantitative variables related to species
occurrence, temporal variation, habitat use, behavioral activities, observation forms, and
platform contribution were expressed as mean + standard deviation of digital records.
Data was grouped by months for each year to avoid the interference of sampling efforts,
opportunistic data, and non-normal distribution of variables. One-way analysis of vari-
ance (ANOVA) was performed to compare differences among species, observation cate-
gories, social media platforms, habitat types, behavioral activities, and temporal records.
When significant differences were detected (p < 0.05), Tukey’s post hoc test was applied to
identify homogeneous and heterogeneous groups among variables. Multivariate relation-
ships between bird species and ecological or observational parameters were investigated
using Correspondence Analysis (CA). In these analyses, bird species represented depen-
dent variables, whereas habitats, behavioral activities, temporal categories, observation
forms, and platform characteristics constituted the independent variables. The CA results
were visualized in two-dimensional plots, allowing the identification of ecological asso-
ciations, segregation patterns, and gradients of habitat specialization among the studied
threatened avifauna.

2.6. Mapping of Bird Species

The spatial distribution of bird species was mapped using ArcGIS 10.x software to
visualize regional patterns of occurrence across Morocco. The cartographic background
was based on the World Imagery basemap provided by Esri (sources: Esri, Vantor, and
Earthstar Geographics), which offers high-resolution satellite imagery suitable for ecolog-
ical and biodiversity studies. Administrative boundaries corresponding to the Moroccan
regions were used as the primary spatial units of analysis, allowing standardized compar-
isons among territories.

Five bird species were selected for mapping: Streptopelia turtur arenicola, Geronticus
eremita, Chlamydotis undulata, Chersophilus duponti, and Acrocephalus paludicola. Geographic
coordinates were extracted from embedded geotags, location labels, place names men-
tioned in captions or comments, and recognizable landmarks visible in images or videos.
When necessary, locations were verified and georeferenced using online mapping tools to
ensure spatial accuracy and consistency. For each administrative region, the percentage of
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observations was calculated by dividing the number of records for a given species within
the region by the total number of observations recorded for that species across Morocco.

The resulting digital records were linked to the regional vector layer through an at-
tribute joint based on a common regional identifier. To facilitate comparisons among
species, a standardized classification scheme was applied using five categories: absent
(0%), low (<25%), moderate (25-50%), high (50-75%), and very high (>75%). These per-
centages were calculated as the proportion of records occurring within each region relative
to the total number of records for a given species. Consequently, the assigned percentage
classes represent the relative abundance and spatial concentration of digital records in each
mapped region rather than actual population abundance, thereby facilitating the visual-
ization and comparison of species occurrence patterns across Morocco. A graduated color
scale ranging from yellow (absence) to red (very high occurrence) was used to represent
increasing observation intensity. All maps were produced using the WGS 84 geographic
coordinate system and included identical cartographic elements, namely a north arrow,
geographic grid, and scale bar. The five individual species maps were subsequently as-
sembled into a single composite figure with a common legend to ensure visual consistency
and facilitate interspecific comparisons.

3. Results and Discussion
3.1. Records for Species

The distribution of total records (2015-2025) among the studied avian species was
analysed with One-way ANOVA (Figure 2A) and revealed significant differences in the
number of records among species (p <0.001). Streptopelia turtur arenicola exhibited the high-
est number of records (250 + 48.35), followed by Geronticus eremita (222 + 47.99 records)
and Chersophilus duponti (222 £ 59.31 records). Acrocephalus paludicola was represented by
168 £ 25.23 records, whereas Chlamydotis undulata showed the lowest representation, with
only 138 £ 20.81 records.

Adult individuals were overwhelmingly predominant, accounting for 851.54 £ 364.70
records and significantly exceeding all other categories (p < 0.001) (Figure 2B). Records of
breeding pairs were considerably lower (217.36 4 90.88), followed by subadults
(114.64 & 41.77 records). In contrast, chicks (22.71 £ 9.13 records) and eggs (18.92 & 8.41
records) were infrequently recorded, indicating limited representation of early life stages.
Group observations were exceptionally rare, averaging only 1.45 & 0.50 records per species.

The Correspondence Analysis 2D plot (>62% of variance) presents the correspondence
between bird species and observed forms. In terms of species, S. t. arenicola shows domi-
nance of adults, followed by couples (Figure 3). Further, in G. eremita, adults and couples
were the principal observed birds, followed by chicks. Moreover, C. duponti records are
mostly in adults, followed by notable Subadults. In contrast, A. paludicola includes mostly
adults. Finally, C. undulata was mostly in subadults and eggs, and a single group.

It should be emphasized that these patterns reflect the frequency of social media ob-
servations in human-accessible and digitally connected environments rather than actual
population structure or abundance. Therefore, differences among species and life stages
may partly result from observer preferences, species detectability, and reporting biases.

The present results revealed marked interspecific differences in the observed birds’
structure derived from social media records. Streptopelia turtur turtur showed the high-
est digital records, dominated by adults and breeding pairs, complementing Moroccan
population assessments conducted by Mansouri et al. [60] and breeding studies in olive
groves reported by Squalli et al. [61]. Similarly, Geronticus eremita records were largely
represented by adults and couples, complemented by the breeding colony structure de-
scribed by Bowden et al. [52] and Schenker et al. [62] in Souss Massa. Further, Chersophilus
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duponti also exhibited high adult occurrence, in agreement with Moroccan distribution
surveys reported by Garcia et al. [57], while Chlamydotis undulata remained weakly rep-
resented, reflecting its fragmented desert populations previously highlighted by Hingrat
et al. [63]. In contrast, quantitative population estimates remain extremely limited in Mo-
rocco for A. paludicola, C. duponti, and C. undulata in previous papers, unlike the relatively
well-documented turtle dove populations. Therefore, this study is the first to evaluate the
structure and age of birds among A. paludicola, C. duponti, and C. undulata in Moroccan and
northwest African ecosystems.

The predominance of adults compared with eggs and chicks likely reflects the higher
detectability and photographic accessibility of mature individuals on digital platforms.
These findings demonstrate the growing value of social media as an innovative passive-
monitoring tool capable of documenting population size, breeding pairs, age structure, re-
productive activity, and spatial occurrence of threatened and rare bird species. Moreover,
platforms such as Facebook, Instagram, and TikTok provide large-scale temporal datasets
that can substantially complement conventional ornithological surveys and conservation
monitoring programs.
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Figure 2. Recorded species (A) and their observed forms (B) from platforms between 2015 and 2025
(AP: Acrocephalus paludicola; CD: Chersophilus duponti; CU: Chlamydotis undulata; ST: Streptopelia turtur
arenicola) (* denotes statistical difference (ANOVA and Post Hoc tests): **¥%% > x> stk 5 5% 5 %)
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Figure 3. Correspondence Analysis (2D plot) of associations between recorded species and ob-

served forms.

3.2. Temporal Dimension

Bird records exhibited pronounced temporal fluctuations between 2015 and 2025,
with patterns varying among species. Streptopelia turtur arenicola remained relatively stable
until 2021, followed by a marked decline during 2022-2023 and a slight recovery by 2025
(Figure 4A). Similarly, Geronticus eremita reached a pronounced peak of digital records
in 2016-2017 before undergoing a gradual decline. In contrast, Chlamydotis undulata dis-
played a consistent downward trend, followed by a recovery in 2025. Chersophilus duponti
showed the highest digital records during the early years of the study period but experi-
enced substantial declines thereafter. Finally, Acrocephalus paludicola exhibited moderate

fluctuations, with a notable increase in digital records during 2024.
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Figure 4. Variations in records during the sampled period ((A): Records per year for each species;
(B): Monthly variation in records; (C): Total records per year; and (D): Monthly variation in total
records) (AP: Acrocephalus paludicola;, CD: Chersophilus duponti; CU: Chlamydotis undulata; ST: Strep-

topelia turtur arenicola).
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In terms of months (Figure 4B), Streptopelia turtur arenicola peaked during spring and
early summer, especially April and June. Additionally, Geronticus eremita showed the high-
est abundance in February and April. On the other hand, Chlamydotis undulata reached
its maximum record in March, then declined steadily. Chersophilus duponti dominated
the winter—spring months, peaking strongly in March. Lastly, Acrocephalus paludicola dis-
played moderate fluctuations, with the greatest abundance during March and April.

Total bird records reached maximum values in 2016 (166 £ 11.43 records), followed
by 2017 (154 + 7.66 records), indicating peak abundance and variability. Minimum values
occurred during 2022 (35 & 1.58 records) and 2023 (27 £ 2.79 records) (Figure 4C). Monthly
bird records were highest in March (125 % 7.55 records) and February (113 =+ 9.53 records).
In contrast, the lowest totals occurred in September (54 £ 3.03) and December (55 £ 2.65
records) (Figure 4D).

Temporal patterns extracted from social media records revealed pronounced interan-
nual and seasonal fluctuations among the studied threatened avifauna. European turtle
dove showed peak observations during spring and early summer, particularly in April
and June, which closely aligns with migration and breeding chronologies previously doc-
umented in North Africa by Mansouri et al. [60,64,65] and migration timing analyses by
Marx et al. [66]. The marked decline recorded during 2022-2023 may reflect ongoing pop-
ulation reductions associated with habitat degradation and hunting pressure. However,
precise migration dates remained poorly represented in social media records, likely due
to the short duration and low detectability of migratory passages. African houbara reached
maximum abundance during March, corroborating reproductive and display periods re-
ported by Saint Jalme et al. [67] and Hingrat et al. [63]. Similarly, Dupont’s lark peaked
during late winter and spring, consistent with breeding dispersal patterns described by
Perez-Granados et al. [68]. Aquatic warbler exhibited spring resurgence, supporting mi-
gratory observations from West Africa and Portugal [58,59].

Despite the importance of previous studies in clarifying time variables of study
species, they rely on short-term field observations [65,69-72], while these findings show
that long-term records (2015-2025) provide a unique and continuous temporal resolution
of A. paludicola, C. duponti, and C. undulata in the northwest African range, enabling simul-
taneous detection of interannual declines and seasonal peaks.

These findings also demonstrated the scientific value of social media datasets for re-
constructing the chronology of observations, seasonal occurrence, breeding periods, and
migration dynamics of rare and endangered bird species in Morocco, while highlighting
the growing capacity of digital platforms to complement conventional ornithological mon-
itoring. Ultimately, these temporal and monthly variations primarily reflect reporting ef-
fort, observer activity, and the accessibility of human-inhabited environments rather than
true demographic or ecological changes in species. Consequently, observed peaks and de-
clines across species should be interpreted as indicators of social media detectability and
engagement biases, not population dynamics in the field.

3.3. Media Platforms

Records of the surveyed avian species across social media platforms were analysed
with One-way ANOVA (Figure 5) and revealed significant differences in the number of
records among platforms (p < 0.001). Facebook accounted for the highest number of
records (360 £ 29.04), followed by TikTok (214 £ 9.42 records) and Instagram (204 + 23.05
records). Additionally, X contributed 77 £ 11.56 records, whereas LinkedIn yielded
67 & 4.67 records. In contrast, Telegram exhibited the lowest representation, with only
25 + 3.39 records.
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Figure 5. Records for studied species from social media platforms (* denotes statistical difference
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The Correspondence Analysis 2D plot (>90% of variance) presents the correspon-
dence between bird species and recording platforms (Figure 6). In terms of species, Strep-
topelia turtur arenicola shows dominance on Facebook, followed by Instagram and Tik-
Tok. In Geronticus eremita, Facebook and Instagram were the principal platforms. Further,
Chersophilus duponti records are mostly on Facebook. Acrocephalus paludicola was mostly
recorded on Facebook, followed by TikTok and Instagram. Finally, Chlamydotis undulata
birds were mostly recorded on TikTok.

.
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Figure 6. Correspondence Analysis (2D plot) of the correspondence between bird species and sam-
pled platforms.

The distribution of avian observations across social media platforms demonstrated
the predominance of Facebook as the principal source of biodiversity records, particularly
for Dupont’s lark and European turtle dove. This pattern likely reflects the extensive use
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of Facebook groups and birdwatching communities for sharing wildlife observations and
photographs. Similar trends were reported by Cavalli et al. [73] and Spennemann [10],
who emphasized the effectiveness of Facebook for crowdsourcing ornithological informa-
tion. The high contribution of TikTok and Instagram, especially for African houbara and
Northern bald ibis, may be explained by the increasing popularity of visual multimedia
content, facilitating species detection and dissemination. Comparable findings from Flickr,
eBird, and iNaturalist datasets demonstrated that image-based platforms substantially
improve species identification reliability [74]. Moreover, O’Neill et al. [14] highlighted
the capacity of social media and citizen-science platforms to monitor spatial distribution
changes in threatened fauna over broad geographic scales. The recurrent detection of rare
species such as the Aquatic warbler confirms the growing ecological value of social plat-
forms as complementary monitoring systems capable of documenting occurrence, habitat
occupancy, and behavioral ecology in regions where conventional surveys remain lim-
ited. Collectively, these findings indicate that recorded occurrences are strongly shaped
by platform-specific user behavior and visibility rather than true species abundance or eco-
logical distribution patterns. Consequently, social media-derived records primarily reflect
human engagement biases and platform accessibility, which should be considered when
interpreting interspecific differences across digital sources.

3.4. Source of Records

Recorded results for surveyed avian species according to data sources on social media
platforms show that Pages record the highest total with 585 4= 38.75 records, followed by
groups and ornithologists with 193 & 16.12 and 155 £ 17.03 records, respectively (p <0.001)
(Figure 7A). In contrast, official sites were recorded 67 =+ 4.72 times, representing the lowest
contribution among data sources. The type of records was significantly variable (p <0.01)
(Figure 7B). Photos were the most dominant with 48.4%, followed by videos with 31.2%.
In contrast, publications and names of the species were the lowest recorded, with 15% and
5.6%, respectively.

In terms of species, Streptopelia turtur arenicola is dominant on pages, followed by
groups, ornithologists (35), and official sites. In Geronticus eremita, pages and ornithologists
were the principal sources. Further, Chersophilus duponti was recorded mostly in pages and
groups. Further, Acrocephalus paludicola was mostly recorded on pages and groups. Finally,
Chlamydotis undulata was mostly recorded in pages, followed by groups and ornithologists.

These patterns suggest that avian occurrence data are primarily driven by informal
social media pages, with structured scientific or official sources contributing relatively lit-
tle to the overall dataset. Consequently, observed species distributions and recording fre-
quencies largely reflect user-generated content bias, emphasizing the need for cautious
ecological interpretation.

Social media platforms generated substantial biodiversity information, with Pages
representing the dominant source of avian observations, particularly for European turtle
dove, Dupont’s lark, and Northern bald ibis. Photos and videos constituted the principal
post formats, reflecting the strong visual detectability of bird species and facilitating taxo-
nomic validation. Similar trends were reported in Facebook-based ornithological surveys
and citizen-science approaches by Cavalli et al. [73], Spennemann [10], and Shaw et al. [75].
The predominance of multimedia records corroborates findings from Flickr, eBird, and
iNaturalist analyses, where images considerably improved species identification reliabil-

ity [74].
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Figure 7. Source of data (A) and type of observation (B) recorded from platforms (* denotes statisti-
cally different at p < 0.05: **** > *#* > %% > %),

3.5. Spatial Distribution

The geographical distribution of digital records in the studied bird species reveals
marked spatial heterogeneity across Moroccan ecosystems, reflecting species-specific eco-
logical preferences and habitat specialization (Figure 8). European turtle dove was broadly
distributed, with its highest digital abundance recorded in the Anti-Atlas and Taroudant
region, followed by Rabat, Casablanca, and northern areas. Northern bald ibis showed a
highly localized distribution, being concentrated almost exclusively in Souss Massa, par-
ticularly in Tamri and Oued Massa, confirming the ecological importance of these coastal
habitats for this endangered species. African houbara was digitally dominant in Mer-
zouga and the South-East region, indicating its preference for arid and desert landscapes.
Dupont’s lark reached its maximum abundance in the Middle and High Atlas, whereas the
Aquatic warbler was primarily concentrated in Rabat, Casablanca, and northern wetlands,
highlighting the significance of northern humid ecosystems for migratory and wetland-
dependent avifauna.
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Figure 8. Maps showing the geographical ranges of the studied species in Morocco based on dig-
ital records. (A): Streptopelia turtur arenicola; (B): Geronticus eremita; (C): Chlamydotis undu-
lata; (D): Chersophilus duponti; (E): Acrocephalus paludicola. These spatial patterns of our results
should be interpreted cautiously, as they are likely influenced by uneven human reporting effort
across regions rather than solely by true ecological abundance. Therefore, the apparent regional con-
centrations may partially reflect accessibility and visibility biases inherent to social media-derived
observations. However, these findings emphasize the growing scientific relevance of social media
platforms as complementary biodiversity-monitoring tools capable of complementing field research,
mainly for delimiting the geographical distribution and habitat occupancy of rare and endangered
bird species at large spatial scales.

The spatial distribution patterns derived from social media records revealed strong
ecological differentiation among threatened Moroccan avifauna. European turtle dove
showed broad distribution across Anti-Atlas, Taroudant, and northern urbanized regions,
corroborating Moroccan findings reported by Mansouri et al. [50], Squalli et al. [61], and
Eddajjani et al. [41], which highlighted the species’ adaptability to agricultural and peri-
urban habitats. Northern bald ibis was almost exclusively concentrated in Souss Massa
and Tamri, consistent with the historical and current distribution described by Bowden
etal. [52], Schenker et al. [62], and Znari [76]. African houbara predominated in Merzouga
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and southeastern arid zones, confirming observations from Eastern Morocco reported by
Hingrat et al. [63] and Le Cuziat et al. [54]. Similarly, Dupont’s lark remained associated
with steppe and mountainous ecosystems, in agreement with [57,68]. Aquatic warbler was
mainly restricted to northern wetlands, corroborating the West African wintering distribu-
tions documented by [58,77]. Compared to field-based studies, characterized by a limited
geographical range, these findings reported new areas where these species had never been
documented. This permitted the first map of A. paludicola, C. duponti, and C. undulata dis-
tribution in Morocco.

3.6. Activities of Records

One-way ANOVA revealed significant differences among activity categories
(p <0.001) (Figure 9). Feeding was the most frequently recorded activity (393 £ 16.32), fol-
lowed by resting (247 & 15.68 records) and unidentified observations (159 + 16.89 records).
Drinking and mating were recorded in 63 + 12.01 and 62 =+ 6.07 records, respectively, while
migration accounted for 50 & 7.48 records. In contrast, nesting was the least frequently
documented activity, with only 20 & 2.71 records.
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Figure 9. Recorded activities of bird species (digital records) from social platforms from 2015 to
2025 (* denotes statistical difference (ANOVA and Post Hoc tests): **##%% > sttt 5 ik 5, 006 > %% > %)

(U-observation: unidentified observation).

Correspondence Analysis (2D plot with total variance >75%) between birds and cap-
tured activity from platforms showed a clear association between species and digitally
recorded activities (Figure 10). Streptopelia turtur arenicola and Acrocephalus paludicola were
mostly observed during migration. Further, Geronticus eremita was mostly observed near
aquatic systems for drinking water. Chersophilus duponti records were mostly in feeding,
and a significant number of records were unidentified. In contrast, Chlamydotis undulata
was mostly recorded during mating and resting.
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Figure 10. Correspondence Analysis (2D plot) showing the association between birds and captured
activity from platforms.

Based on a deep literature review, this study is the first to evaluate these activity bud-
gets, particularly for A. paludicola, C. duponti, and C. undulata, revealing statistically robust
differences in behavior frequencies and providing a novel, scalable proxy for comparative
behavioral ecology in human-accessible landscapes. The predominance of feeding activity
among digital records confirms its central ecological and behavioral importance in avian
daily life, as feeding behavior directly influences survival, energy balance, and reproduc-
tive success [78,79]. High frequencies of resting observations may reflect energy conserva-
tion strategies associated with thermoregulation and habitat use. Conversely, the limited
records of nesting and mating likely result from their seasonal and discreet nature. Drink-
ing observations further emphasize the physiological importance of water acquisition in
birds, particularly under arid conditions [14,80].

Behavioral observations extracted from social media platforms revealed feeding as
the dominant activity across all studied species, particularly in Dupont’s lark (100 records),
Northern bald ibis (85), and European turtle dove (76). These findings are consistent with
previous ecological studies highlighting intensive foraging behavior in turtle doves during
breeding periods [81,82] and the importance of feeding ecology in ibis conservation pro-
grams [83]. Resting and mating behaviors observed in the African houbara corroborate
behavioral patterns reported under semi-desert conditions [63,84]. The low frequency of
nesting records reflects the cryptic nature of reproductive behavior in threatened avifauna.

These activity-based records likely reflect the differential detectability of behaviors on
social media, where conspicuous actions such as feeding and resting are more frequently
documented than cryptic processes like nesting. Consequently, observed behavioral pat-
terns should be interpreted as representation biases of online visibility rather than compre-
hensive ethological profiles of the studied species. However, these results demonstrate the
considerable potential of social media platforms as complementary tools for monitoring
behavioral ecology, habitat use, and activity rhythms of rare and endangered bird species
across broad geographic scales.
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3.7. Recording Habitats

In terms of occurrence habitat use (Figure 11), Streptopelia turtur arenicola shows dom-
inance in Farmlands and Trees, followed by cities, roads, gardens, and farmlands. Fur-
ther, Geronticus eremita is mainly associated with Fallow fields. In contrast, Chlamydotis
undulata and Chersophilus duponti are strongly linked to steppes and mountains. On the
other hand, Acrocephalus paludicola is mainly associated with trees and aquatic habitats, in-
dicating strong segregation toward arboreal-riparian feeding zones. These results were
presented in two axes with variance estimated at 71.07%. This indicates the credibility
(volume of data) of the results represented next to the axes.
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Figure 11. Preferences of species studied toward occurrence habitats analyzed with CA (2D plot).

In terms of feeding habitat preference (Figure 12), digital records demonstrated that
Streptopelia turtur arenicola is mainly associated with cereals and green spaces, followed
by cities, steppes, trees, forests, gardens, roads, riparian sites, orchards, horticulture, and
buildings. Further, Geronticus eremita is strongly linked to rocky cliffs. On the other hand,
Chlamydotis undulata is strictly associated with semi-desert plains, with minor occurrences
in steppes. Moreover, Chersophilus duponti prefers steppes. In contrast, Acrocephalus palu-
dicola is predominantly linked to river and riparian sites. These results were presented
on two axes with a variance estimated at 63.99%, which indicates the credibility of the
results represented.

This study evaluated large-scale habitat use among the studied species compared to
field studies concentrated on limited space and habitats. The habitat-use patterns derived
from social media observations revealed pronounced ecological specialization and spatial
segregation among the studied threatened avifauna. Digital records of the European tur-
tle dove exhibited broad habitat use, being mainly associated with farmlands, cereals, and
trees, complementing the observations from Spain [85,86], Greece [87], Italy [88], and Mo-
rocco [50,61], where agricultural mosaics and olive groves represent essential breeding
habitats. Digital records of Northern bald ibis showed that the birds were strongly linked
to fallow fields, rocky cliffs, and steppe habitats, which is in agreement with field eco-
logical studies conducted in Morocco and Syria [52,62,89,90]. African houbara showed a
strict affinity for semi-desert plains and steppes, confirming patterns previously reported
in Eastern Morocco, the Canary Islands, and Tunisia [63,91,92]. Similarly, Dupont’s lark
was predominantly associated with steppe ecosystems, consistent with findings from Mo-
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rocco, Tunisia, and Iberia [57,93,94]. Aquatic warbler displayed strong riparian special-
ization, corroborating studies from West African wintering grounds [58,77]. These find-
ings highlight the growing scientific value of social media platforms as complementary
biodiversity-monitoring tools capable of documenting habitat preferences, distributional
shifts, and ecological requirements of rare and endangered species across large geographic
scales. However, given that the data originate from social media observations, the results
likely emphasize human-accessible habitats, potentially underrepresenting more remote
ecological niches.
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Figure 12. Preferences of species studied toward feeding habitats analyzed with CA (2D plot).

3.8. Pressure Factors

Results show that predation (50 £ 3.54 records) and hunting (49 + 13.44 records)
were the most frequently documented threat factors affecting the studied bird species
(Figure 13A). In contrast, mortality (23 £ 4.93 records) and egg destruction (12 £ 2.61
records) were recorded less frequently. However, the relative importance of these threats
varied among species (Figure 13B). For Streptopelia turtur arenicola, hunting was the
predominant threat (52.38% of records), followed by predation (22.22%) and mortality
(15.87%). In Geronticus eremita, mortality and predation were the most frequently reported
threats, accounting for 47.62% and 38.10% of records, respectively. In Chlamydotis undulata,
hunting (62.50% of records) and predation (31.25% of records) were the dominant threat
factors. For both Chersophilus duponti and Acrocephalus paludicola, predation represented
the principal threat, comprising more than 78% of all recorded cases.

Unlike previous Moroccan research that has rarely quantified or comparatively
assessed anthropogenic and ecological threats beyond well-studied species such as tur-
tle doves [51,95] and northern bald ibis [52,96], these results uniquely identify and rank
multi-species threat drivers, revealing species-specific vulnerability profiles, thereby pro-
viding a novel, scalable framework for conservation risk inference across poorly docu-
mented avifauna.

The results of this study revealed that predation and hunting constitute the most sig-
nificant threats affecting the bird species studied, whereas mortality and egg destruction
showed comparatively lower impacts. Firstly, these patterns likely reflect bias toward
human-visible events in accessible areas, suggesting that actual ecological impacts in less
monitored habitats may be underrepresented. Second, these findings confirm that anthro-
pogenic pressures and natural predation remain among the principal drivers of avifaunal
decline and biodiversity loss in Mediterranean ecosystems [97,98]. Species-specific differ-
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ences were nevertheless evident. In Streptopelia turtur arenicola, hunting represented the
dominant threat, corroborating previous studies conducted in Morocco that highlighted
unsustainable hunting pressure, agricultural intensification, and predation as major causes
of reproductive decline and population reduction [95,99]. For Geronticus eremita, mortality
and predation were the most critical pressures, consistent with [62] and [100], who empha-
sized the vulnerability of this endangered species to habitat degradation, climatic stress,
and human-induced mortality. Similarly, hunting and predation were the main pressures
recorded for Chlamydotis undulata, supporting the observations of [101] concerning anthro-
pogenic disturbance and habitat alteration. In Chersophilus duponti and Acrocephalus paludi-
cola, the predominance of predation aligns with studies demonstrating the extreme sensi-
tivity of these threatened steppe and wetland birds to ecological disturbances and habitat
fragmentation [68,102,103].
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Figure 13. Factors impacting studied species ((A): Comparison between factors; (B): Between species)
(* denotes statistically different at p < 0.05: *** > ** > *),
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Furthermore, the present study demonstrates the growing importance of social me-
dia as an effective source of biodiversity information and documentation of threatening
factors affecting birds in a complementary way with field investigations. Recent investiga-
tions confirmed that social media platforms can provide valuable ecological records, detect
anthropogenic pressures, and support conservation planning through citizen-generated
observations [18,20,104]. In addition, social networks have become increasingly useful
for documenting bird interactions with environmental threats and human activities [105].
Consequently, this study contributes significantly to the conservation knowledge of Moroc-
can avifauna by providing digital data of species-specific pressures, promoting participa-
tory biodiversity monitoring, and supporting future conservation strategies for threatened
bird species in Morocco [40,106].

3.9. Conservation Implications

The findings highlight the considerable potential of social media as a citizen-science
tool for the conservation of threatened bird species in Morocco. By facilitating the rapid col-
lection and dissemination of occurrence records, social media strengthens collaboration be-
tween researchers, conservation organizations, ornithologists, and the general public. The
spatial distribution patterns identified through these platforms provide valuable informa-
tion for prioritizing conservation actions in key ecosystems, including wetlands used by
Acrocephalus paludicola, coastal habitats occupied by Geronticus eremita, steppes supporting
Chersophilus duponti, and semi-desert landscapes preferred by Chlamydotis undulata. Such
information can be used to establish measurable conservation targets, including habitat
protection, restoration programs, and long-term monitoring of population trends.

The predominance of predation and hunting among the recorded threats further
demonstrates the capacity of social media to identify conservation priorities and support
mitigation measures. Monitoring posts and shared observations can help locate threat
hotspots, evaluate temporal changes in pressures, and guide actions such as seasonal hunt-
ing restrictions, nest protection initiatives, and strengthened surveillance in vulnerable
habitats. Previous studies have shown that social media campaigns can increase public
engagement, conservation funding, and policy support for threatened species, resulting in
measurable improvements in conservation outcomes [20].

Nevertheless, responsible management of online content remains essential. Social
media monitoring has successfully revealed illegal wildlife trade networks and the pro-
motion of wildlife as pets, supporting awareness campaigns and law-enforcement inter-
ventions [23,24]. For the studied bird species, integrating social media surveillance into
conservation programs could help detect illegal capture, trafficking, and commercializa-
tion while providing measurable indicators of reporting frequency, public participation,
threat occurrence, and management effectiveness.

And for the limits, despite the broad coverage provided by social media platforms,
several methodological limitations should be acknowledged. First, the dataset relies on op-
portunistic observations generated by users rather than standardized field surveys, which
may introduce spatial, temporal, and taxonomic biases. Areas with higher internet con-
nectivity, tourism activity, or birdwatching communities are likely to be overrepresented,
whereas remote regions may remain underreported. In addition, species identification
based on photographs, videos, or textual descriptions may occasionally be inaccurate,
particularly for rare or morphologically similar species. The unequal popularity and ac-
cessibility of social media platforms may also influence the volume and distribution of
records [16,107].

Furthermore, the study does not account for variations in observation effort among
users, platforms, or years, which may affect the interpretation of temporal trends and
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species occurrence patterns. The use of regional percentages as a proxy for distribution
reflects reporting intensity rather than actual population abundance. Although duplicate
screening and content verification were applied, some records may contain incomplete
metadata or imprecise geographic information. Consequently, the findings should be con-
sidered complementary to conventional monitoring programs rather than a substitute for
systematic ecological surveys and long-term field-based assessments.

4. Conclusions

This study investigated the potential of social media platforms as complementary eco-
logical monitoring tools for threatened and rare bird species in Morocco. By analyzing
digital records collected between 2015 and 2025 from multiple digital platforms, the study
assessed species occurrence, temporal dynamics, habitat preferences, behavioral activi-
ties, spatial distribution, and observed population structure of Streptopelia turtur arenicola,
Geronticus eremita, Chlamydotis undulata, Chersophilus duponti, and Acrocephalus paludicola.
The results revealed significant interspecific differences, with the European turtle dove
recording the highest abundance, while adults represented the dominant observed cate-
gory across all species. Strong ecological specialization was evident, with species associ-
ated with coastal, steppe, desert, and wetland habitats. Temporal analyses revealed spring
peaks linked to migration and breeding. Facebook, TikTok, Instagram, photographs, and
videos were the main data sources. These findings highlight the growing value of social
media for biodiversity monitoring and documenting threats affecting bird species.

The study highlights the novelty and scientific relevance of social media as a passive
citizen-science approach capable of generating large-scale ecological datasets for poorly
monitored avifauna. These findings have important implications for biodiversity conser-
vation, ecological surveillance, and adaptive management strategies in Morocco. The iden-
tified distribution patterns, habitat preferences, and threat factors provide practical guid-
ance for prioritizing conservation actions in wetlands, steppes, coastal habitats, and semi-
desert ecosystems that support threatened bird populations. Moreover, the integration
of social media monitoring into conservation programs may strengthen early detection of
hunting pressure, predation hotspots, and illegal wildlife trafficking while enhancing col-
laboration between scientists, conservation practitioners, and citizen observers for more ef-
fective and measurable biodiversity management. Nevertheless, the study remains limited
by unequal sampling effort, observer bias, and incomplete geographic coverage related to
social media platforms. Future research should integrate artificial intelligence, geospatial
modeling, remote sensing, and standardized validation protocols to improve the reliability
and predictive capacity of digital biodiversity monitoring systems.
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